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METAZOA NN PHYLOGENY AND MACROEVOLUTIO N OF ANIMA L BODY 
PLANS S 

Thiss thesis is a critical survey of recent attempts to reconstruct the 
evolutionaryy branching pattern (phylogeny) of the animal kingdom 
(Metazoa),, and to understand the evolutionary assembly and 
divergencee of animal body plans. This research is fundamentally the 
domainn of comparisons between species and higher  taxa, i.e. the realm 
off  macroevolution, in terms of the sets of characters that primitivel y 
characterizee these taxa, i.e. their  body plans. Interest in the large scale 
patternss of animal evolution is certainly not a recent development. In 
fact,, it is fascinating to realize that rather  than Darwin' s theory of 
naturall  selection, it was Darwin' s theory of common descent that had 
thee greatest impact upon the biology of his time (Mayr, 1988; Bowler, 
1996).. This contrasts rather  sharply with traditional historiography that 
camee to conceptualize the Darwinian revolution in almost strict 
referencee to debates about the mechanisms of evolution, in particular 
thee theory of natural selection. In contrast, in the period immediately 
followingg the publication of The origin of species, attempts to reconstruct 
life'ss ancestry became the most popular  research program in biology 
(Mayr ,, 1988; Bowler, 1996), initiall y flowering under  the name 
'evolutionaryy morphology' (Nyhart, 1995). For  the first evolutionary 
biologistss an interest in the processes of evolution appears to have been 
subsidiaryy to their  chief focus on the reconstruction of the branching 
patternn of evolution, including the major  branching points within the 
Metazoa. . 

Interestt  in the reconstruction of the deep history of the Metazoa 
hass never  ceased since the early efforts in the 19th century, although at 
timess it became a less visible part of zoology, notably with the rise of an 
experimentall  approach to biology at the end of the 19th century. 
However,, I cannot even begin to do justice to this large and fascinating 
historyy here. Instead, this thesis criticall y examines the progress that the 
pastt  decade of research has yielded in understanding the phylogeny of 
thee Metazoa and the macroevolution of animal body plans. 

Thee development during the last decade of computer-assisted 
cladisticc methods to extract phylogenetic signal from diverse molecular 
andd morphological data sets has led to an exciting resurgence of interest 
inn the deep history of the animal kingdom. Further  exciting 
developmentss in the fields of paleontology, and in particular  molecular 
developmentall  biology strengthen our  current fascination with the 
reconstructionn of the deep metazoan past. 

Thee widespread enthusiastic embrace of computer-assisted 
cladisticc methods quickly led to a densely grown phylogenetic garden 
off  the Metazoa, that continues to be rapidly planted with novel trees. 
Forr  example, during the first two years of the new millennium no less 
thann five comprehensive cladistic analyses of the Metazoa have been 
publishedd based upon both molecular  sequence and morphological 
data.. Chapter  2 provides a brief review of current progress in metazoan 

9 9 



cladistics.. By keeping technical discussions to a bare minimum, this 
chapterr  is intended to enable non-specialist readers to develop some 
appreciationn of our  current state of understanding. 

AA hypothesis for  the pattern of relationships between the major 
animall  taxa is a first prerequisite for  tackling any question about the 
evolutionn of animal design. The accumulation of metazoan phylogenies 
durin gg the last decade opened up the welcome possibility to use 
phylogeniess as interpretational frameworks for  studying body plan 
evolution.. Molecular  phylogenies in particular  quickly became a 
favoredd tool to assist in this quest. However, in their  eager  embrace of 
thesee phylogenetic frameworks, many workers overlooked two major 
shortcomingss of many of these phylogenies: their  incompleteness and 
theirr  lack of resolution. Part 1 of this thesis, on using phylogenies, 
addressess these important issues. Chapters 3 and 4 investigate how the 
conclusionss of several recent studies of animal body plan evolution 
havee been severely weakened by a failur e to recognize these 
shortcomings. . 

Givenn the abundance of alternative phylogenies of the Metazoa 
proposedd during the last decade, the obvious question presents itself 
whichh hypotheses merit cultivation, and which merit pruning or 
weeding.. By focusing on morphological cladistic analyses, part 2 of this 
thesis,, on choosing phylogenies, attempts to evaluate our  current 
progresss in this field. Both theoretical and empirical studies published 
duringg the last decade have focused almost exclusively on how to distill 
phylogeneticc signal from a given morphological data matrix. Much less 
attentionn has been directed towards evaluating the relative merits of the 
manyy different phylogenetic hypotheses that have resulted from these 
studies.. Chapters 5 through 9 are the first explicit attempts to reconcile 
thee results of the many different morphological cladistic hypotheses 
publishedd over  the last decade. 

Chapterr  5 compares recent morphological cladistic analyses in 
termss of how their  data matrices are constructed, and outlines several 
guideliness that may help more rigorous conclusions to be drawn from 
cladisticc analyses of metazoan morphology. 

Chapterr  6 provides a brief review of the recent flux of ideas about 
higher-levell  arthropod phylogeny that has largely been triggered by the 
discoveryy of molecular  and morphological evidence in support of a 
closee affinit y of hexapods (« insects) and crustaceans, which contrasts 
withh previously widely held views uniting crustaceans and chelicerates 
onn the one hand, and hexapods and myriapods on the other. 

Chapterr  7 points to the dangers of naively using morphological 
dataa sets previously compiled by different workers for  new 
phylogeneticc analyses, which is not an uncommon procedure in 
metazoann cladistics. This chapter  specifically addresses several 
importantt  shortcomings of the widely cited and most extensive 
morphologicall  data matrix compiled to date, and how uncritical 
recyclingg of this data set has had a negative impact upon the reliabilit y 
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off  the results of a recent comprehensive cladistic analysis of the 
Bilateria. . 

Chapterr  8 presents the first attempt to comprehensively evaluate 
alll  alternative sister  group hypotheses for  the 'acoelomate' worms 
(Platyhelminthes,, Nemertea, Gnathostomulida), that have recently been 
proposedd on the basis of morphological cladistic analyses. 

Chapterr  9 discusses three case studies to analyze whether  recent 
cladisticc studies have fully exploited the unique strength of cladistics to 
testt  the relative merit of competing hypotheses of character  evolution 
andd phylogenetic relationships within the Metazoa. 

Chapterr  10 provides a general discussion of the findings 
presentedd in this thesis, and I speculate about a common explanation 
rootedd in an aspect of human mental functioning for  the problems that I 
identifiedd in both our  current practices to use cladistics to test 
phylogeneticc hypotheses, as well as the use of these phylogenies to 
understandd the macroevolution of animal body plans. 
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Systematicc Zoology: Invertebrates 

Contents s 

1.. Introduction to the systematic zoology of the Metazoa (Animalia) 
2.. Animal phylogeny: data sources and interpretation 

2.1.. Morphology 
2.2.. Molecules 
2.3.. Fossils 

3.. Systematic zoology of the Metazoa 
3.1.. Porifera, Placozoa, Cnidaria, Ctenophora 
3.2.. Platyhelminthes, Nemertea a 
3.3.. Mollusca, SipuncuUda, Entoprocta, Cycliophora 
3.4.. Annelida, Pogonophora, Myzostomida, Echiura 
3.5.. Onychophora, Tardigrada, Arthropoda 
3.6.. Rotifera, Acanthocephala, Gnathostomulida, Micrognathozoa 
3.7.. Priapulida, Kinorhyncha, Loricifera 
3.8.. Nematoda, Nematomorpha, Gastrotricha, Chaetognatha 
3.9.. Ectoprocta, Phoronida, Brachiopoda 
3.10.. Urochordata, Cephalochordata 
3.11.. Enteropneusta, Pterobranchia, Echinodermata 
3.12.. Some extant "problematical 

4.. Alternative hypotheses of metazoan relationships 
4.1.. Morphology 
4.2.. Molecules 

5.. Reconciliation and pathways to future progress 

Glossary y 

Apomorphy::  A evolutionarily derived character, an evolutionary novelty. An 
autapomorphyy refers to a derived character unique for a single taxon, a 
synapomorphyy refers to a shared derived characters possessed by at least two taxa. 
Autapomorphy::  See Apomorphy. 
Aschelminthes:: Group of varying membership that includes non-coelomate 
bilaterianss such as Gastrotricha, Nematoda, Nematomorpha, Kinorhyncha, 
Loricifera,, Priapulida, Rotifera, and Acanthocephala. Also referred to as 
Nemamelminthess or Pseudocoelomata. Probably not monophyletic. 
Bodyy plan: Set of characters primitively shared by the members of a clade, 
irrespectivee of taxonomie level. These characters both include ancestrally inherited 
plesiomorphiess and newly evolved apomorphies for that clade. 
Clade::  Monophyletic taxon. 
Crownn group: Clade of extant taxa sharing a body plan. 
Ecdysozoa::  Bilaterian clade containing Arthropoda, Tardigrada, Onychophora, 
Priapulida,, Kinorhyncha, Loricifera, Nematoda, and Nematomorpha. Its chief 
autapomorphiess including absence of locomotory cilia and periodic molting 
(ecdysis)) of the cuticle. 
Epitheliozoa::  Placozoa + Eumetazoa. 
Eumetazoa::  All metazoans excluding Porifera and Placozoa. 
Gastraeozoa::  Synonym of Eumetazoa. 
Groundd pattern: Synonym of body plan. 
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Lophotrochozoa::  Bilaterian clade comprising Spiralia, Brachiopoda, Phoronida, 
Ectoprocta,, Rotifera, Acanthocephala, Cycliophora, and possibly Gastrotricha. 
Namee refers to the possession of a special larval type called a trochophore, or a 
crownn of ciliated tentacles used for feeding, called a lophophore, in several of its 
members. . 
Metazoa::  All animals. Also known as Animalia. 
Molecularr  clock: Hypothesis that phylogenetically informative macromolecules 
suchh as proteins and nucleic acids evolve at a constant rate. An important tool for 
estimatingg evolutionary divergence times on the basis of sequence differences in 
molecules. . 
Monophyly,, monophyletic: Having a single evolutionary origin. A monophyletic 
taxonn includes an ancestor and all its descendants. See also paraphyly. 
Monophylum::  Monophyletic phylum. 
Paraphyly,, paraphyletic: Having a single evolutionary origin, but differing from a 
monophyleticc taxon by including an ancestor, but only a subset of its descendants. 
Phylum::  Highest Linnaean category for classification of animals. 
Spiralia::  Annelida (including Pogonophora, Myzostomida), Echiura, Sipunculida, 
Gnathostomulida,, Mollusca, Nemertea, Entoprocta, Cycliophora, Platyhelminthes, 
Panarthropoda a 
Stemm group: Paraphyletic series of entirely extinct organisms that leads up to a 
crownn group. 
Synapomorphy::  See Apomorphy. 
Terminall  taxon: Monophyletic taxon included in a phylogenetic analysis. For 
example,, a species in a species-level analysis, and a phylum in a phylum-level 
analysis. . 

Summary y 

Thee exuberant diversity of the animal kingdom (Metazoa) is primarily manifested 
inn the realm of invertebrates. This contribution introduces invertebrate diversity by 
brieflyy surveying the thirty-odd groups known as animal phyla. The emphasis is on 
ourr current understanding of the evolutionary relationships of the animal phyla on 
thee basis of both morphological and molecular data. The emphasis wil l be on extant 
ratherr than extinct organisms. 

