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AMER. ZOOL., 38:907-917 (1998)

The Essential Role of "Minor" Phyla in
Molecular Studies of Animal Evolution1

JAMES R. GAREY2 AND ANDREAS SCHMIDT-RHAESA

Department of Biology, University of South Florida, 4202 East Fowler Av., SCA 110,
Tampa, FL 33620-5150

SYNOPSIS. Molecular studies have revealed many new hypotheses of metazoan
evolution in recent years. Previously, using morphological methods, it was difficult
to relate "minor" animal groups representing microscopic metazoans to larger,
more well known groups such as arthropods, molluscs, and annelids. Molecular
studies suggest that acanthocephalans evolved from rotifers, that priapulids share
common ancestry with all other molting animals (Ecdysozoa), and that flatworms,
gnathostomulids and rotifers form a sister group to the remaining non-molting
protostomes (Lophotrochozoa), together forming Spiralia. The lophophorate phyla
(phoronids, brachiopods and bryozoans) appear as protostomes, allied with anne-
lids and molluscs rather than with deuterostomes. These findings present a very
different view of metazoan evolution, and clearly show that small and simple an-
imals do not necessarily represent ancestral or primitive taxa.

INTRODUCTION

What are "minor" phyla? Minor phyla
are often referred to as enigmatic or prob-
lematic, are usually of uncertain affinity,
and generally are treated superficially in in-
vertebrate texts. Minor phyla are considered
to be of little consequence to mainstream
animal evolution, usually because they are
not well represented in present day macro-
fauna (see e.g., Simonetta and Conway
Morris, 1991). This is a major error, since
the modern day or paleontological promi-
nence of a taxon does not necessarily reflect
its role, or the role of its ancestors in the
metazoan radiation. If we use the question-
able definition of a phylum as a taxon with
a distinctly unique body plan and leave
aside the requirement of monophyly, then
minor phyla represent the majority of na-
ture's experimentation with animal body
plans. In contrast, the "major" phyla are a
small number of groups that are prominent
among modern macrofauna and are com-
posed of annelids, arthropods, chordates,

1 From the symposium Evolutionary Relationships
of Metazoan Phyla: Advances, Problems, and Ap-
proaches presented at the Annual Meeting of the So-
ciety for Integrative and Comparative Biology 3—7
January 1998, at Boston, Massachusetts.

2 E-mail: garey@chuma.cas.usf.edu

cnidarians, echinoderms, molluscs, and per-
haps platyhelminths.

Several kinds of minor taxa are important
to this discussion. Some groups such as me-
sozoans and placozoans have been consid-
ered to be representatives of the stem line-
age leading to triploblastic animals (see Ax,
1996). Other groups have uncertain affini-
ties, appear to have simple body plans, and
are generally small in size. Many of these
historically have been lumped together into
the "Aschelminthes" {e.g., Rotifera, Acan-
thocephala, Nematoda, Nematomorpha,
Priapulida, Kinorhyncha, Gastrotricha),
based on the dubious assessment that each
possesses a pseudocoelom. Other minor
phyla appear to be sister taxa to larger and
more well defined groups. For example,
echiurans, sipunculids, pogonophorans and
vestimentiferans have long been considered
to be protostomes, possibly allied with an-
nelids or molluscs. Then there are the lo-
phophorates, a group of three phyla (Pho-
ronida, Brachiopoda, Bryozoa) that have
been placed either intermediate between
protostomes and deuterostomes (see Will-
mer, 1990), as deuterostomes (Brusca and
Brusca, 1990) or have been proposed to be
polyphyletic with some being protostomes
and others deuterostomes (Nielsen, 1995).
Entoprocts have been associated with mol-
luscs (Bartolomaeus, 1993), with aschel-
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• Deuterostomes

• Protostomes

• "Aschelminthes"

• Flatworms

- Diploblastic animals

- Deuterostomes

Protostomes

"Aschelminthes"

Flatworms

Diploblastic animals

FIG. 1. Common hypotheses of metazoan phylogeny.
A. Acoelomate/coelomate tree in which flatworms are
basal metazoans (see e.g., Ruppert and Barnes, 1994;
Valentine et al, 1996; Gilbert, 1997). B. Protostome/
Deuterostome tree in which flatworms are a sister
group to protostomes (see e.g., Brusca and Brusca,
1990; Campbell, 1993).

minths (Brusca and Brusca, 1990), or allied
with ectoprocts (Nielsen, 1995). Onychoph-
orans are usually allied with annelids or ar-
thropods, while tardigrades have been
linked to both "aschelminths" (Ruppert
and Barnes, 1994) and arthropods (Brusca
and Brusca, 1990) at various times. Some
groups such as chaetognaths or the newly
discovered Cycliophora (Funch and Kris-
tensen, 1995; Funch, 1996) have only
vaguely defined relationships to other taxa.

In general, the perception of basic evo-
lutionary relationships of the major phyla
have remained similar to that shown in Fig-
ure 1A (acoelomate/coelomate tree) with
tribloblastic animals branching from diplo-
blastic animals, leading to an acoelomate
ancestor similar to modern day flatworms
which then split into the pseudocoelomate
("Aschelminthes") and eucoelomate line-
ages. The eucoelomates branched from a
common eucoelomate ancestor into proto-
stomes and deuterostomes. This succession
of acoelomates—pseudocoelomates—coe-
lomates goes back to Hyman (1951, see p.
23), although it was originally not intended
to precisely reflect phylogeny. A more

modern variation on that theme is shown in
Figure IB (protostome/deuterostome tree),
with a protostome/deuterostome split early
on, and flatworms as basal protostomes. In
this scheme, "aschelminth" taxa are usu-
ally ignored.

The phylogeny within the protostomes
has been locked into place by the "obvi-
ous" relationship between arthropods and
annelids as segmented Articulata, some-
times extended to include the molluscs as a
third group. A few other phyla (tardigrades
and onychophorans) have been invoked as
modern day representatives of ancestral
forms that were transitional between anne-
lids and arthropods. All the other proto-
stome phyla except perhaps molluscs have
essentially played a secondary role to these
"mainstream" protostomes in phylogeny
for over a century because it has been dif-
ficult to integrate most minor groups into
overall phylogenetic hypotheses. Part of the
reason for this is the difficulty in finding
appropriate characters in many of the minor
phyla whose members are often tiny, with
simple bauplans, of little economic impor-
tance and therefore under-studied.