1.. Introductio n to the systematic zoology of the Metazoa (Animalia) 

Althoughh no one wil l dispute the manifest importance of the vertebrates in the 
schemee of nature, vertebrates are easily eclipsed in sheer variety by the 
invertebratess that make up the vast majority of animal or metazoan biodiversity. Of 
aa total of one to two million described animal species, a mere 45.000 are 
representedd by vertebrates. This stupendous diversity of invertebrates furnishes a 
richh playing ground for all manner of biological research. From this diversity of 
forms,, biologists have selected so-called model system species according to their 
speciall  suitability for studying particular biological problems. Familiar examples 
includee the fruit-fl y Drosophila melanogaster that is used in wide ranging 
experimentss from population biology to developmental genetics, and the nematode 
CaenorhabditisCaenorhabditis elegans that is the subject of intense efforts to characterize its entire 
genome.. However, model systems represent only a small fraction of the available 
diversityy of animals. This paper wil l put the model systems into perspective by 
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presentingg an introductor y survey of all animal phyla, emphasizing their 
evolutionaryy relationships. 

Onee of the prime objectives of the science of systematic zoology is the 
reconstructionn of the hidden evolutionary history of the animal kingdom. The 
emphasiss is on recovering the pattern of evolutionary branchings that defines the 
structuree of the tree of relationships within the animal kingdom. The task is 
daunting.. Currentl y more than a million species of livin g animals have been 
described,, although the exact number  remains unknown, and estimates for  the real 
biodiversityy of animals invariably yield even higher  figures. Fortunately, this 
exuberantt  diversity is not completely chaotic. Animals can be grouped into taxa of 
increasingg inclusiveness on the basis of possessing specific sets of shared derived 
characters.. The animal phyla traditionall y represent the most inclusive or  highest 
levell  animal taxa in the traditional Linnaean classificatory system, and these are 
clearlyy demarcated from each other  by the possession of unique body plans or 
groundd patterns. The distinctiveness of the animal phyla stands in sharp contrast to 
ourr  ability to accurately reconstruct their  evolutionary relationships, which have 
rootss more than 500 million years old when the major  groups of animals diverged. 
AA long history extending back at least to the period immediately following the 
publicationn of Charles Darwin' s On the origin of species in 1859 richly illustrates our 
extensivee struggles to trace life's ancestry. Although the core practice and concerns 
off  systematic zoology have remained relatively unchanged for  almost one and a 
halff  centuries, the continual gathering of more data, and the development of new 
techniquess and methods of analysis have allowed the tapping of virgin data 
sources.. These in turn have stimulated the study of old problems from new 
perspectives.. Technological advances, such as the development of electron 
microscopyy and molecular  biology, have opened up a wealth of unexplored data. 
Inn addition, the widespread adoption of cladistics as a uniform method of 
phylogeneticc inference has greatly benefited the comparability and testability of 
proposedd phylogenetic hypotheses. Because phylogenetic hypotheses place 
inescapablee constraints upon scenarios of animal body plan evolution by specifying 
aa mandatory sequence of origins and divergences of animal body plans, an 
understandingg of the pattern of animal relationships is therefore essential for  any 
studyy that addresses questions of evolutionary process. 

Wee present here a concise overview of the current understanding of 
invertebratee systematics on the basis of both molecular  and morphological data. 
Thee following section on Animal phylogeny: data sources and interpretation 
summarizess what information is used to reconstruct higher  level animal 
relationships.. The section on Systematic zoology of the Metazoa summarizes our 
currentt  understanding of the systematics of all recognized animal phyla. The 
sectionn on Alternativ e hypotheses of metazoan relationships summarizes and 
complementss the discussions of the preceding sections, with an emphasis on the 
difficultie ss that are encountered by using different data sources. Technical terms 
(includingg names of supraphyletic taxa) are explained either  in the text or  the 
glossary.. The following discussions deal almost exclusively with extant taxa. Fossils 
aree only considered when they have offered unique insights into the origin of a 
phylumm or  supraphyletic taxon (e.g., Arthropoda, Brachiopoda). 

2.. Animal phylogeny: data sources and interpretation 
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Forr  a general exposition of the fundamentals of systematic research, we refer  the 
readerr  to the various relevant subsections under  Classification and diversity of life 
forms.. In principle, any observable attribut e of animals that exhibits an appropriate 
levell  of variation could be used for  reconstructing phylogenetic relationships. 
Traditionally ,, a qualitative distinction is made between morphological and 
molecularr  data. This distinction should not be regarded as absolute, since many of 
thee same problems of analysis and issues of interpretation are common to both 
typess of data. 

2.1.. Morphology 

Thee field of invertebrate systematics may seem forbiddin g to the uninitiated reader 
ass a result of the jargon riddled literature. An imposing quantity of terms is used 
bothh to describe the detailed morphology of organisms, as well as to designate taxa 
orr  clades of strictly defined membership. Luckily , there exists at least some logical 
connectionn between these realms of nomenclature. Many of the names attached to 
certainn clades of invertebrates reflect the nature of the underlying characters used 
too define these taxa. Therefore we will provide a succinct overview of some of the 
mostt  important metazoan clades, and the key features that have been marshalled in 
theirr  support. This wil l at the same time introduce the reader  to some household 
namess of animal clades, and some very basic knowledge of animal organization. 

Onee of the deepest splits within the animal kingdom separates the Bilateria 
(Figuree 6, 10) or  bilaterally symmetrical animals from those that lack this body 
symmetry.. The same division can be made when we consider  the presence of 
embryonicc germ layers. A synonym of Bilateria is Triploblastica, which refers to the 
presencee of three germ layers: ectoderm (outer  layer  forming skin and nervous 
system),, endoderm (inner  layer  forming the digestive system), and mesoderm 
(middlee layer  forming most other  tissues and organs). Consequently, animals 
lackingg mesoderm but possessing ecto- and endoderm can be referred to as 
Diploblastica. . 

Onee of the fundamental splits within Bilateria is traditionall y based upon 
embryologicall  data: Protostomia and Deuterostomia (Figure 6, 7, 8). Most animals 
developp from a more or  less hollow sphere of cells, called a blastula, into a layered 
structuree called a gastrula by invaginating the embryonic gut or  archenteron. This 
processs can be understood in analogy to pushing a finger into a blown-up balloon 
too produce an invagination. The opening of the archenteron to the outside is called 
blastopore,, which wil l develop into the mouth in Protostomia (meaning mouth 
first )) and the anus in Deuterostomia (meaning mouth second). 

AA different but very important distinction between bilateral animals has been 
madee upon the basis of the nature of their  main body cavities. In Coelomata, the 
middlee germ layer  or  mesoderm forms a cavity which becomes lined with an 
epithelium.. The body cavities that house our  own internal organs are examples of 
coeloms.. This organization is very different from animals that lack a coelom, the 
non-coelomates.. These have traditionall y been separated into Pseudocoelomata 
(possessingg a body cavity not lined with mesodermal epithelium), and Acoelomata 
(havingg a compact organization without a body cavity). 

Manyy bilaterians possess ventrally (belly side) located main nerve cords. 
Thesee taxa have been called Gastroneuralia. This contrasts with the dorsal (back 
side)) position of the main nerve cord in for  example our  own phylum, Chordata. 
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Muchh phylogenetic significance has been attached to the mode of embryonic 
cleavage,, the process during which the fertilized egg divides to become 
multicellular.. Based upon the geometry of cleavage cells (called blastomeres), one 
cann at least distinguish spiral cleavage, and radial cleavage. A taxon Spiralia (a 
majorr group of protostomes) (Figure 8) is based upon the former, a taxon Radialia 
(almostt identical to Deuterostomia) is based upon the latter cleavage type. 

2.2.. Molecules 

Molecularr studies of invertebrate systematics are currently dominated by the use of 
18SS rRNA/DNA nucleotide sequences. The 18S rRNA molecules are structural 
componentss of ribosomes, which are the protein synthesis factories of living cells. 
Forr most phyla at least one species has been sequenced, and for several phyla 
multiplee species have been sequenced for analyses of intra-phylum relationships 
(e.g.,, arthropods, chordates). Nevertheless, a host of new molecular data sources 
aree increasingly being used. 

Recently,, comparative studies of both temporal and spatial aspects of gene 
expressionn patterns of a plethora of identified developmental genes have added an 
extraa dimension to higher level animal phylogenetics. Comparative developmental 
genee expression studies currently form the core of the blossoming discipline of 
evolutionaryy developmental biology, and have already generated fundamental 
evolutionaryy insights. One of the most tantalizing findings of these new studies is 
evidencee for a complete inversion of the dorsoventral (back to belly) axis in 
invertebrates.. This means that the ventral side of a fly is directly comparable and 
homologouss to the dorsal side of a vertebrate! Zoologists are now busy searching 
forr corroborative evidence from morphology, and try to pinpoint exactly when and 
wheree in the metazoan tree such a dramatic event could have taken place. 

2.3.. Fossils 

Althoughh the fossil record provides the only direct source of information for testing 
differentt hypotheses about the course of evolution, fossils have nevertheless not 
playedd a leading role in current attempts to reconstruct higher level metazoan 
phylogeny.. Generally, invertebrate zoology textbooks provide a rather pessimistic 
assessmentt of the role of the fossil record in understanding the origin and nature of 
animall  diversity. This perspective is not entirely justifiable. Despite the fact that the 
fossill  record largely remains silent about the evolution of most animal phyla, fossils 
havee nevertheless provided fascinating insights into the diversity and/or 
evolutionaryy origin of various extant phyla, including poriferans, ctenophores, 
arthropods,, molluscs, priapulids, echinoderms, chordates, and brachiopods. 
Especiallyy relevant are Cambrian fossils of exceptional preservational quality found 
inn diverse assemblages all over the world, such as the Burgess Shale fauna of British 
Columbia,, the Sirius Passet fauna of northern Greenland, and the Chengjiang fauna 
off  southwest China. As wil l be illustrated in relevant places below, the rigorous 
applicationn of stem and crown group concepts (see Glossary) is an important 
handlee for helping to systematize these findings. But admittedly, the phylogenetic 
significancee of many fossils remains elusive, in particular the highly problematic 
Ediacarann (Precambrian) fossils, which may be a diverse assemblage that contains 
genuinee members of extant phyla, and real oddballs that cannot be placed inside 
thee Metazoa. 
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3.. Systematic zoology of the Metazoa 

Wee will provide an overview of the current knowledge of the systematics of all 
recognizedd animal phyla. The emphasis will be on the results from recent cladistic 
studiess of both morphological and molecular  data, without detailing the relative 
meritt  of all published alternative hypotheses. We have attempted to make this 
surveyy readable for  non-specialists by keeping technical discussions of morphology 
andd molecules to a bare minimum. The subsections treat several more or  less 
closelyy related phyla simultaneously, discussing their  monophyly and probable 
sisterr  group relationships, and where relevant, the internal phylogenetic 
relationshipss of individual phyla. Broader  scale phylogenetic patterns are discussed 
underr  Alternativ e hypotheses of metazoan relationships. For  taxon-specifk details 
off  morphology, behavior, ecology, evolution, and biogeography, the reader  is 
referredd to the specialist chapters on the respective phyla elsewhere in the 
encyclopedia. . 

3.1.. Porifera, Placozoa, Cnidaria, Ctenophora 

Porifera,, Placozoa, Cnidaria, and Ctenophora are the earliest diverging animal 
phyla,, despite the fact that morphological and molecular  evidence do not converge 
uponn the same relative branching order  (see Alternativ e hypotheses of metazoan 
relationships).. They all lack bilateral symmetry (at least in the adults) which is a 
definingg apomorphy (see Glossary) of the Bilateria. 