The advent of ultrastructural studies,
coupled with cladistic analysis and molec-
ular phylogenetic methods, have dramati-
cally improved our ability to incorporate
more minor taxa into phylogenetic hypoth-
eses. Ultrastructural studies suggested that
body cavities are more plastic than previ-
ously thought and perhaps not a good char-
acter for phylogenetic studies (Ruppert,
1991; Kristensen, 1995). They also sug-
gested that aschelminths are polyphyletic,
but could not relate them to other phyla be-
cause they lacked appropriate character sets
(Ruppert, 1991; Kristensen, 1995; Wallace
et al., 1996). In a sense, molecular phylo-
genetic methods democratized phylogeny,
providing the theoretical and practical
framework to integrate nearly any taxon
into phylogenies, regardless of how under-
studied or unknown it was previously.

The 18S rRNA gene and unequal rate
effects

Although there are likely to be other
genes better suited for metazoan phyloge-
netic studies at the level of the phylum, the

 by guest on July 21, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/


' 'MINOR' ' PHYLA IN MOLECULAR STUDIES OF ANIMAL EVOLUTION 909

18S rRNA gene has been the gene of choice
because of the large number of sequences
available and because its properties are well
known (Hillis and Dixon, 1991; Dixon and
Hillis, 1993). The major problems with mo-
lecular phylogeny have been the develop-
ment of adequate methods, the ability to ac-
quire sufficient data and the recognition of
the limitations of molecular analysis (e.g.,
see Maley and Marshall, 1998). Unequal
rate effects are one important source of er-
ror in the phylogenetic analysis of molec-
ular data (Felsenstein, 1978; Hillis et al,
1994; Aguinaldo et al, 1997) that is often
ignored. In unequal rate effects, genes of
some taxa (fast evolving) have sequences
that have much higher substitution rates
than in other taxa (slow evolving). A com-
bination of alignment errors and problems
with tree making algorithms cause taxa
with long branches to be attracted to one
another, not because they are closely relat-
ed, but because they both have long branch-
es. The 18S rRNA gene is difficult to align
among diverse metazoan taxa, particularly
when sequences from rapidly evolving taxa
are included. Computer simulations have
been published that show various tree mak-
ing algorithms to be immune to unequal
rate effects (e.g., Saitou and Nei, 1987; Hil-
lis et al., 1994). However, in these studies
the different substitution rates are simulated
within previously-aligned sequences which
avoids the alignment problem and is unre-
alistically optimistic. Likewise, the rate cal-
ibration method (Van de Peer et al., 1992)
does not address the problem of alignment.
One way to avoid branch length attraction
is to omit fast-evolving gene sequences
from the analysis altogether, or at least to
test the effect of omitting fast-evolving se-
quences from an analysis (e.g., see Agui-
naldo et al., 1997; Blaxter et al, 1998). In
many cases, individual species can be found
within a taxon that have more slowly evolv-
ing sequences than others. In some taxa
such as chaetognaths (Telford and Holland,
1993; Halanych, 1996), all taxa to date ex-
amined have rapidly evolving 18S rRNA
genes that are difficult if not impossible to
place accurately within metazoan phyloge-
ny. A study of evolutionary rates of differ-
ent protein coding genes within the nema-

tode Caenorhabditis elegans, a species with
a rapidly evolving 18S rRNA gene, dem-
onstrates that two-thirds of 37 examined
genes appear to evolve rapidly, while one-
third appear to evolve at a rate comparable
to other taxa in the study (human, yeast,
Drosophila) (Mushegian et al., 1998), so
one solution for taxa such as chaetognaths
may be to identify and sequence genes that
evolve at a rate comparable to that in other
metazoans.

MOLECULAR STUDIES

The earliest attempts to describe meta-
zoan phylogeny with 18S rRNA gene se-
quences lacked the large data sets currently
available, and focused on the origin of
metazoans rather than the more detailed to-
pology within the metazoan clade (e.g.,
Field et al, 1988; Raff et al, 1989; Lake,
1989, 1990; Christen et al, 1991; Wainright
et al, 1993). A number of hypotheses have
been proposed and rejected, but the current
consensus appears to be that metazoans are
monophyletic (Lake, 1989, 1990) and that
fungi are more closely related to metazoans
than plants or protists (Wainright et al,
1993; Kumar and Rzhetsky, 1996).

Are diploblastic animals monophyletic?
From morphological evidence, diploblas-

tic animals are generally considered to be a
paraphyletic group composed of poriferans,
Trichoplax, cnidarians and ctenophores,
each group branching in turn from the stem
leading to triploblastic animals (Fig. 2A)
(see e.g., Brusca and Brusca, 1990; Ax,
1996). The ctenophores have been proposed
as a sister group to Bilateria based on the
ultrastructure of the spermatozoa (Ehlers,
1993), or even as a sister group to deutero-
stomes but not protostomes (Nielsen, 1995).
In contrast, with molecular studies of 18S
rRNA (e.g., Winnepenninckx et al, 1995a;
Garey et al, 1996a), partial 28S rRNA
(Christen et al, 1991) and elongation fac-
tor-la (EF-la) genes (Kobayashi et al,
1996), diploblastic animals most often ap-
pear to be monophyletic (Fig. 2B). There is
a long branch from fungi to diploblastic an-
imals, and another long branch from dip-
loblastic to triploblastic animals, as well as
long branches from the stem to poriferans,
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B

FIG. 2. A. Relationship of diploblastic animals to
triploblastic animals from morphological studies. B.
Same relationship from molecular studies. The arrows
indicate branch length attraction of the long, isolated
branches leading to three diploblastic taxa that could
explain the discrepancies between the two trees.

cnidarians, and ctenophores (Fig. 2B). It
seems likely that the long branches from the
stem to poriferans, cnidarians and cteno-
phores attract each other (arrows in Fig
2A), collapsing into a single branch in mo-
lecular studies (Fig. 2B) and the appearance
of diploblast monophyly in molecular stud-
ies could be due to long branch attraction.