Thee unique adult body plan of the roughly 9000 described extant species of 
spongess reflects their  specialized mode of life as efficient sessile water  filterers. The 
keyy autapomorphy (see Glossary) supporting poriferan monophyly is the branched 
waterr  canal system that consists of a complex of spaces inside the sponge body that 
aree in open connection with the surrounding water. These spaces are lined by so-
calledd collar  units that are built from either  single cells (choanocytes or  collar  cells), 
orr  syncytia (choanosome). These special cells bear  a single flagellum that is 
encircledd by a collar  of finger-lik e cytoplasm protrusions called microvilli . This 
microvilla rr  collar  assists in capturing food particles from the water  inflow created 
byy the beating flagella. The lack of sealing intercellular  junctions in the outer  and 
innerr  cell layers of sponges explains the absence of true epithelia that enclose a 
bodyy space that can be regulated independently from the outside surroundings (a 
prerequisitee of homeostasis). The remaining animals can therefore be referred to as 
Epitheliozoa. . 

Withi nn Porifera, three monophyletic taxa are generally recognized: 
Hexactinellidaa (glass sponges), Calcarea (calcarean sponges), and Demospongiae 
(includess most of the familiar  forms). Despite the fact that they all share the basic 
poriferann construction of a semi-permeable water  filter , these three fundamental 
groupss may differ  significantly in their  organization and developmental patterns. 
Glasss sponges are organized as syncytia, and this histologically unique 
configurationn has led some zoologists to separate hexactinellids as a taxon, 
Symplasma,, from the calcarean and demosponges that share a cellular  construction 
(theyy are united as Cellularia) (Figure 1A). An alternative phylogenetic hypothesis 
insteadd emphasizes the shared possession of cells (sclerocytes) that secrete 
intracellularr  silicious spicules in demosponges and hexactinellids to define a 
monophyleticc Silicea (Figure IB). In contrast, calcarean sponges possess calcareous 

20 0 



spiculess that are formed in a fundamentally different manner. A third alternative 
(Figuree 1C) conflicts with current morphological insights, and is based upon 
molecularr evidence. It suggests that Porifera may in fact be a paraphyletic phylum 
withh calcareans sharing a more recent common ancestry with either ctenophores or 
alll  other metazoans. 

Hexactinellidaa Calcarea Demospongiae Calcarea Hexactincllida Demospongiae 

Figuree 1. Alternative phylogenies for the Porifera based upon morphological 
(A,, and B) and molecular data (C). 1: Cellularia. 2: Silicea, intracellular siliceous 

spicules.. See text for explanation. 
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Spongess owe their  isolated phylogenetic position largely to the lack of 
variouss features that characterize 'higher' metazoans, such as neurons, special 
sensoryy cells, and muscle cells, as well as certain body plan features such as a gut 
(theyy are sometimes referred to as Parazoa). Similarly , sponges are generally 
regardedd as lacking the embryonic process of gastrulation so that they are 
consideredd to represent a blastula-grade of organization, lacking true germ layers. 
Consequently,, the remaining metazoans (excluding Placozoa) are sometimes 
referredd to as Gastraeozoa. Interestingly, the oldest animal fossils that can be 
unequivocallyy assigned to an extant phylum are sponges with preserved cellular 
detailss from the late Proterozoic, approximately 580 million years ago. 

Placozoaa is a most peculiar  phylum represented by just one species, 
TrichoplaxTrichoplax adhaerens. Trichoplax was originally described from a marine aquarium, 
andd aquaria still form the main source of material for  research on Placozoa. Its flat, 
irregularl yy shaped, and asymmetric body is 1-3 mm small, and completely covered 
withh cilia that are used for  locomotion. With the exception of the phylogenetically 
challengingg mesozoans (see Some extant "problematica") / Placozoa represents the 
histologicallyy simplest phylum, possessing just four  differentiated somatic cell 
typess (versus about 15 for  sponges). Nevertheless, the distributio n of these cell 
typess specifies a clear  body polarity with an upper  and lower  body surface. Upon 
superficiall  inspection, it would appear  that the extremely simple morphology of 
TrichoplaxTrichoplax does not contain any obvious hints as to its evolutionary affinities, but 
applicationn of electron microscopy revealed an unexpected source of valuable 
phylogeneticc information. This data supports the placement of Placozoa as the 
sisterr  group to Eumetazoa (all other  metazoans excluding Porifera) (Figure 6). 
However,, and following a general observation for  the relationships of non-
bilateriann animals, molecular  data contradict this interpretation (compare Figures 6 
andd 10). Molecular  evidence places Placozoa as the sister  group to Bilateria or 
Cnidariaa + Bilateria, with Ctenophora and Porifera as the most basal metazoan 
branchess (Figure 10). Fascinatingly, this phylogenetic placement among more 
complexx organisms thus suggests that Trichoplax could be a secondarily simplified 
organismm that has lost a host of eumetazoan autapomorphies, including a nervous 
system,, muscle cells, sensory cells, and a fixed antero-posterior  ("head-tail" ) axis in 
thee adult. Intriguingly , Trichoplax is not the only metazoan for  which molecular 
dataa has suggested the surprising possibility of secondary simplification in body 
organizationn (see also mesozoans, Myxozoa, and Xenoturbella). 

Inn strikin g contrast to the perceived general "simplicity "  of Cnidaria in 
comparisonn to the body plans of bilaterians, the key autapomorphy of this phylum 
iss one of nature's most intricat e inventions. The approximately 9000 described 
speciess of Cnidaria share the possession of cnidae (stinging capsules, cnidocysts, 
nematocysts),, which are one of the most complex and largest cellular  organelles 
foundd in the animal kingdom. They form an important component of the cells in 
whichh they reside, the cnidocytes, nematocytes or  stinging cells, and they fulfil l a 
keyy function in the catching of prey and as a defense mechanism. 

Cnidariann monophyly is robustly supported by both morphological and 
molecularr  data, and cnidarian diversity is ordered into four  main monophyletic 
taxa::  Anthozoa (including sea anemones and corals), Hydrozoa (including the 
familiarr  laboratory animal Hydra), Scyphozoa (including most familiar  jellyfishes), 
andd Cubozoa (including the notorious sea-wasps). The complex lif e cycles of 
cnidarianss features two familiar  forms: the largely sessile polyps, and the generally 
free-swirnmingg medusae (jelly fish). Although polyps are distributed in all four 
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mainn taxa, the medusae are limited to Hydrozoa, Scyphozoa and Cubozoa. This 
presentss an evolutionary puzzle: is the medusa stage primitive for the phylum? A 
solutionn is dependent upon the proper reconstruction of cnidarian phylogeny. Until 
recently,, cnidarian phylogeny and the nature of the cnidarian ancestor presented 
roomm for extensive discussions which cover a period of over a century. 
Comparativee morphology indicated the derived nature of anthozoans, which lack a 
medusa,, usually with Hydrozoa as the sister group to the other cnidarians. This 
suggestss a cnidarian ground pattern that may include metagenesis (alternating 
polypp and medusa generations), with a suppression of the medusa in anthozoans 
(Figuree 2A). However, the most recently published cladistic analyses employing 
bothh morphology and molecular sequence data support Anthozoa as the sister 
groupp to the remaining cnidarians (Figure 2B). This implies a cnidarian ground 
patternn lacking a medusa stage, which may signify a single evolutionary origin of 
thee medusa stage as a synapomorphy for Scyphozoa, Cubozoa, and Hydrozoa, a 
cladee sometimes designated as Medusozoa. Nevertheless, a full understanding of 
thee evolutionary origin of the medusa necessitates that we attain a better 
understandingg of the relationships between the very different morphogenetic 
pathwayss of medusa formation in the medusozoans. 

Hydrozoaa Anthozoa Scyphozoa Cubozoa Anthozoa Hydrozoa Scyphozoa Cubozoa 

Figuree 2. Alternative hypotheses of cnidarian phylogeny. 1: medusa stage present; 
"-""  is secondary loss of medusa stage. Medusa is an apomorphy for Cnidaria in A, 

andd an apomorphy for Medusozoa in B. See text for further explanation. 

Althoughh cnidarian monophyly appears well supported, some more recent studies 
convincinglyy support the nesting of the enigmatic phylum Myxozoa within the 
Cnidaria.. Since their first description, myxozoans have been classified as parasitic 
protozoans.. However, new molecular and morphological data have reasserted 
somee previous suspicions of the metazoan, and particularly cnidarian, affinities of 
thee Myxozoa. 
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Theree is general consensus among morphologists that after  the divergence of 
poriferanss and placozoans, cnidarians represent the sister  group to the rest of the 
Metazoa,, together  termed the Eumetazoa (Figure 6). Ever  since the late 19th century, 
thee attainment of a 'tissue' and 'organ' grade of organization has been regarded as 
characteristicc of eumetazoans. Although these terms are still used in the current 
literature ,, they have very imprecise definitions. More precisely, in the eumetazoan 
groundd pattern we observe for  the first time the presence of two primar y germ 
layers,, ectoderm and endoderm. Ectoderm wil l differentiate into an outer 
epidermiss that borders the outside world, and endoderm wil l form an inner 
gastrodermiss that will come to line the gut that opens through one opening only 
(cnidarians,, ctenophores, platyhelminths), or  a separate mouth and anus (most 
Bilateria).. Histological differentiation of somatic cells gives rise to muscle cells, 
speciall  sensory cells, and a nerve plexus at the base of the epithelia. In contrast, in 
poriferanss and placozoans, neural and muscular  functions are located in the same 
cells.. Other  eumetazoan autapomorphies may include the establishment of a 
primar yy antero-posterior  body axis, concomitant with the evolution of an apical 
sensee organ (present in many invertebrate larvae), and a blastopore formed by 
gastrulationn (hence the alternative name Gastraeozoa for  Eumetazoa). These 
interpretationss are largely consistent with phylogenetic information derived from 
molecularr  sequence analyses, with the assumption that Placozoa is a secondarily 
simplifiedd taxon. 

Ctenophoraa is a relatively small phylum of about 80 extant species. 
Ctenophoress are very delicate, transparent, mostly pelagic animals, and they 
exhibitt  a passing resemblance to cnidarian jellyfishh (hence their  vernacular  name 
combb jellies). However, they can be clearly distinguished from medusae by the 
possessionn of eight rows of comb plates that run the length of the body. Comb 
platess consist of closely apposed cilia of several aligned cells. Ctenophores also 
possesss a complex aboral apical organ that is the main sensory center  of the animal. 
Ann additional unique feature found in many ctenophores is the colloblast, a 
specializedd epidermal cell type located on the tentacles of tentaculate ctenophores. 
Colloblastss are adhesive cells used for  catching prey. The exact organization of the 
primitiv ee ctenophore has not yet been established with certainty. The earliest 
knownn ctenophore fossils from the Cambrian apparently lack tentacles (and by 
implicationn colloblasts), while they appear  to possess from 24 up to approximately 
800 comb rows, instead of the eight that characterize the body plan of extant 
ctenophores. . 