Mesozoa, Myxozoa, and Xenoturbella:
Representatives of ancestral triploblastic
animals?

A number of interesting groups have
been considered to represent advanced cil-
iates, the stem lineage of triploblastic ani-
mals, or degenerate triploblastic animals.

Myxozoans are known principally as tel-
eost fish parasites, resembling ciliates in

some ways but exhibiting multicellularity
and cell differentiation more like metazo-
ans. They are generally thought to be pro-
tozoans but not metazoans (Brusca and
Brusca, 1990). An 18S rRNA gene study
provided sequences from five different my-
xozoan taxa (Smothers et al., 1994), all dis-
playing extremely long branch lengths in
the published trees (and see Pawlowski et
al., 1996). The myxozoan sequences
formed a sister group relationship with the
fast evolving 18S rRNA gene sequence of
the rhabditid nematode Caenorhabditis ele-
gans, forming a basal triploblastic clade, in-
dicative of long branch attraction. In neigh-
bor-joining trees (unpublished analysis,
J.R.G.), the myxozoan sequences produced
branches that were an order of magnitude
longer than any others in the data set, mak-
ing it difficult to agree with the authors con-
cerning their conclusions that myxozoans
are triploblastic metazoans.

Mesozoans are small ciliated animals
parasitic in a number of invertebrates and
consist of two groups, the Orthonectida and
Rhombozoa. They are bilaterally symmet-
rical but appear to lack endoderm. Their
phylogenetic relationships are uncertain,
but mesozoans are often allied with non-
triploblastic animals (see Brusca and Brus-
ca, 1990; Ax, 1996). Neighbor Joining an-
alyses of 18S rRNA genes in two published
studies (Katayama et al., 1995; Pawlowski
et al., 1996) placed dicyemid mesozoans
(Rhombozoa) as a sister group to nema-
todes. The nematodes used in the studies
were rhabditid nematodes with fast-evolv-
ing 18S rRNA genes. The dicyemid se-
quences had even longer branches and both
groups appeared in the trees as early trip-
loblastic animals, indicative of long branch
length attraction. Pawlowski et al. (1996)
included a sequence from an orthonectid
mesozoan which appeared as a basal tri-
ploblast in a neighbor-joining analysis but
not as a sister group to the dycemids.

Xenoturbella bocki is a small ciliated an-
imal, lacking an anus and having few or-
gans. It was original proposed to be an
acoel flatworm (Westblad, 1949), but more
recently as a sister taxon to Bilateria based
on its subepidermal musculature (Ehlers
and Ehlers, 1997). A molecular study using
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both 18S rRNA and mitochondrial cyto-
chrome oxidase subunit I genes suggests
that X. bocki is a degenerate mollusc (No-
ren and Jondelius, 1997). Branch length at-
traction does not appear to be a factor in
this study, which was also supported by a
new embryological study (Israelsson,
1997).

Acoelomates: Not representative of basal
triploblastic animals

One of the first major successes in meta-
zoan phylogeny using 18S rRNA genes was
to confirm new morphological evidence
that nemerteans, the acoelomate ribbon
worms, were more closely allied to proto-
stomes such as molluscs and annelids than
to the acoelomate flatworms (Turbeville et
al., 1992).

Flatworms have long been considered to
represent basal triploblasts primarily be-
cause they lack a body cavity and have no
anus (see e.g., Hadzi, 1963; Ax, 1989; Car-
ranza et al., 1997). Most 18S rRNA genes
sequenced from platyhelminths evolve at an
accelerated rate, causing the long branches
to be attracted to the long branch between
diploblastic and triploblastic animals (e.g.,
see Field et al., 1988; Mackey et al., 1996)
so that flatworms appear as basal triplo-
blasts. The 18S rRNA genes of planarians
(e.g., Dugesia) as well as the terrestrial flat-
worm Bipalium, and the horseshoe crab
"fluke" Bdelloura appear to evolve rapidly,
while the 18S rRNA gene of some flukes
(e.g., Opistorchis), and the catenulid Sten-
ostomum evolve at more moderate rates.
When one uses slow evolving 18S rRNA
gene sequences of Opistorchis (Winnepen-
ninckx et al., 1995a) or Stenostomum
(Aguinaldo et al., 1997) in metazoan trees,
the platyhelminths appear within the pro-
tostome clade, but not as basal triploblastic
animals (see also Balavoine, 1997). The
concept of a basal position of platyhel-
minths in metazoan evolution (see e.g.,
Willmer, 1990) is so widespread that a
platyhelminth species is often used to root
molecular trees of other triploblastic taxa.
The result may be that deuterostomes and
arthropods appear as sister taxa (e.g., see
Winnepenninckx et al., 1995&), an artifact
that can be corrected by rooting the tree to

diploblastic animals or between proto-
stomes and deuterostomes.

"Aschelminth.es" is not a valid taxon
The first study to specifically address the

"Aschelminthes" (Winnepenninckx et al.,
1995a) included new 18S rRNA gene se-
quences from a priapulid, rotifer, acantho-
cephalan, gastrotrich, and nematomorph
and also included several previously pub-
lished rhabditid nematode sequences. Mor-
phological evidence had suggested that
"Aschelminthes" were polyphyletic (Rup-
pert, 1991; Kristensen, 1995; Ehlers et al.,
1996), and the molecular study revealed
that they formed at least three clades. Ro-
tifers and acanthocephalans appeared as sis-
ter taxa, as did gastrotrichs and flatworms,
while priapulids, surprisingly, were a sister
group of arthropods. Nematodes appeared
as basal triploblastic animals, which was at-
tributed to unequal rate effects. This was
the first time that several aschelminth
groups were described phylogenetically
within the context of major metazoan taxa
such as annelids, molluscs and arthropods.
See below for additional discussion of the
"aschelminth subtaxa."

Lophophorates and Lophotrochozoa
The lophophorates have an important

role in classical metazoan phylogeny be-
cause they have some characters (protosto-
my) that are protostome-like, others that are
deuterostome-like (lophophore as feeding
structure, trimeric coelom), and are most of-
ten placed as deuterostomes or as basal to
deuterostomes. Several 18S rRNA gene
studies (Halanych et al., 1995; Mackey et
al., 1996) revealed that lophophorates are
not monophyletic and appear within the
protostomes. Phoronids are closely allied
with brachiopods (see also Cohen et al.,
1998), while ectoprocts are elsewhere in the
protostome branch of the tree, allied with
annelids and molluscs. Two ectoproct 18S
rRNA gene sequences, one from a phylac-
tolaematan and another from a gymnolae-
matan are currently available (Halanych et
al, 1995; Mackey et al., 1996). The gym-
nolaematan 18S rRNA sequence from
Alcvonidium gelatinosum does not group
with the phylactolaematan sequence, prob-

 by guest on July 21, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/
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ably because it has a long branch that most
likely attracted it toward the long branch of
a sipunculan also included in the analysis
(Mackey et al, 1996). Halanych et al.
(1995) introduced the name Lophotrocho-
zoa for a taxon within the protostomes in-
cluding all lophophorate taxa plus annelids
and molluscs. The name is derived from
Eutrochozoa (Ghiselin, 1988; Eernisse et
al, 1992) as a name for protostomes with
a trochophore larva (Mollusca, Annelids,
Echiurida, Sipuncula, Pogonophora, Vesti-
mentifera). Recently, Lophotrochozoa has
been used to include platyhelminths, gastro-
trichs and rotifers (Aguinaldo et al., 1997;
Valentine, 1997), in which case the name
would be synonymous with the older name
Spiralia which should be preferred. How-
ever, we propose that Lophotrochozoa is a
subtaxon of Spiralia (see below).

Other taxa associated with
Lophotrochozoa

Sipunculids, echiurans, vestimentiferans,
and pogonophorans are four minor phyla of
protostome worms that are usually associ-
ated with annelids or molluscs. Recent 18S
rRNA gene studies place echiurans, vesti-
mentiferans, and pogonophorans as a
monophyletic group weakly associated with
molluscs (Winnepenninckx et al., 1996Z?) or
with annelids (Winnepenninckx et al.,
1996). The 18S rRNA gene results are con-
tradicted by analyses of a 346 bp fragment
of the EF-la gene (Kojima et al, 1993;
McHugh, 1997) in which echiurans and po-
gonophorans appear to be derived from dif-
ferent polychaete ancestors. Recent mor-
phological analyses support the hypothesis
that Vestimentifera and Pogonophora are
derived polychaetes (Bartolomaeus, 1995;
Rouse and Fauchald, 1997) in accordance
with Nielsen (1995).

The position of nemerteans is not com-
pletely resolved by morphological or mo-
lecular investigations. They could be the
sister group to Lophotrochozoa within Spir-
alia (corresponding to their position as sis-
ter group of Trochozoa, if lophophorates are
not regarded as protostomes, see Ax, 1996)
or a taxon within Lophotrochozoa, as some
18S rRNA and EF-la gene studies suggest
(Winnepenninckx et al., 19956, 1996;
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FIG. 3. Proposed phylogeny of protostomes based on
morphological and molecular analyses. Platyhelmin-
thes + Gnathostomulida + Rotifera + Acanthocephala
may be the sister group to Lophotrochozoa. Only a few
key characters are given. 1: Blastopore becomes the
anus. 2: Ventral lateral nerve chord. 3: Molting by ec-
dysis. 4: Spiral cleavage. 5: Filiform sperm without
accessory centriole. 6. Biciliary terminal cell in the
protonephridia. 7: Jaws composed of rods imbedded in
a cuticular matrix. 8: Internal layer in the syncytial
epidermis. See Garey et al. (1998) for details.

McHugh, 1997). For entoprocts (Kampto-
zoa) various hypotheses about their position
within the protostomes exist: related to "as-
chelminths" (Brusca and Brusca, 1990), to
ectoprocts (Nielsen, 1995), to molluscs
(Bartolomaeus, 1993; Haszprunar, 1996)
and to annelids (Emschermann, 1985). An
18S rRNA gene study clearly places ento-
procts within Lophotrochozoa, but not as a
sister group of ectoprocts (Mackey et ah,
1996).

What is the sister group of the
Lophotrochozoa ?

Molecular (Winnepenninckx et al,
1995a; Garey et al, 1998) and morpholog-
ical (Wallace et al, 1996; Ahlrichs, 1997)
studies show that rotifers form a tightly knit
association with acanthocephalans, and it
appears that acanthocephalans share a com-
mon ancestry with bdelloid rotifers (Garey
et al, \996b), making acanthocephalans a
sub-taxon of Rotifera rather than an inde-
pendent phylum. When morphological
characters are considered in addition to the
molecular data, it appears that there is a
clade of protostomes that includes platyhel-
minths, gnathostomulids, rotifers and acan-
thocephalans (Rieger and Tyler, 1995; Ahl-
richs, 1997; Garey et al, 1998) (Fig. 3).
This clade could be a sister taxon to lopho-
trochozoans because unlike lophotrocho-
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zoans, its taxa lack a trochophore larva and
a lophophore, but like lophotrochozoans,
they have spiral cleavage (at least in platy-
helminths and gnathostomulids). Therefore,
the entire taxon (Lophotrochozoa + Platy-
helminthes + Gnathostomulida + Rotifera
+ Acanthocephala) would be named Spir-
alia (see Fig. 3). According to molecular
studies, gastrotrichs are closely related to
platyhelminths (Winnepenninckx et al.,
1996a) and are therefore members of Spir-
alia. Interpretations of morphological evi-
dence suggest that gastrotrichs are closely
related to Cycloneuralia (see below) (Niel-
sen, 1995; Ehlers et al., 1996; Wallace et
al., 1996) and could be a sister group to
Ecdysozoa (Schmidt-Rhaesa, 1997).