Althoughh ctenophores and cnidarians have commonly been allied as 
Coelenterata,, their  apparently special similarities are now mostly understood as 
beingg plesiomorphies (a single mouth/anus opening, lack of true bilateral 
symmetry).. Virtuall y all published morphological phylogenetic analyses support 
Ctenophoraa as the sister  taxon to the Bilateria, together  forming the clade 
Acrosomataa (named after  a diagnostic type of sperm ultrastructure) . In 
ctenophores,, we see for  the first time the presence of subepidermally located 
musclee cells that are claimed to be derived from mesoderm. These features could be 
seenn as uniting ctenophores more closely with bilaterians. However, the 
evolutionaryy significance of presumed mesoderm in ctenophores remains under 
investigation.. Finally, it should be noted that molecular  phylogenetic evidence 
contradictt  the sister  group relationship between Ctenophora and Bilateria. Instead, 
Poriferaa and Ctenophora are supported as the earliest divergences from the 
remainingg Metazoa (Figure 10). 
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Thee remaining taxa comprise the Bilateria. Although the notion of what 
constitutess a bilaterian may seem familiar  and unproblematic at first sight, the 
characterizationn of the bilaterian ground pattern is actually far  from simple. Some 
bilateriann autapomorphies may include bilateral symmetry, ciliated larvae, 
coelomicc cavities, presence of filtratio n excretory organs (known as proto- and/or 
metanephridia),, and a central nervous system with a prominent anterior  brain. It 
shouldd be noted, however, that many bilaterians do not possess all these features. A 
resolutionn of bilaterian relationships is therefore essential for  a reliable estimation 
off  bilaterian apomorphies. Moreover, the reconstruction of the ancestral bilaterian 
(recentlyy christened Urbilateria ) has recently become a particularl y favorite subject 
forr  speculation by the ability to use developmental gene expression patterns to 
proposee morphological homologies in distantly related organisms. For  example, 
segmentationn and complex eyes have been inferred in the bilaterian ground pattern 
onn the basis of developmental gene expression patterns in selected taxa. However, 
thee significance of such speculations has to be evaluated in the context of the 
phylogeneticc distributio n of the salient morphological features. 

3.2.. Platyhelminthes, Nemertea 

Platyhelminthss or  flatworms (about 13,000 species) are typically dorsoventrally 
(backk to belly) flattened bilaterians, that come in a diverse array of forms with an 
evenn more exuberant range of life cycles that may contain multipl e host species 
(especiallyy the parasitic species). About a quarter  of described flatworm species are 
groupedd as Turbellaria , which forms a paraphyletic group of mainly free-living 
speciess from which the highly specialized parasitic groups such as cestodes and 
trematodess have been derived. Flatworms have always been at the center  of 
phylogeneticc interest. A rich history of competing phylogenetic theories centered 
uponn divergent interpretations of platyhelminths, either  as: 1) the canonical, 
primitiv ee bilaterians, with proposed links to cnidarians, ctenophores or  protozoans, 
or::  2) as secondarily derived or  simplified bilaterians that have descended from a 
moree advanced or  complex ancestor. The mosaic organization of flatworms that 
comprisess both simple or  presumed primitiv e features, such as lack of anus and 
coelom,, and more complex or  derived characters, such as the complex reproductive 
system,, has provided zoologists with ample room for  disagreement on the 
phylogeneticc position of platyhelminths. Fortunately, morphological and molecular 
investigationss in the last two decades have yielded significant advances in our 
understandingg of the placement of flatworms in the metazoan tree of life (Figure 8, 
andd 10 and Alternativ e hypotheses of metazoan relationhips). 

Recently,, platyhelminths have been the focus of various types of research 
specificallyy aimed towards understanding their  exact role in animal evolution. For 
example,, recent molecular  evidence from 18S rDNA sequences suggested that a 
typee of relatively simply organized flatworms known as the Acoela might actually 
bee the most basally branching bilaterian taxon. Platyhelminthes would then cease 
too exist as a monophyletic group, which might not be entirely unreasonable, since 
flatwormm autapomorphies have been notoriously difficul t to find. 

Thee approximately 900 described species of nemerteans, also known as 
ribbonn or  proboscis worms, are all (with the exception of one species) characterized 
byy the possession of an eversible proboscis enclosed by a fluid-fille d coelom, the 
rhynchocoel.. They are unsegmented, and in contrast to platyhelminths, they have a 
genuinee anus. The proboscis apparatus identifies nemerteans as predators which 
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activelyy search for, and attack prey by rapidly everting their proboscis that wil l coil 
aroundd the prey. Secreted toxins wil l help subdue the prey that mainly consists of 
smalll  crustaceans and annelids. 

Traditionally,, f latworms, ribbon worms, and also jaw worms 
(gnathostomul ids;; see Rotifera, Acanthocephala, Gnathostomul ida, 
Micrognathozoa)) have been considered as typical representatives of the acoelomate 
(lackingg a coelom) worms with a relatively compact body organization, that are 
derivedd from a common acoelomate ancestor. These acoelomates are often 
consideredd to be the earliest diverging bilaterians in many 'traditional*  accounts of 
metazoann phylogeny. New data, however, chiefly from ultrastructural and 
molecularr studies have indicated that these phyla may in fact not be particularly 
closelyy related to each other as basal bilaterians (see also Alternative hypotheses of 
metazoann relationships). 

Characteristicss of embryonic development (spiral cleavage) indicate that 
platyhelminthss and nemerteans are both members of a larger clade called Spiralia 
(Figuree 8 and Glossary), a clade that also includes the more familiar molluscs and 
annelids.. Although many zoologists have regarded flatworms and ribbon worms as 
closee relatives, an alternative view has been recently emerging. Structural and 
developmentall  studies have suggested the intriguing possibility that two striking 
nemerteann features, the rhynchocoel enclosing the proboscis and the nemertean 
circulatoryy system, may be homologues of coelomic cavities. This would indicate 
thatt nemerteans may be more closely related to coelomate protostomes such as 
molluscs,, annelids, and sipunculids. Molecular sequence evidence suggests that 
bothh flatworms (perhaps excluding Acoela) and ribbon worms are now part of a 
largerr assemblage of protostomes, the Lophotrochozoa (see Figure 10, Glossary, 
andd Alternative hypotheses of metazoan relationships). 

3.3.. Mollusca, Sipunculida, Entoprocta, Cycliophora 

Althoughh the Mollusca is a highly diverse group of animals comprising somewhere 
betweenn 50,000 and 100,000 livin g species, it is considered as one of the 
morphologicallyy most clearly defined taxa. Characteristic features that can be 
regardedd as molluscan synapomorphies (see Glossary) present in most molluscs 
includee the mantle which is responsible for secreting the shell(s), and which lines 
thee mantle cavity that houses the gills; a foot or creeping sole; foot-mantle or pedal 
retractorr muscles responsible for pulling the dorsal side of the mollusc (often with a 
shell)) down towards the substratum; the radula used for feeding; and the specific 
configurationn of the nervous system with cerebral ganglia (brain) that form a ring 
aroundd the esophagus, and four main longitudinal nerve cords (tetraneury). 
Nevertheless,, molluscs have diversified quite spectacularly during their long 
evolutionaryy history, and evolved such familair forms as gastropods (snails and 
relatives),, cephalopods (squids and relatives including the abundantly diverse 
fossill  ammonites), bivalves (clams and relatives), and scaphopods (tusk shells), and 
lesserr known groups including the worm-like aplacophorans that lack a shell but 
possesss spicules, the limpet-like monoplacophorans, and the polyplacophorans or 
chitonss that possess eight articulating shell plates. 

Thee approximately 200 described species of sipunculids, also known as 
peanutt or star worms, form a well-demarcated phylum, closely related to molluscs 
andd other spiralians. Sipunculids are non-segmented, coelomate worms that are 
denizenss of marine benthic communities. Sipunculids are characterized by a 
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bipartit ee body with a posterior  widened trunk , an anterior  slender  part called the 
introvert ,, with a terminal ciliated tentacle crown that is arranged as a star  around 
thee mouth (hence their  common name star  worms), and an anterodorsal anus at the 
basee of the introvert . Although the external morphology of these worms does not 
immediatelyy suggest any close affinit y to another  animal phylum, details of 
internall  organization and embryology clearly position sipunculids in close 
associationn with molluscs, and the segmented annelids (Figure 8). Nevertheless, the 
exactt  sister  taxa of molluscs and sipunculids remains uncertain. 

Thee about 150 described species of Entoprocta comprise a well-demarcated 
monophylum.. In contrast to the two previous groups, entoprocts are tiny animals, 
frequentlyy not longer  than one mm. Entoprocts are sessile, solitary or  colonial, and 
resemblee littl e stalked cups with a crown of ciliated tentacles that protrud e into the 
water-columnn where they filter  out small food particles. The casual observer  wil l 
notee a similarit y in external form with the ectoprocts (see Ectoprocta, Phoronida, 
Brachiopoda)) to which they traditionall y have been allied as Bryozoa. Although the 
phylogenyy of the Entoprocta is not well understood, a morphology-based 
classificationn is available, and it is assumed that the primitiv e entoproct most likely 
resembledd a solitary form from which the colonial types were monophyletically 
derived.. The exact phylogenetic position of the Entoprocta in the system of the 
Metazoaa is far  from settled, but morphological and molecular  data both support the 
conclusionn that entoprocts are spiralian protostomes (Figure 8). 

Anotherr  phylum of very tiny animals is CycUophora (a single species, 
SymbionSymbion pandora). Symbion was described in 1995 from specimens attached to the 
mouthpartss of the Norwegian lobster, Nephrops. One of their  unique features is a 
spectacularr  life cycle, involving sessile and motile stages, feeding and non-feedings 
stages,, dwarf males and giant females, and enigmatic chordoid and Pandora larvae. 
Theyy measure less than one mm in length, and the external form of the sessile 
feedingg stages may hint at an entoproct affinity , being shaped like a minute urn 
attachedd to a stalk that ends in an adhesive disc. The animal is topped with a bell-
shapedd buccal funnel with a mouth surrounded by cilia that produce a feeding 
current.. Remarkably, recent and more detailed morphological studies indeed seem 
too support a close relationship to Entoprocta, a result in apparent conflict with 
evidencee obtained from molecular  sequence data that suggests an affinit y to rotifer s 
andd acanthocephalans. Obviously, further  studies are necessary the resolve the 
evolutionn of this newly discovered phylum. 

3.4.. Annelida, Pogonophora, Myzostomida, Echiura 

Thee approximately 18,000 known species of annelids or  segmented worms are 
dividedd into two taxa, with approximately 10,000 species of Polychaeta, and 8,000 
speciess of Clitellata, including the Oligochaeta (the earthworms and allies) and 
Hirudine aa (the primaril y ectoparasitic leeches). The three remaining taxa, the 
Myzostomida,, Echiura (spoon worms), and Pogonophora (beard worms including 
Vestimentifera)) each contain approximately 150 species. 

Thesee taxa have remarkably divergent body plans. The hallmark of annelid 
constructionn is the possession of a body which is composed of a series of segments 
arrangedd from head to tail (hence their  common name ringworms). Furthermore, 
theyy possess pairs of chaetae (chitinous bristles) that adorn the sides of the body. 
Polychaetess in general possess many chaetae on their  parapodia which are limb-
lik ee lateral outgrowths of the body wall (one pair  per  segment) that usually 
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functionn in locomotion. In contrast, clitellates do not possess parapodia but may 
possesss chaetae. Echiurans also have similar  chaetae but they are entirely 
unsegmented.. They possess a characteristic flat or  grooved proboscis than can be 
stretchedd to extreme lenghtss in the search for  food while the rest of the animal may 
remainn hidden in a protective burrow or  rocfc crevice. Pogonophores are long 
wormss that live in secreted tubes. The most familiar  example are probably the large 
vestimentiferanss (up to 1.5 m), which live associated with deap-sea hydrothermal 
vents.. Myzostomids are peculiar  "worms"  that look like littl e pancakes with stubby 
legss with which they cling on to their  hosts on which they parasitize. 

Thee reconstruction of the phylogenetic system of the annelids and allies has 
beenn one of the biggest systematic riddles in systematic zoology, with difficultie s 
pervadingg many taxonomie levels. Examples of continuing debate include the 
statuss of Pogonophora as annelids or  not (they are considered to be deuterostome 
wormss related to hemichordates by some zoologists), the problem of the 
monophylyy of Annelida itself, and whether  the annelid ancestor  was polychaete or 
clitellate-like.. Recently, however, there has been a dramatic shift in our 
understandingg of these phylogenetic problems, albeit without reaching universal 
consensuss on all issues involved. The chief sources of these new insights into 
annelidd evolution have been comparative studies in ultrastructure , large scale 
cladisticc studies of annelid morphology, and the use of various kinds of molecular 
sequencee data. Currentl y available molecular  data from different sources supports 
Clitellata,, Pogonophora, and Echiura as independent clades nested withi n a 
paraphyleticc Polychaeta. In contrast, available molecular  data suggest the 
surprisingg possibility that myzostomids may be closely related to flatworms 
insteadd of annelids. How well this accords with available morphological data 
continuess to be debated. 