Molting animals: The Ecdysozoa
The discovery that all molting animals

form a single clade named Ecdysozoa illus-
trates the importance of including minor
phyla in phylogenetic analyses. In the past,
molting was considered a character that
could easily evolve convergently, although
in retrospect, growth by ecdysis requires
adaptations {e.g., loss of locomotory cilia,
complex hormonal regulation) that make
convergent evolution seem less likely. Ec-
dysozoa consists of Panarthropoda (arthro-
pods, tardigrades, onychophorans; the last
two taxa have been closely associated with
arthropods) and five phyla that represent
taxa previously associated with "aschel-
minths", the nematodes, nematomorphs, ki-
norhynchs, priapulids, and probably lorici-
ferans (see also Schmidt-Rhaesa, 1997).
Cladistic analyses of morphological char-
acters have grouped nematodes, nemato-
morphs, kinrohynchs, priapulids and lori-
ciferans together as Cycloneuralia (Ehlers
et al, 1996, see also Nielsen, 1995 and
Wallace et al., 1996), but never associated
Cycloneuralia with arthropods. Spiral
cleavage does not appear among ecdyso-
zoans, so they should be considered non-
spiralian protostomes. There is insufficient
resolution within 18S rRNA gene trees of
Ecdysozoa to determine if Panarthropoda
and Cycloneuralia exist as sister taxa, or if
they are interspersed within Ecdysozoa.

An association of priapulids and arthro-
pods was observed in an 18S rRNA gene

analysis (Winnepenninckx et al., 1995a),
and a nematomorph appeared closely allied
to arthropods in a similar study (Mackey et
al., 1996), as was a clade including pria-
pulids, tardigrades and arthropods (Garey et
al., 1996a). These were the first molecular
indications of the association of taxa with
"aschelminth-like" characters to arthro-
pods. It happened that the nematomorph,
priapulid and tardigrade 18S rRNA gene se-
quences used in those studies produced rel-
atively short branches, avoiding problems
with branch length attraction. The landmark
study by Aguinaldo et al. (1997) utilized a
set of slow evolving 18S rRNA gene se-
quences to clearly demonstrate that Ecdy-
sozoa is monophyletic, although the exact
relationships within this taxon are incom-
pletely resolved. The association of arthro-
pods and nematodes is supported by a study
using partial EF-la sequences (McHugh,
1997), complete EF-la sequences (unpub-
lished data, J.R.G.), and a number of ad-
ditional slow evolving nematode 18S rRNA
gene sequences (unpublished data, J.R.G.).

An early 12S rRNA gene sequence study
placed onychophorans within the arthro-
pods (Ballard et al., 1992), not inconsistent
with the 18S rRNA gene based study
(Aguinaldo et al., 1997) although the po-
sition of Onychophora within Ecdysozoa
remains uncertain. The pentastomids are a
group of vertebrate parasites, once consid-
ered to be an independent phylum. Analys-
es of 18S rRNA gene sequences and mor-
phological evidence (Wingstrand, 1972;
Abele et al., 1989; Storch and Jamieson,
1992) clearly demonstrated that pentasto-
mids are highly modified branchiuran crus-
taceans (see also Garey et al., 1996a).

CONCLUSIONS

Molecular studies of phylogeny have al-
lowed the integration of "minor" phyla into
a theoretical and practical phylogenetic
framework that incorporates a more realis-
tic sampling of metazoan taxa. Molecular
studies have provided new insight into how
animals evolved, and have fundamentally
changed our view of the metazoan adaptive
radiation (Fig. 4). What are the major im-
plications of this new view? The evolution
of growth by molting was a major event in
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FIG. 4. A current hypothesis of Metazoan evolutionary relationships based on molecular and morphological
studies. Polytomies in the tree represent regions where molecular and morphological data disagree or present
no clear branching pattern. The bifurcations shown in the tree represent nodes supported by various molecular
and/or morphological studies. See text for details and references.

metazoan evolution, and the "Articulata"
concept is not valid. The finding that lo-
phophorates are probably not related to
deuterostomes has major consequences in
how we should view the evolution of pro-
tostomes and deuterostomes. Lophophora-
tes have long been considered basal to deu-
terostomes, and lophophorate characters
such as protonephridia have been ascribed
to deuterostomes, presenting the illusion
that deuterostomes are more similar to pro-
tostomes than they really are.

In 18S rRNA gene analyses, there is a
long branch between diploblastic and trip-
loblastic animals, and yet no taxon has yet
been identified that represents a common
triplobastic ancestor to the protostomes and
deuterostomes. Recent hypotheses-based on
morphological evidence have described the
ancestor to be a small benthic organism
(Ax, 1996), a small pelagic organism (Niel-
sen, 1995), or an organism with a biphasic
life cycle (Jagersten, 1972; Rieger, 1994).
In contrast, the finding of similar patterns
of expression of some homeobox genes in

insects and vertebrates have led to the sug-
gestion that the common ancestor was com-
plex, with photoreceptors, appendages, seg-
mentation and a circulatory system (De
Robertis and Sasai, 1996; De Robertis,
1997). Those studies compared only chor-
dates and arthropods, ignoring more basal
deuterostomes and protostome taxa with
much less complicated morphology. Per-
haps it is time to think of the common an-
cestor of deuterostomes and protostomes as
a much simpler organism, possibly only ru-
dimentarily triploblastic and bilateral. Many
of the genes involved in patterning simple
features could have been recruited for more
complex features later in protostomes and
deuterostomes convergently.

A number of additional aspects of meta-
zoan phylogeny should be scrutinized in the
next few years. The ecdysozoan and spir-
alian clades need to be confirmed in detail
by analyzing more appropriate genes such
as EF-la and others. The topology within
both Ecdysozoa and Lophotrochozoa is cur-
rently very uncertain, and should be the fo-
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cus of future molecular and morphological
studies. It will be especially important to re-
evaluate morphological data in light of mo-
lecular studies, and to find new morpholog-
ical characters that will reveal more about
metazoan phylogeny. The origin of deutero-
stomes and protostomes will require intense
investigation, as will the relationship
among diploblastic taxa, and the relation-
ship between diploblastic and triploblastic
animals. Both the 18S rRNA and EF-la ap-
pear to be unable to resolve these ancient
metazoan branches, so more informational
genes with more clock-like substitution
rates will need to be used.