Conflictingg hypotheses of annelid phylogeny frequently hinge upon different 
interpretationss of a few key characters. As one illustratio n of the many difficultie s 
pervadingg attempts to reach a morphological annelid phylogeny, we therefore 
considerr  the effects of different interpretations of one character: nuchal organs. 
Polychaetess typically posses nuchal organs, which are paired anteriorly located 
ciliatedd organs with a likely role in chemosensation. Clitellates lack these, and 
consequentlyy nuchal organs are interpreted as a polychaete autapomorphy in 
cladisticc analyses of annelid morphology (Figure 3A). In contrast, by correlating the 
habitatss of polychaetes (mainly marine) and clitellates (limnic or  terrestrial) with 
thee distributio n of nuchal organs, and by the analogy of the displacement, and 
reductionn or  loss of nuchal organs in secondarily terrestrial polychaetes and their 
lackk in clitellates, some zoologists argue for  the secondary loss of nuchal organs in 
clitellatess and the invalidit y of this feature as a polychaete autapomorphy (Figure 
3B).. Similar  differences of opinion on the phylogenetic significance of important 
characterss may be identified as causes of different phylogenetic positions of 
differentt  taxa. For  example, the interpretation of echiurans as primitivel y 
unsegmentedd or  segmented may yield a phylogenetic placement either  outside 
(Figuree 3A) or  within the Annelida respectively. 
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Echiuraa Clitellat a Polychaeta Myzostomida Pogonophora "Polychaeta"  Clitellat a 

Figuree 3. Alternative phylogenies of Annelida, with A depicting the result of a 
cladisticc analysis of morphology, and B representing the conclusion of a study that 

incorporatedd diverse functional and evolutionary arguments. Polychaeta is 
paraphyleticc in B. 1: nuchal organs, unknown in myzostomids and pogonophorans 

("-""  represents evolutionary loss). See text for additional information. 

Forr a discussion of the phylogenetic placement of Annelida within the Metazoa, see 
Alternativee hypotheses of metazoan relationships. 

3.5.. Onychophora, Tardigrada, Arthropod a 

Onychophoranss are known as velvet worms, and about 160 species have been 
described.. These terrestrial, 15-150 mm long, somewhat cigar-shaped animals are 
readilyy identifiable by their 13-43 pairs of walking limbs known as lobopods, and a 
prominentt pair of antennae that adorns the head. This undoubtedly monophyletic 
groupp has been at the center of evolutionary speculations ever since the last quarter 
off  the 19th century, when onychophorans were considered an important 
evolutionaryy link between annelids and arthropods. They combine a curious 
mixturee of features that at the same time hints at an annelidan ancestry and an 
affinityy to arthropods. 

Tardigradaa is another less familiar phylum, with about 600 described species. 
Thesee small (mostly less than one mm) animals are commonly known as water 
bears.. Their generally roundish bodies are carried on four pairs of stubby legs that 
identifyy four body segments. They are famous for their ability to survive for 
extendedd periods of time in a state of cryptobiosis. This means that the animal is 
ablee to remain in a state of extreme inactivity while being virtually completely 
dehydrated.. This is an obvious advantage for many tardigrades that live in the thin 
andd ephemeral films of water that surround terrestrial lichens and mosses. 
Unfortunately,, their small size makes it very difficul t to reconstruct their 
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phylogeneticc position in the animal kingdom, and a correct determination of 
whetherr  tardigrades are primitivel y small or  secondarily miniaturized may prove 
too be crucial for  understanding their  true phylogenetic position (see below). 

Inn contrast to Onychophora and Tardigrada, the Arthropod a (some 
zoologistss prefer  Euarthropoda) is an amazingly diverse group of animals, with 
aboutt  1 million described species, and total estimates suggesting up to 10-fold 
higherr  diversity. About 2/3rd s of described invertebrates are arthropods. One of 
theirr  hallmarks is the possession of a more or  less rigid,  articulated exoskeleton that 
coverss the entire body surface, and the possession of articulated limbs. Most 
arthropodss are insects, but they also include crustaceans (crabs, lobsters, etc.), 
cheliceratess (spiders, scorpions, etc.), and myriapods (millipedes and centipedes). 
Thee literatur e on arthropod relationships is one of the most voluminous in 
systematicc zoology, and chronicles a rich history that extends back to the very 
beginningg of evolutionary biology. These extensive efforts to reconstruct the 
phylogeneticc relationships of arthropods are classically rooted in morphological 
(includingg fossil) information, but more recently a diverse array of molecular 
sequencee data has also been applied to this complex problem. 

Arthropo dd monophyly versus polyphyly (multipl e independent origins) has 
beenn a contentious issue ever  since the beginning of phylogenetic theorizing about 
arthropodd relationships, but nowadays, molecular  and morphological data 
convincinglyy support a single evolutionary origin of arthropods, especially in view 
off  the dearth of information potentially uniting arthropod subtaxa with other 
metazoann phyla. Nevertheless, strikingl y different schemes of arthropod 
relationshipss have been and continue to be proposed on the basis of both 
morphologicall  and diversee molecular  data. 

Despitee possessing such distinctive body plans, recent phylogenetic studies 
suggestt  that onychophorans, tardigrades, and arthropods are closely related phyla 
thatt  are united as Panarthropoda. The small size of tardigrades is largely 
responsiblee for  the continuing disagreement on panarthropod relationships when 
extantt  taxa are considered. The key issue for  resolving this conflict is to determine 
whetherr  tardigrades are primitivel y small bodied or  secondarily miniaturized 
(Figuree 4). 

Forr  example, some of the suggested synapomorphies of onychophorans and 
arthropods,, such as metanephridia restricted to a reduced coelom called a sacculus, 
andd a dorsal heart with openings called ostia (Figure 4A), could be absent in 
tardigradess because these features were lost concomitant with tardigrade 
miniaturizatio nn (Figure 4B). This would necessitate a reinterpretation of these 
characterss as autapomorphies of Panarthropoda. In contrast, if tardigrades are 
primitivel yy small bodied, these features may be absent from the tardigrade ground 
pattern,, leaving the interpretation of these characters as genuine synapomorphies 
off  Onychophora and Arthropod a intact (Figure 4A). This argument is exactly 
parallell  to the difficult y of reliably placing clitellates and echiurans in the metazoan 
treee on the basis of conflicting interpretations of absent characters (see Annelida, 
Pogonophora,, Myzostomida, Echiura) (Figure 3). 

Thee exceptional role that fossils have played in elucidating arthropod 
evolutionn is unique for  the Metazoa and deserves special mention. The importance 
off  fossils for  understanding arthropod evolution has always been critical , not least 
becausee some important groups of arthropods are strictly known as fossils such as 
trilobites,, and the giant sea scorpions called eurypterids. Their  importance became 
especiallyy clear  in recent morphological cladistic studies. Fossils are both essential 
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forr the proper reconstruction of relationships within the phylum, as well as 
providingg a unique window for illurninating the assembly of arthropod body plans 
onn several phylogenetic levels, in particular Chelicerata, Crustacea, and 
Arthropoda.. Especially the exceptionally preserved fossils from various Cambrian 
localitiess distributed around the world have provided essential information on the 
earlyy diversity of arthropods, and suggestive hints on the transition from primitive 
so-calledd lobopodians (of which onychophorans and possibly tardigrades are the 
onlyy surviving extant offshoots) to genuine arthropods. For example, hitherto 
enigmaticc fossils, such as the famous Cambrian large predator Anomalocaris and the 
morphologicallyy bizarre Opabinia may be important stem group taxa that bridge the 
morphologicall  and phylogenetic divide between primitive lobopodians and more 
advancedd crown group arthropods. In conclusion, the systematization of the 
Arthropodaa is still very much a work in progress. 

Tardigrad aa Onychophora Arthropod a Onychophora Tardigrad a Arthropod a 

Figuree 4. Alternative panarthropod phylogenies basedd upon different evolutionary 
assumptions,, and showing the accompanying interpretations of selected 

morphologicall  features. A represents a phylogeny that assumes a primitively small 
bodyy size for tardigrades, while B assumes secondary miniaturization of 

tardigrades.. 1: metanephridia restricted to sacculus. 2: dorsal heart with ostia."-" 
indicatess character loss. 

3.6.. Rotifera, Acanthocephala, Gnathostomulida, Micrognathozoa 

Rotiferss (about 2000 species) are small (most are not more than one mm) and 
commonn animals in the zooplankton, and their common name of wheel animals 
referss to the presence of a ring of cilia at the anterior end present in many species 
thatt is used for feeding and locomotion. When the cilia beat, the ciliated band 
superficiallyy resembles a rotating wheel. The acanthocephalans or spiny-headed 
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wormss (about 1100 species) are apparently very different animals. These generally 
smalll  endoparasites (not more than a few mm, although one species of up to 80 cm 
iss known) derive their  name from the possession of a spiny proboscis with which 
theyy attach inside their  host. All recent phylogenetic studies support a close 
relationshipp between the generally free-living rotifer s and parasitic 
acanthocephalans,, either  as sister  groups, or  with acanthocephalans nested within a 
paraphyleticc Rotifera. The supporting evidence for  this claim comes from electron 
microscopicall  studies. The key synapomorphy is a syncytial epidermis with an 
intracellularr  skeletal layer  which unites these taxa as Syndermata. The possession 
off  a syncytial epidermis may be an adaptation to living in osmotically challenging 
environments.. Many rotifer s live in fresh water  and acanthocephalans live as 
parasitess inside other  animals. A syncytial skin would then provide an effective 
tightt  seal to prevent osmotic stress. 

Gnathostomulidss are invariably described as "enigmatic"  in evolutionary 
studies.. Gnathostomulids are minute non-coelomate worms that live in the 
interstitia ll  spaces of marine sands (meiofauna). Their  common name jaw worms 
referss to the set of complex cuticularized jaw elements that are found in all 
gnathostomulids.. Since their  recognition in 1956, about 100 species have been 
described,, and various phylogenetic placements have been proposed for  this 
monophylum.. So far, molecular  sequence analyses produce ambiguous results. The 
twoo most prominent morphological hypotheses suggest either  a sister  group 
relationshipp between gnathostomulids and platyhelminths (called 
Plathelminthomorpha),, or  a sister  group relationship between gnathostomulids 
andd Syndermata (called Gnathifera) (Figure 8). The second hypothesis is based 
uponn the diagnostic synapomorphy of homologous cuticular  jaw elements in 
gnathostomulidss and rotifer s (trophi) . Intriguingly , this proposal has recently 
gainedd important support with the description of a new metazoan taxon, the 
Micrognathozoa,, which possesses a similar  set of complexly structured jaws. The 
descriptionn of this new taxon was published in October  2000, and is based on one 
species,, Limnognathia maerski, which is one of the smallest metazoans ever 
described,, measuring some 100-150 um in length. Its complex jaw apparatus shows 
similaritie ss to both rotifer  trophi and gnathostomulid jaws, and the 
Micrognathozoaa appears to reduce the morphological gap between the 
phylogeneticallyy problematic Rotifera and Gnathostomulida (Figure 8). 
Unfortunately,, the phylogenetic placement of this expanded clade of gnathiferans 
withi nn the Metazoa remains problematic (see Alternativ e hypotheses of metazoan 
relationships). . 