Until recently, molecular phylogenetic
studies have used gene sequences simply as
markers in which the genes used are unre-
lated to the evolutionary processes of meta-
zoan radiation. Developmental biologists
are now beginning to examine the actual
genes involved in patterning that defines
morphological characters to understand
evolutionary relationships. Many of the
homebox genes involved in patterning com-
plex features in chordates and arthropods
are members of complex gene families with
homologs in diploblastic animals and yeast.
It may be premature to homologize the
function of these genes among diverse taxa
until complete genomes are available so
that orthologous forms can be discerned
from paralogous forms. However, these
functional molecular evolution studies
show great promise and may eventually
merge molecular and morphological meth-
ods of evolutionary analysis.

Finally, there are still a number of taxa
that to date cannot be placed accurately by
either morphological or molecular studies.
These include myxozoans, mesozoans and
chaetognaths. Appropriate gene sequence
studies will eventually clarify their position
and perhaps lead to new insights into the
radiation of the Metazoa.

ACKNOWLEDGMENTS

We thank all of our collaborators and col-
leagues, too many to name here, for helpful
and illuminating discussions over the past
few years. Special thanks go to the orga-
nizers and contributors of the Symposium
on Evolutionary Relationships of Metazoan

Phyla: Advances, Problems and Approach-
es held in Boston in 1998. We also thank
the USDA for support to J.R.G. and the
Deutsche Forschungsgemeinschaft (DFG)
for support to A.S.-R.

REFERENCES

Abele, L. G., W. Kim, and B. E. Felgenhauer. 1989.
Molecular evidence for inclusion of the phylum
Pentastomida in the Crustacea. Mol. Biol. Evol.
6:685-691.

Aguinaldo, A. M. A., J. M. Turbeville, L. S. Linford,
M. C. Rivera, J. R. Garey, R. A. Raff, and J. A.
Lake. 1997. Evidence for a clade of nematodes,
arthropodes, and other molting animals. Nature
387:489-493.

Ahlrichs, W. 1997. Epidermal ultrastructure of Seison
nebaliae and Seison annulatus, and a comparison
of epidermal structures within the Gnathifera.
Zoomorphology 117:41-48.

Ax, P. 1989. Basic phylogenetic systematization of the
Metazoa. In B. Fernholm, K. Bremer and H. Jorn-
vall (eds.), The hierarchy of life, pp. 229-245. No-
bel Symp. 70. Elsevier Publ., Amsterdam.

Ax, P. 1996. Multicellular animals. A new approach
to the phylogenetic order in nature, Vol. 1.
Springer Verlag, Berlin.

Balavoine, G. 1997. The early emergence of platyhel-
minths is contradicted by the agreement between
18S rRNA and Hox genes data. C. R. Acad. Sci.
320:83-94.

Ballard, J. O. W., G. J. Olsen, D. P. Faith, W. A. Odg-
ers, D. M. Rowell, and P. W. Atkinson. 1992. Ev-
idence from 12S ribosomal RNA sequences than
onychophorans are modified arthropods. Science
258:1345-1348.

Bartolomaeus, T. 1993. Die Leibeshohlenverhaltnisse
und Verwandtschaftsbeziehungen der Spiralia.
Verh. Dtsch. Zool. Ges. 86:42.

Bartolomaeus, T. 1995. Structure and formation of the
uncini in larval Pectinaria koreni, Pectinaria au-
ricoma (Terebellida, Annelida) and Spirorbis spi-
rorbis (Sabellida, Annelida): Implications for an-
nelid phylogeny and the position of the Pogono-
phora. Zoomorphology 115:161-177.

Blaxter, M. L., P. De Ley, J. R. Garey, L. X. Liu, P.
Scheldeman, A. Vierstraete, J. R. Vanfieteren, L.
Y. Mackey, M. Dorris, L. M. Frisse, J. T. Vida,
and W. K. Thomas. 1998. A molecular evolution-
ary framework for the phylum Nematoda. Nature
392:71-74.

Brusca, R. C. and G. J. Brusca. 1990. Invertebrates.
Sinauer Publ., Sunderland, Massachusetts.

Campbell, N. A. 1993. Biology. 3rd ed. Benjamin/
Cummings Publ. Comp. Redwood City, Califor-
nia.

Carranza, S., J. Baguna, and M. Riutort. 1997. Are
Platyhelminthes a monophyletic primitive group?
An assessment using 18S rDNA sequences. Mol.
Biol. Evol. 14:485-497.

Christen, R., A. Ratto, A. Baroin, R. Perasso, K. G.
Grell, and A. Adoutte. 1991. An analysis of the
origin of metazoans, using comparisons of partial

 by guest on July 21, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/


916 J. R. GAREY AND A. SCHMIDT-RHAESA

sequences of the 28S RNA, reveals an early emer-
gence of triploblasts. EMBO J. 10:499-503.

Cohen, B. L., A. Gawthrop, and T. Cavalier-Smith.
1998. Molecular phylogeny of brachiopods and
phoronids based on nuclear-encoded small subunit
ribosomal RNA gene sequences. Phil. Trans. Roy.
Soc. B. (In press).

De Robertis, E. M. 1997. The ancestry of segmenta-
tion. Nature 387:25-26.

De Robertis, E. M. and Y. Sasai. 1996. A common
plan for dorsoventral patterning in Bilateria. Na-
ture 380:37-40.

Dixon, M. T. and D. M. Hillis. 1993. Ribosomal RNA
secondary structure: Compensatory mutations and
implications for phylogenetic analysis. Mol. Biol.
Evol. 10:256-267.

Eernisse, D. J., J. S. Albert, and F. E. Anderson. 1992.
Annelida and Arthropoda are not sister taxa: A
phylogenetic analysis of spiralian metazoan mor-
phology. Syst. Biol. 41:305-330.

Ehlers, U. 1993. Ultrastructure of the spermatozoa of
Halammohydra schulzei (Cnidaria, Hydrozoa): the
significance of acrosomal structures for the sys-
tematization of the Eumetazoa. Microfauna Ma-
rina 8:115-130.

Ehlers, U., W. Ahlrichs, C. Lemburg, and A. Schmidt-
Rhaesa. 1996. Phylogenetic systematization of the
Nemathelminthes (Aschelminthes). Verh. Dtsch.
Zool. Ges. 89.1:8.