3.7.. Priapulida, Kinorhyncha, Lorici f era 

Overr  150 species of kinorhynchs, or  mud dragons, have been described to date, all 
off  which are denizens of the marine meiobenthos. They are easily recognizable by 
theirr  relatively narrow and slender  bodies that are subdivided into 13 segment-like 
unitss called zonites, and their  spiny heads. Despite superficial similarities to the 
somitess or  segments of the arthropod body plan, segmentation of the kinorhynch 
integumentary,, muscular  and nervous systems is generally interpreted to support 
onlyy the monophyly of the phylum. 

Almostt  a dozen species of loriciferans have been described since the phylum 
waswas discovered in 1983. Lik e kinorhynchs, adult loriciferans are exclusively 
meiobenthic.. Loriciferan s superficially resemble a vase that is composed of six 
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separatee plates. These cuticular  plates form the protective lorica from which the 
phylumm derives its name, and they cover  the loriciferan abdomen. From the lorica 
sproutss forth an introvert with a narrow mouth cone surrounded by spines similar 
too those that decorate the kinorhynch head. 

Priapulids,, or  penis worms, show some unique features when compared to 
loriciferanss and kinorhynchs. For  example, Priapulida include species with much 
largerr  body size than found within the other  two groups, and priapulid s have a 
well-documentedd early fossil record. Priapulids are benthic carnivores that possess 
aa large introver t adorned with many spines. Currently , 18 extant species of 
priapulid ss have been described, with 10 meiobenthic and 8 macrobenthic species. 
Thee fossil record, however, indicates that the extant forms represent the relicts of a 
moree speciose group that was particularl y abundant in the Cambrian, when 
priapulid ss were important members of the marine benthos. For  comparison, in 
Cambriann benthic communities, priapulid s were more abundant than polychaetes, 
aa situation that is completely reversed nowadays. However, considering that 
withi nn the last 30 years no less than 10 new species of priapulid s have been 
describedd (with several collected new species still awaiting description), including 
thee most recent description of a giant Alaskan species (up to 40 centimeters), 
indicatee that the group may be more diverse than previously suspected. The few 
attemptss to recover  a phylogeny of priapulid s have been limited to the use of 
morphologicall  data, and indicate that the diverse Cambrian forms form a 
paraphyleticc stem group to a (possibly) monophyletic crown group of extant 
species.. Although the monophyly of kinorhynchs and loriciferans appears secure, 
somee zoologists have proposed that loriciferans are paedomorphic priapulid s on 
thee basis of strikin g morphological similarities between adult loriciferans and larval 
priapulids.. This would make Priapulida a paraphyletic group 

Comparativee morphology supports the grouping of these three taxa into a 
monophyleticc clade called Scalidophora or  Cephalorhyncha (Figure 8). All three 
taxaa possess an anterior  end or  introver t with spines or  scalids, which are 
epidermall  specializations possessing ciliary receptors. There remains some debate 
aboutt  the exact internal relationships of the scalidophorans. Although the stem 
groupp Cambrian fossil priapulid s inform the evolution of the ground pattern of 
extantt  priapulids, an enigmatic group of elongate fossil worms with armored 
proboscis,, known as palaeoscolecidans, might illuminat e the broader  evolutionary 
originn of the scalidophoran clade. Study of their  morphology suggests they are 
eitherr  closely related to priapulid s or  a larger  clade including loriciferans and 
kinorhynchs.. The relatively large body size of these fossils is interesting, because it 
iss frequently assumed that small size is plesiomorphic for  the larger  clade including 
scalidophorans. . 

3.8.. Nematoda, Nematomorpha, Gastrotricha, Chaetognatha 

Aboutt  20,000 species of nematodes have been described, but total estimates reach 
intoo the millions for  this highly successful phylum. Nematodes or  round worms are 
smalll  and very slender  non-coelomate worms, and they inhabit every part of the 
worldd that is even marginally inhabitable. This realization has led to a staggering 
image::  if the entire earth except nematodes would become invisible, we would still 
bee able to make out most of the outline of the planet surface, including mountains, 
andd most organisms, both plants and animals, which serve as hosts for  a great 
diversityy of round worms. The great uniformit y of nematode body forms, and 
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extensivee morphological convergence has complicated attempts to understand 
relationshipss within the Nematoda. Interestingly, parasitic nematodes specialized 
forr  a range of plant and animal hosts have evolved multipl e times convergently. 

Aboutt  320 species of nematomorphs, horse hair  or  bootlace worms are 
known.. Nematomorphs are thin, very long worms (up to one m while being only 
onee to three mm wide), and the juveniles are parasitic mostly on arthropods. Apart 
fromm their  long bodies, nematomorphs can quite easily be confused with 
nematodes.. The Nematomorpha strongly resemble mermithid nematodes in both 
morphologyy and life cycle characteristics. Strikingly , both taxa have free-living 
adultss and larvae, and juveniles that parasitize on arthropod hosts, and some 
zoologistss have regarded these features as homologous. However, recent 
informatio nn strongly suggests that these correspondences have evolved 
convergently,, in the monophyletic Nematoda and Nematomorpha. 

Gastrotrichss are very small meiobenthic animals, frequently less than one 
mmm long. About 430 species are known, but their  general biology and evolution 
remainn poorly known. Gastrotrich monophyly is well supported, with one of the 
mostt  conspicuous autapomorphies being an extracellular  cuticle covering the entire 
bodyy surface, including the locomotory and sensory cilia. Their  name refers to the 
presencee of a ventral creeping surface adorned with cilia. 

Recentt  morphological phylogenetic studies place nematodes and 
nematomorphss as sister  taxa in a monophyletic Nematoida (Figure 8). Although 
molecularr  data have provided some support for  Nematoida, this data appears 
ambiguous.. Recent morphological phylogenetic studies place gastrotrichs at 
variouss different positions within the metazoan tree, in particular  as either  a sister 
groupp to nematodes, or  the sister  group of the clade Introverta , which is comprised 
off  the sister  taxa Nematoida and Scalidophora (Figure 8). Molecular  evidence has 
nott  confirmed this latter  hypothesis, and yields various incongruent placements of 
gastrotrichs.. At present, the incongruence between morphological and molecular 
dataa for  positioning gastrotrichs is unexplained. 

Thee unique morphology of chaetognaths (about 120 species) makes it a well-
demarcatedd group, and the difficult y of finding shared similarities with other  phyla 
hass led chaetognaths to be regarded as one of the most isolated of metazoan phyla. 
Chaetognathss are slender  marine predators between two and 120 mm long. Their 
headss are equipped with a formidable array of grasping spines, and the sides and 
tail-endd of the body are lined with fins. This general morphology and their  jerky 
swimmingg behavior  explain their  common name arrow worms. 

Thee Chaetognatha has been one of the most enduring phylogenetic riddles of 
invertebratee zoology. Recent phylogenetic analyses utilizin g both molecular  and 
morphologicall  information have done littl e to unravel this mystery. Chaetognaths 
showw a mosaic of characters that many zoologists have categorized as important 
keyy features for  the systematization of the animal kingdom. The radial cleavage 
andd mode of coelomogenesis have been taken to imply a deuterostome affinit y of 
chaetognaths,, while the organization of the nervous system and cuticle 
compositionn favor  protostomian kinship. The recent discovery of a hemal system 
(bloodd vascular  system) in various chaetognaths may prove to be crucial in 
elucidatingg the phylogenetic position of chaetognaths (see Alternativ e hypotheses 
off  metazoan relationships). Molecular  analyses suggest that chaetognaths are 
probablyy not deuterostomes, but are either  related to some protostomians, or  are an 
earlyy offshoot from the rest of the Bilateria. However, the extremely divergent 
naturee of chaetognath molecular  sequences may cause long branch attraction 
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artifactss by falsely grouping chaetognaths with other  phyla that exhibit divergent 
sequences.. This might explain their  union with nematodes or  gnathostomulids in 
variouss molecular  analyses. 

3.9.. Ectoprocta, Phoronida, Brachiopoda 

Ectoproctaa (Bryozoa) contains more than 5000 described Recent species in addition 
too an extensive fossil record of approximately another  15,000 species. With the 
exceptionn of two genera, one solitary and one non-sessile, ectoprocts are sessile 
coloniall  animals, with individuals (called zooids) that measure less than half a mm 
inn length, and that may be box-shaped, oval, or  tubular. Ectoprocts superficially 
resemblee entoprocts with their  ciliated crown of tentacles known as a lophophore, 
andd the possession of a U-shaped gut. When the zooids in a colony extend their 
lophophores,, the colony looks a littl e like a patch of moss, which has led to their 
generall  name mosss animals. Morphologists generally accept the monophyly of this 
phylumm but a consensus on ectoproct phylogeny remains elusive. Consequently it 
iss unclear  which group of ectoprocts best represents the ancestral ectoproct. 

Phoronidaa is one of the least speciose phyla, with only about 15 described 
species.. This stands in sharp contrast to the number  of ectoprocts and brachiopod 
species.. Phoronids are slender  worm-lik e animals that live in secreted tubes, from 
whichh they protrud e their  ciliated tentacles (lophophore) that surround the mouth. 
Lik ee ectoprocts they possess a U-shaped gut, and some zoologists think that both 
ectoproctss and brachiopods (see below) have evolved from a phoronid-lik e 
ancestor. . 

Brachiopodss or  lamp shells are sessile animals enclosed in a bivalved shell 
that,, like in molluscs, is secreted by an underlying mantle. However, the similarit y 
too bivalved molluscs is only passing since brachiopods are flattened dorso-ventrally 
whilee bivalves are flattened laterally. Somewhat simplistically, brachiopods can be 
regardedd as shelled phoronids. Similar  to ectoprocts and phoronids, brachiopods 
possesss a crown of ciliated tentacles called a lophophore. More than 97% of the 
approximatelyy 13,000 described brachiopod species are exclusively known as 
fossils,, with a peak in diversity during the Cambrian and Ordovician. A 
phylogeneticc framework of brachiopods is emerging, and it is encouraging to see 
thee broad scale consilience of three independent lines of phylogenetic information, 
namelyy the morphology of Recent brachiopods, fossils from the Cambrian and 
Ordovician,, and molecular  sequences. 

Ectoprocts,, Phoronids, and Brachiopods are often grouped into a 
monophyleticc Lophophorata (Tentaculata), the phylogenetic significance of which 
hass been the subject of extensive discussions. For  example, lophophorate 
monophylyy is usually professed on the basis of a trimeri c or  archimeric body 
architecture.. This means that the body consists of three regions from front to back, 
prosome,, mesosome, and metasome, each with a paired or  unpaired coelomic 
compartment,, protocoel, mesocoel, metacoel. Additional characters may be a 
ciliatedd lophophore with mesocoelic extensions, and a U-shaped gut. It should be 
notedd that pterobranch hemichordates (see Enteropneusta, Pterobranchia, 
Echinodermata)) also conform to such a description. Especially the detailed 
similaritie ss in morphology and function of the lophophoral tentacles in 
brachiopods,, phoronids, and pterobranchs, in contrast to those of ectoprocts, 
apparentlyy suggest homology, and indicate the deuterostomian affinities of 
lophophorates.. The other  characters do not compellingly support lophophorate 
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monophyly.. For example, trimery has not been convincingly shown in ectoprocts, 
andd the broadly U-shaped guts arise through entirely different ontogenies in 
brachiopodss and phoronids. Therefore, lophophorate monophyly is far from 
proven.. Another point of controversy is the placement of lophophorates either 
withinn protostomes or deuterostomes. The mixture of supposed protostomian 
features,, such as a blastopore that becomes the larval mouth in some phoronids, 
andd deuterostomian characters such as radial or biradial cleavage, suggest no clear-
cutt solution (Figure 7). The relationships between the lophophorate taxa have also 
longg remained unclear. The recent application of various sources of molecular data 
hass provided some much needed clarification. These have indicated that all 
lophophoratess are protostomes, and that brachiopods and phoronids are each 
otherss closest relatives. Ectoprocts on the other hand are suggested to be unrelated 
protostomes,, providing no support for lophophorate monophyly. Interestingly, this 
wouldd imply rather extensive convergent evolution of, for example, lophophoral 
ciliaryy suspension feeding in protostomes and deuterostomes (pterobranchs). 

Althoughh both ectoprocts and brachiopods have extensive fossil records, 
fossilss have remained virtually mute on the issue of the evolutionary origin of 
lophophoratee body plans. An interesting possible exception may be the discovery 
off  a group of Cambrian fossils known as halkieriids. These have been interpreted as 
memberss of a stem group leading to a clade including brachiopods, molluscs, and 
annelidss (Figure 5). 

Halkierii dd Brachiopoda 

Figuree 5. Halkieria evangelista as a member of the stem group of crown group 
Brachiopoda.. a= anterior dorsal shell. b=posterior dorsal shell. See text for further 

explanation. . 

Thesee Lower Cambrian fossils have a unique anatomy, with a rather elongate slug-
likee body covered by protective scale-like sclerites (Figure 5). Most remarkably, 
anteriorlyy and posteriorly a dorsal shell is present that is strikingly similar in shape 
too brachiopod valves. Consequently, it has been hypothesized that crown group 
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brachiopodss have evolved by shortening and folding of the halkierii d body, so that 
itt  became enclosed within two opposing shells. Interestingly, another  possible link 
betweenn Cambrian fossils and crown group brachiopods and also annelids, is 
suggestedd by a Middl e Cambrian halkierii d relative {Wiwaxia corrugata) that 
possessess sclerites that show strikin g microstructural similarities to both annelid 
chaetaee and brachiopod setae (decorating the edge of the brachiopod mantle and 
extendingg beyond the shell margin). Although these arguments are speculations, 
thiss fossil information is congruent with the emerging molecular  view that 
brachiopodss are protostomes, more or  less closely related to annelids. 

3.10.. Urochordata, Cephalochordata 

Aboutt  2100 species of urochordates or  tunicates are known, 2000 of which are 
representedd by the familiar  sessile ascidians or  sea squirts. The remaining species 
aree the pelagic thaliaceans (salps, pyrosomids, and doUolids), and appendicularians 
orr  larvaceans. A highly complex cuticular  exoskeleton known as the tunic is unique 
forr  this phylum, although it is not present in all tunicates. A characteristic tadpole 
larvaa with a bulbous body and slender  muscular  tail is also unique for 
urochordates.. In fact, larvaceans look like urochordate tadpole larvae during their 
entiree life cycle. It has been hypothesized that larvaceans have evolved by 
truncatingg development so that the original tadpole larva has now become the 
definitiv ee adult (a phenomenon known as paedomorphosis). In general, a large 
pharynxx or  branchial basket is one of the most conspicuous organizational features 
off  urochordates. A similar  pharynx may also be identified in hemichordates (see 
below)) and the other  chordates. Although morphological and molecular  data 
supportt  urochordate monophyly, morphological data has not yielded a consensus 
onn relationships within Urochordata. However, recent molecular  phylogenetic 
studiess of urochordate relationships showed some interesting results. This data 
weaklyy supports the early divergence of larvaceans from the other  urochordates, 
andd the evolution of the pelagic thaliaceans from within a paraphyletic clade of 
ascidians.. This is in accord with the long held view of ascidians as the most 
primitiv ee urochordates, and this suggests that the pelagic life cycle of thaliaceans 
mayy have evolved from a life cycle with a sessile stage such as characteristic of 
ascidians. . 

Cephalochordataa (Acrania or  lancelets) is a small monophylum of about 30 
species.. Cephalochordates are the most vertebrate-like of all invertebrates, and they 
resemblee littl e fish in their  morphology. The segmented nature of their  body 
musculaturee can readily be distinguished, and shows a strikin g similarit y to the 
segmentaryy arranged muscle blocks or  myomeres found in vertebrates. 

Thee urochordates and cephalochordates are the invertebrate chordates, and 
aree sometimes referred to as protochordates although they are usually not 
consideredd as sister  taxa. Among invertebrates the uro- and cephalochordates 
certainlyy represent the most closely related phyla, but a full understanding of 
chordatee phylogeny should include vertebrates. Although various schemes of 
relationshipss have been proposed throughout history, current morphological and 
molecularr  information is congruent and complementary. Both data sources 
stronglyy support a clade of Vertebrata + Cephalochordata (Figure 7). Although 
molecularr  data does not provide strong support for  the phylogenetic position of 
urochordatess and chordate monophyly, morphology does support a monophyletic 
Chordata,, with Urochordata as the probable sister  group to cephalochordates and 
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vertebratess (Figure 7). Among the key autapomorphies for  the Chordata are the 
presencee of a dorsal chorda (a stiffening rod derived from the roof of the 
archenteronn or  embryonic gut), a dorsal neural tube, and a pharynx with a mucus 
secretingg endostyle (homologous to the thyroid gland of vertebrates). The first two 
off  these characteristics are only distinguishable during early developmental stages 
inn urochordates. Vertebrates and cephalochordates are predominantly united by 
thee presence of segmented lateral musculature (called myomery). 

3.11.. Enteropneusta, Pterobranchia, Echinodermata 

Aboutt  70 species of enteropneusts or  acorn worms, and about 15 species of 
pterobranchss are known. Enteropneusts and pterobranchs are very easily 
distinguishable.. Enteropneusts are large (typically between 20 and 25 cm), free-
living,, bottom dwelling worms equipped with a bulbous proboscis that is clearly 
separatedd from the long posterior  trunk by a collar  at the anterior  end of which the 
mouthh is located. Pterobranchs, on the other  hand, are tiny sessile, colonial animals 
thatt  carry a prominent crown of ciliated tentacles very like those found in 
lophophoratess (see Ectoprocta, Phoronida, Brachiopoda). Nevertheless, the 
pterobranchss also possess a tripartit e body, with an anterior  part called the oral 
shieldd (secretes the tubes in which they live), a short middle collar  (bearing the 
tentacles),, and a sac-like trunk . Despite their  distinct body plans, enteropneusts and 
pterobranchss are often united into a phylum Hemichordata, and considered close 
relativess of chordates. However, the paucity of convincing hemichordate 
autapomorphiess has led to the separation of enteropneusts and pterobranchs in 
mostt  recent morphological cladistic studies, with pterobranchs as basally branching 
deuterostomess possibly related to echinoderms, and enteropneusts as the sister 
groupp to the chordates (Figure 7). Intriguingly , recent molecular  phylogenetic 
studiess have proposed some remarkable revisions of these hypotheses. First, 18S 
rDNAA sequence data suggests the strikingl y novel hypothesis that the small, 
colonial,, and tubicolous pterobranchs evolved from the much larger  bodied, 
solitaryy and vermiform enteropneusts. This would make Enteropneusta a 
paraphyleticc taxon. Second, 18S rRNA/DN A and mitochondrial protein coding 
DNAA sequences provide robust support for  a sister  group relationship of 
echinodermss and hemichordates (Figure 10), exclusive of chordates. The great 
similarit yy of echinoderm and enteropneust larvae is congruent with this idea. This 
hypothesiss has significant implications for  understanding deuterostome evolution 
inn general, and the origin of the chordate body plan in particular , because these are 
frequentlyy discussed with respect to either  enteropneust anatomy, or  hemichordate 
andd echinoderm larval morphology. 

Aboutt  7000 species of living echinoderms are known, in addition to an 
extensivee fossil record containing about 13,000 species. This phylum contains some 
off  the most familiar  invertebrates, such as sea stars and sea urchins. The 
pentaradiall  symmetry, calcareous endoskeletal elements, and the elaborate 
coelomicc water-vascular  system are defining features of the phylum. Although the 
livin gg species are classified into five, well-demarcated groups (asteroids or  sea 
stars,, echinoids or  sea urchins, ophiuroids or  brittl e stars, crinoids, feather  stars or 
seaa lilies, and holothuroids or  sea cucumbers), the morphological diversity of 
extinctt  echinoderms yields a further  18 distinct echinoderm taxa. Echinoderms 
representt  an intensely studied monophylum. Diverse evolutionary analyses 
continuee to shed light on the manifest uniqueness of the echinoderm body plan. 
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Somee of the main recent advances include a better knowledge of lif e history 
evolutionn (evolutionary transitions between life cycles with lecimotrophic or yolk 
dependentt and planktotrophic or feeding larvae), skeletal homologies across living 
andd problematic extinct taxa, the role of fossil echinoderms (as stem group taxa) for 
understandingg the origin of the echinoderm body plan, models for the origin of 
echinodermm pentaradial symmetry, phylogenetic studies among and within the five 
recentt taxa on the basis of both morphological and molecular data, and molecular 
developmentall  studies to illuminate the relationship of changes in developmental 
genee expression and evolutionary changes in echinoderm morphology. 

Thee phylogenetic placement of echinoderms among the deuterostome phyla 
usingg morphological data has varied depending on whether Hemichordata was 
consideredd monophyletic or not (Figure 7). Echinodermata has recently been 
consideredd the sister group of either (Hemichordata + Chordata) or (Enteropneusta 
++ Chordata), or as an unresolved trichotomy of Pterobranchia, Echinodermata, and 
(Enteropneustaa + Chordata). However, as discussed above, the most recent 
molecularr data suggest a sister group relationship between echinoderms and 
hemichordates. . 

3.12.. Some extant "problematica" 

"Problematica""  are metazoans of unknown phylogenetic affinity. Usually a rather 
restrictedd set of enigmatic animals are grouped under this term, but it should be 
clearr that many of the better known animal phyla, such as chaetognaths, could be 
consideredd problematica with equal justification, since to date they too have defied 
alll  attempts at a secure phylogenetic placement. Typically, the problematica are 
knownn from single or very few species, with mesozoans as an obvious exception. 
Thee most prominent problematica wil l be briefly discussed. 

Mesozoanss are small (one to two mm) and morphologically very simple 
metazoans,, although their lif e cycle can be quite complex. A single layer of ciliated 
cellss surrounds a core composed of one or more reproductive cells. They are 
classifiedd into two groups: more than 85 species of rhombozoans (dicyemids and 
heterocyemids),, and about 30 species of orthonectids. The rhombozoan adults live 
exclusivelyy in cephalopod kidneys, while orthonectids inhabit different body 
cavitiess of a variety of invertebrates. Morphological data has not led to a reliable 
phylogeneticc position within the Metazoa, but recent molecular data may suggest a 
breakk in the long impasse. These have suggested that mesozoans are a probable 
monophyleticc clade of basal triploblasts. Additionally, other molecular data for 
dicyemidss identifies them as true lophotrochozoans, which have become 
morphologicallyy extremely modified in connection with parasitic lif e habits. 