Ehlers, U. and B. Ehlers. 1997. Ultrastructure of the
subepidermal musculature of Xenoturbella bocki.
the adelphotaxon of the Bilateria. Zoomorphology
117:71-79.

Emschermann, P. 1985. Cladus Kamptozoa. In R.
Siewing (ed.), Lehrbuch der zoologie, Vol. II Sys-
tematik, pp. 576—586. Gustav Fischer Verlag,
Stuttgart.

Felsenstein, J. 1978. Cases in which parsimony or
compatibility methods will be positively mislead-
ing. Syst. Zool. 27:401-410.

Field, K. G., G. J. Olsen, D. J. Lane, S. J. Giovannoni,
M. T. Ghiselin, E. C. Raff, N. R. Pace, and R. A.
Raff. 1988. Molecular phylogeny of the animal
kingdom. Science 239:748-753.

Funch, P. 1996. The chordoid larva of Symbion pan-
dora (Cycliophora) is a modified trochophore. J.
Morphol. 230:231-263.

Funch, P. and R. M. Kristensen. 1995. Cycliophora is
a new phylum with affinities to entoprocta and
ectoprocta. Nature 378:711-714.

Garey, J. R., M. Krotec, D. R. Nelson and J. Brooks.
1996a. Molecular analysis supports a tardigrade-
arthropod association. Invertebrate Biology 115:
79-88.

Garey, J. R., T. J. Near, M. R. Nonnemacher, and S.
A. Nadler. 1996b. Molecular evidence for Acan-
thocephala as a subtaxon of Rotifera. J. Mol. Evol
43:287-292.

Garey, J. R., A. Schmidt-Rhaesa, T. J. Near, and S. A.
Nadler. 1998. The evolutionary relationships of
rotifers and acanthocephalans. Hydrobiologia (In
press)

Ghiselin, M. T. 1988. The origin of molluscs in the

light of molecular evidence. Oxford Surv. Evol.
Biol. 5:66-95.

Gilbert, S. F. 1997. Developmental biology. 5th ed.
Sinauer, Sunderland, Massachusetts.

Hadzi, J. 1963. The evolution of the Metazoa. Mac-
Millan, New York.

Halanych, K. M., J. D. Bacheller, A. M. A. Aguinaldo,
S. M. Liva, D. M. Hillis, and J. A. Lake. 1995.
Evidence from 18S ribosomal DNA that the lo-
phophorates are protostome animals. Science 267:
1641-1643.

Halanych, K. M. 1996. Testing hypotheses of chaeto-
gnath origins: long branches revealed by 18S ri-
bosomal DNA. Syst. Biol. 45:223-246.

Haszprunar, G. 1996. The Mollusca: Coelomate tur-
bellarians or mesenchymate annelids? In J. Taylor
(ed.), Origin and evolutionary radiation of the
Mollusca, pp. 1-28. Oxford University Press, Ox-
ford.

Hillis, D. M. and M. T. Dixon. 1991. Ribosomal DNA:
Molecular evolution and phylogenetic inference.
Quart. Rev. Biol. 66:411-453.

Hillis, D. M., J. P. Huelsenbeck, and C. W. Cunning-
ham. 1994. Application and accuracy of molecular
phylogenies. Science 264:671-677.

Hyman, L. 1951. The invertebrates: Platyhelminthes
and Rhynchocoela. The acoelomate Bilateria. Mc-
Graw-Hill, New York.

Israelsson, O. 1997. . . . and molluscan embryogenesis.
Nature 390:32.

Jagersten, G. 1972. Evolution of the metazoan life cy-
cle. Academic Press, London.

Katayama, T, H. Wada, H. Furuya, N. Satoh, and M.
Yamamoto. 1995. Phylogenetic position of the di-
cyemid Mesozoa inferred from 18S rDNA se-
quences. Biol. Bull. 189:81-90.

Kobayashi, M., H. Wada, and N. Satoh. 1996. Early
evolution of the Metazoa and phylogenetic status
of diploblasts as inferred from amino acid se-
quence of elongation factor-la. Mol. Phyl. Evol.
5:414-422.

Kojima, S., T. Hashimoto, M. Hasegawa, S. Murata, S.
Ohta, H. Seki, and N. Okada. 1993. Close rela-
tionship between Vestimentifera (tube worms) and
Annelida revealed by the amino acid sequence of
elongation factor-la. J. Mol. Evol. 37:66-70.

Kristensen, R. M. 1995. Are Aschelminthes pseudo-
coelomate or acoelomate? In G. Lanzavecchia, R.
Valvassori, and M. D. Candia Carnevali (eds.),
Body cavities: Function and phylogeny, pp. 41—
43. Selected Symposia and Monographs U.Z.I., 8.
Mucchi, Modena.

Kumar, S. and A. Rzhetsky. 1996. Evolutionary rela-
tionships of Eukaryotic Kingdoms. J. Mol. Evol.
42:183-193.

Lake, J. A. 1989. Origin of the multicellular animals.
In B. Fernholm, K. Bremer, and H. Jornwall
(eds.), The hierarchy of life, pp. 273-278. Nobel
Symp. 70. Elsevier Publ., Amsterdam.

Lake, J. A. 1990. Origin of the Metazoa. Proc. Natl.
Acad. Sci. U.S.A. 87:763-766.

Mackey, L. Y., B. Winnepenninckx, R. De Wachter. T.
Backeljau, P. Emschermann, and J. R. Garey.
1996. 18S rRNA suggests that Entoprocta are pro-

 by guest on July 21, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

http://icb.oxfordjournals.org/


" M I N O R " PHYLA IN MOLECULAR STUDIES OF ANIMAL EVOLUTION 917

tostomes, unrelated to Ectoprocta. J. Mol. Evol.
42:552-559.

Maley, L. E. and C. R. Marshall. 1998. The coming
of age of molecular systematics. Science 279:505-
506.

McHugh, D. 1997. Molecular evidence that echiurans
and pogonophorans are derived annelids. Proc.
Natl. Acad. Sci. U.S.A. 94:8006-8009.

Mushegian, A. R., J. R. Garey, J. Martin, and L. X.
Liu. 1998. Large-scale taxonomic profiling of eu-
karyotic model organisms: a comparison of or-
thologous proteins encoded by the human, fly,
nematode, and yeast genomes. Genome Research
8:590-598.

Nielsen, C. 1995. Animal evolution. Oxford University
Press, Oxford.

Noren, M. and U. Jondelius. 1997. Xenoturbella's mol-
luscan relatives . . . . Nature 390:31-32.

Pawlowski, J., J.-I. Montoya-Burgos, J. F. Fahrni, J.
Wuest, and L. Zaninetti. 1996. Origin of the Me-
sozoa inferred from 18S rRNA gene sequences.
Mol. Biol. Evol. 13:1128-1132.

Raff, R. A., K. G. Field, G. J. Olsen, S. J. Giovannoni,
D. J. Lane, M. T. Ghiselin, N. R. Pace, and E. C.
Raff. 1989. Metazoan phylogeny based on anal-
ysis of 18S ribosomal RNA. In B. Fernholm, K.
Bremer and H. Jornwall (eds.), The hierarchy of
life, pp. 247-260. Nobel Symp. 70. Elsevier Publ.,
Amsterdam.

Rieger, R. M. 1994. The biphasic life cycle—a central
theme of metazoan evolution. Amer. Zool. 34:
484-491.

Rieger, R. M. and S. Tyler. 1995. Sister-group rela-
tionship of Gnathostomulida and Rotifera-Acan-
thocephala. Invert. Biol. 114:186-188.

Rouse, G. W. and K. Fauchald. 1997. Cladistics and
polychaetes. Zool. Scr. 26:139-204.

Ruppert, E. E. 1991. Introduction to the aschelminth
phyla: a consideration of mesoderm, body cavi-
ties, and cuticle. In F. W. Harrison and E. E. Rup-
pert (eds.), Microscopic anatomy of invertebrates.
Vol. 4, Aschelminthes, pp. 1—17. Wiley-Liss, New
York.

Ruppert, E. E. and R. D. Barnes. 1994. Invertebrate
zoology. 6th ed. Saunders College Publ., Fort
Worth, Texas.

Saitou, N. and M. Nei. 1987. The Neighbor-joining
method: A new method for reconstructing phylo-
genetic trees. Mol. Biol. Evol. 4:406-425.

Schmidt-Rhaesa, A. 1997. The phylogenetic position
of the Arthropoda: Support for an alternative hy-
pothesis. Amer. Zool. 37:194A.

Simonetta, A. M. and S. Conway Morris (ed.). 1991.
The early evolution of Metazoa and the signifi-
cance of problematic taxa. Cambridge University
Press, Cambridge.

Smothers, J. F, C. D. van Dohlen, L. H. Smith, and

R. D. Spall. 1994. Molecular evidence that the
myxozoan protists are metazoans. Science 265:
1719-1721.

Storch, V. and B. G. M. Jamieson. 1992. Further sper-
matological evidence for including the Pentastom-
ida (tongue worms) in the Crustacea. Int. J. Par-
asit. 22:95-108.

Telford, M. J. and P. W. H. Holland. 1993. The phy-
logenetic affinities of the chaetognaths: A molec-
ular analysis. Mol. Biol. Evol. 10:660-676.

Turbeville, J. M., K. G. Field, and R. A. Raff 1992.
Phylogenetic position of the phylum Nemertini,
inferred from 18S rRNA sequences: Molecular
data as a test of morphological character homol-
ogy. Mol. Biol. Evol. 9:235-249.

Valentine, J. W., D. H. Erwin, and D. Jablonski. 1996.
Developmental evolution of metazoan bodyplans:
The fossil evidence. Dev. Biol. 173:373-381.

Valentine, J. W. 1997. Cleavage patterns and the to-
pology of the metazoan tree of life. Proc. Natl.
Acad. Sci. U.S.A. 94:8001-8005.

Van de Peer, Y., J.-M. Neefs, P. De Rijk, and R. De
Wachter. 1992. Reconstructing evolution from eu-
caryotic small-ribosomal-subunit RNA sequences:
Calibration of the molecular clock. J. Mol. Evol.
37:221-232.

Wainwright, P. O., G. Hinckle, M. L. Sogin, and S. K.
Stickel. 1993. Monophyletic origins of the Meta-
zoa: an evolutionary link with fungi. Science 260:
340-342.

Wallace, R. L., C. Ricci, and G. Melone. 1996. A cla-
distic analysis of pseudocoelomate (aschelminth)
morphology. Invert. Biol. 115:104-112.

Westblad, E. 1949. Xenoturbella bocki n.g., n.sp., a
peculiar, primitive turbellarian type. Ark. F. Zool.
1:11-29.

Willmer, P. 1990. Invertebrate relationships. Cam-
bridge University Press, Cambridge.

Wingstrand, K. G. 1972. Comparative spermatology of
a pentastomid, Raillietiella hemidactyli, and a
branchiuran crustacean, Argulus foliaceus, with a
discussion of pentastomid relationships. Biol. Skr.
Dan. Vid. Selsk. 19:1-72.

Winnepenninckx, B., T. Backeljau, L. Y. Mackey, J.
M. Brooks, R. de Wachter, S. Kumar, and J. R.
Garey. 1995a. 18S rRNA data indicate that Asc-
helminthes are polyphyletic in origin and consist
of at least three distinct clades. Mol. Biol. Evol.
12:1132-1137.

Winnepenninckx, B., T. Backeljau, and R. de Wachter.
1995b. Phylogeny of protostome worms derived
from 18S rRNA sequences. Mol. Biol. Evol. 12:
641-649.

Winnepenninckx, B., T. Backeljau, and R. de Wachter.
1996. Investigation of molluscan phylogeny on
the basis of 18S rRNA sequences. Mol. Biol.
Evol. 13:1306-1317.

Corresponding Editor: Douglas H. Erwin

 by guest on July 21, 2011
icb.oxfordjournals.org

D
ow

nloaded from
 

View publication stats

http://icb.oxfordjournals.org/
https://www.researchgate.net/publication/228586787