XenoturbellaXenoturbella bocki has been a phylogenetic riddle since its description in 1949, 
andd it has been allied with a variety of animal phyla, both deuterostome and 
protostome.. One prominent opinion, based on its simple flatworm-like 
morphology,, suggested that Xenoturbella was a flatworm. However, the recent 
descriptionn of a second species, X. westbladi, allowed a detailed investigation of 
xenoturbellidd ontogeny that suggested Xenoturbella is a highly modified bivalve 
mollusc.. This conclusion is buttressed by new information on xenoturbellid 
oogenesis,, and molecular sequence data. However, a recent comprehensive 
morphologicall  and molecular phylogenetic study found support for a relationship 
betweenn Xenoturbella and ectoprocts. Clearly, more data is needed for a final 
placementt of Xenoturbella in the system of the Metazoa. 
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LobatocerebrumLobatocerebrum psammicola is the sole named representative of the 
Lobatocerebromorphaa (two additional unnamed species may be present), and was 
originall yy described as a new family of annelids, the Lobatocerebridae. 
LobatocerebrumLobatocerebrum is a small worm about three mm in length. It is covered by ciliated 
cells,, and its name referes to its remarkably big lobate brain. Current morphological 
informationn has not yet secured the phylogenetic position of Lobatocerebrum. It may 
bee a modified annelid, or  occupy a position more or  less intermediate between the 
non-coelomatee platyhelminths and gnathostomulids, and the coelomate spiralians. 
Thee interpretation of the lack of a coelom in Lobatocerebrum as either  primitive , or 
derivedd is a key issue for  resolving its phylogenetic position. 

PlanctosphaeraPlanctosphaera pelagica is now generally regarded as an extremely large 
enteropneustt  larva known as a tornaria, although the adult stage remains 
unknown.. So far, attempts to obtain 18S rRNA/DN A sequences have not been 
successful. . 

BuddenbrockiaBuddenbrockia plumatellae is a small non-ciliated worm found in the body 
cavityy of freshwater  ectoprocts. Both mesozoan and nematode affinities have been 
hypothesized,, but electron microscopical and molecular  information is needed to 
ascertainn its phylogenetic position within the Metazoa. 

SalinellaSalinella salve is a completely enigmatic animal described in 1892. Its 
constructionn as a tube lined by a single cell layer  of two-sided ciliated cells is 
uniquee among invertebrates. Since it has never  been seen again, chances are that it 
doess not, and never  did, exist. 

4.. Alternativ e hypotheses of metazoan relationships 

AA not infrequently encountered opinion among biologists who are not themselves 
specialistss of metazoan phylogenetics is that, surely, by now we must have reached 
aa definitive picture of the phylogeny of the animal kingdom. However, this reveals 
aa general lack of understanding of the many difficultie s that plague this held of 
research.. The discipline of higher  level animal systematics has a long and rich 
history,, and innumerable distinct hypotheses of metazoan phylogeny have been 
proposed.. Many of these attempts have not withstood the test of time, but even 
todayy the field is riddled with multipl e conflicting phylogenies both within and 
betweenn the fields of morphological and molecular  phylogenetics. What follows 
heree puts the conclusions of the preceding sections into a broader  perspective, 
whilee attempting to outline the general points of consensus and controversy in the 
field.. The evident obstacles that stand in the way of reaching a consensus on 
metazoann phylogenetics wil l be particularl y emphasized. Nonetheless, any effort 
towardss an exhaustive discussion of all recently proposed hypotheses far  exceeds 
thee allotted space of this contribution. The reader  who wishes to delve more deeply 
intoo the technicalities of metazoan phylogenetics is referred to the works listed in 
thee references that will provide some useful entries into the expansive literatur e on 
metazoann phylogeny. 

4.1.. Morphology 

Thee reconstruction of the animal tree of life is by no means an easy feat for  several 
reasons.. First, the body plans of the animal phyla emerged in a relatively brief time 
intervall  of approximately 20 million years (  550-530 Myr) , between the Ediacaran 
faunass of the late Neoproterozoic, and the Burgess Shale-type faunas of the 
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Cambrian.. Although many of the earliest Cambrian fossils may be stem group 
ratherr  than crown group metazoans, the dates from the fossil record present a 
minimall  age estimate of the actual divergence times of the major  animal body 
plans.. Interestingly, a host of recent studies using molecular  clock estimates (see 
Glossary)) of metazoan divergence times, yielded much older  divergence dates of 
thee major  metazoan lineages. However, recent insights into the effects of molecular 
ratee variation for  estimating divergence times, and especially a reconsideration of 
thee mandatory fossil-based calibration points, have resulted in revised divergence 
times,, broadly consistent with the timing of the Cambrian radiation of body plans 
ass reflected in the fossil record. 

Second,, the vast majorit y of species that have ever  lived on earth are extinct. 
Yet,, our  understanding and debates on animal phylogeny focus primaril y on the 
'few''  extant species of metazoans from which we can obtain morphological and 
molecularr  data. Consequently, we extrapolate from a rninimal sample and project a 
historyy that is almost entirely closed off from direct examination. In view of this 
limitin gg factor, it is not surprising that debates continue to exist. 

Third ,, finding sufficient numbers of independent phylogenetically 
informativ ee morphological characters has proven to be very difficult . Divergent 
interpretationss of animal phylogeny frequently hinge upon differin g interpretations 
off  a few influential key characters, the perceived importance of which is reflected in 
thee familiar  names of some of the major  clades of metazoans (see Animal 
phylogeny::  data sources and interpretation). The phylogenetic significance of such 
morphologicall  key characters is inextricably linked to the denial of the relevance of 
convergentt  evolution. Nevertheless, recent cladistic analyses of the Metazoa that 
includee a broad range of morphological characters have provided littl e support for 
thee general contention that convergent evolution is rare in metazoan evolution. 
Animalss can be conceived as integrated mosaics composed of features that may 
evolvee at different rates, and in different directions, and that may show varying 
degreess of variation. For  example, in one recent morphological cladistic study, only 
aboutt  l /3 r d of the almost 300 characters were confirmed as unique 
synapomorphies.. The remaining characters are homoplasies, either  convergences or 
characterr  losses. It is very difficul t to reconstruct a reliable morphological 
phylogenyy of the Metazoa when convergence and extensive character  modification, 
orr  character  losses are frequent phenomena during animal evolution. It also points 
too the fallibilit y of characterizing supraphyletic clades by a single or  very few 
morphologicall  synapomorphies. 

Thee adoption of cladistics as a uniform method of phylogenetic inference has 
dramaticallyy increased the objectivity and comparability of phylogenetic studies by 
forcingg assumptions to be made explicit. Nevertheless, conflicts between 
phylogeniess continue to exist. We think that a large part of the explanation for  this 
situationn lies in the observation that many of the decisions that feed into the 
constructionn of a morphological data matrix (these steps are outlined in Animal 
phylogeny::  data sources and interpretation) are usually tacitly assumed, rather 
thenn explicitly discussed and justified. Consequently, published phylogenetic 
studiess may differ  widely in the identity and number  of included terminal taxa, the 
numberr  and nature of characters, the adopted character  coding protocols, etc. This 
seriouslyy hampers the abilit y to compare different studies, and to evaluate their 
relativee merits. Phylogenetic reconstruction is an interpretativ e science in which a 
limitedd amount of information yields insights through the necessary steps of 
generalizationn and extrapolation. It is therefore of crucial importance to strive for 
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maximall  transparency of the adopted methods. Nevertheless, amidst the 
continuingg morphological debate, some broad patterns of relationships may be 
discernedd from recent cladistic studies. 

Theree is almost universal agreement among morphologists about the 
phylogenyy of the basal metazoans (Figure 6). 
1)) Porifera is the most basally diverged phylum, while Placozoa, Cnidaria, and 
Ctenophoraa form a sequence of successively branching phyla, with the latter as the 
sisterr taxon of the Bilateria. Previous suggestions that Xenoturbella and Mesozoa are 
closelyy related with these non-bilaterians, is strongly contradicted by molecular 
data,, and by new morphological and developmental data for Xenoturbella. 

Figuree 6. Phylogeny of the Metazoa illustrating consensus on relationships of basal 
metazoanss based upon morphology. See text for further discussions. 

2)) A deuterostome clade is also generally recognized, comprised of hemichordates, 
echinoderms,, chordates, and lophophorates. Hemichordate monophyly is often 
rejected,, and enteropneusts are considered to be the sister group to chordates 
(Figuree 7). 
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Figuree 7. Morphology based phylogeny of the deuterostomes. See text for 
discussion. . 

3)) Monophyly of lophophorates is also not generally supported. Instead, 
brachiopodss and phoronids are considered to be either sister taxa, or one of them is 
regardedd as a sister group to a clade of echinoderms, enteropneusts, pterobranchs, 
andd chordates. Ectoprocts might be related to the spiralians, in particular 
entoproctss (Figure 7). 

4)) The remaining bilaterians are frequently united in a protostome clade (Figure 8), 
butt some zoologists prefer to derive the deuterostomes from within a paraphyletic 
Protostomia.. This concept of metazoan phylogeny is associated with the acceptance 
off  the homology of coeloms across the Bilateria and a monophyletic Coelomata, in 
whichh the lophophorates are generally considered to be intermediates bridging the 
morphologicall  gap between the coelomate protostomes and deuterostomes. 
Alternatively,, the different sources of mesoderm and ontogenetic modes of 
coelomogenesiss in protostomes and deuterostomes have been interpreted to 
indicatee convergent evolution of coeloms in the Bilateria. 

43 3 



Figuree 8. Morphology based phylogeny of protostomes. See text for discussions. 

5)) A sizeable group of unquestionably closely related protostomes is comprised of 
Annelidaa (including pogonophorans and myzostomids), Echiura, Sipunculida, and 
Molluscaa (Figure 8). Various hypotheses on the internal relationships in this group 
exist.. These taxa may form a clade, or a paraphyletic series leading to a 
monophyleticc Articulata (Annelida + Panarthropoda) if annelids and panarthropod 
aree sister taxa. Moreover, various other taxa may also belong to this group. 
Platyhelminthss and nemerteans can be seen as successive sister groups, with 
nemerteanss bridging the gap between the primitively non-coelomate 
platyhelminthss and the coelomate protostomes. This hypothesis hinges upon the 
interpretationn of the nemertean rhynchocoel and 'blood vessels' as coelom 
homologs.. Additionally, Entoprocta have been regarded as a sister group to 
molluscs.. The phylogenetic picture becomes even more complex if we consider 
additionall  taxa, such as cycliophorans, ectoprocts, and gnathostomulids that have 
alsoo been suggested as close relatives of the above taxa in one configuration or 
other.. Both cycliophorans and ectoprocts have been united with the entoprocts, 
whereass a rotiferan relationship of cycliophorans has also been proposed. 
Gnathostomulidss have been both united with platyhelminths, and with 
syndermatess in recent morphological studies. 
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6)) The phylogenetic placement of panarthropods on the basis of morphology is 
currentl yy under  renewed debate. Many zoologists endorse the traditional 
Articulat aa hypothesis, which contends that annelids and panarthropods are sister 
taxa.. A key autapomorphy of this clade is the possession of an articulated or 
segmentedd body that is formed from a posterior  (teloblastic) growth zone. The 
possessionn of well-defined segments with paired coelomic pouches (reduced 
duringg later  arthropod ontogeny) with metanephridia is unique for  these phyla. 
However,, not all recent morphological cladistic studies support this hypothesis. An 
alternativee hypothesis unites panarthropods with a variety of non-coelomate taxa, 
suchh as nematodes, nematomorphs, and the scalidophorans. An important complex 
characterr  that may support such a clade Ecdysozoa is the presence of periodic, 
hormonallyy controlled molting or  ecdysis of the cuticle. Intriguingly , this 
morphologicall  hypothesis finds support in molecular  phylogenetic studies (see 
beloww and Glossary). A better  understanding of many characters and taxa is 
necessaryy before an unambiguous choice between these conflicting hypotheses can 
bee made. Tardigrade development is extremely poorly known, knowledge of 
similaritie ss of the hormonal control of cuticle ecdysis is limited to data from 
nematodess and arthropods, and new studies on the cellular  and molecular 
developmentall  mechanisms underlying annelid and arthropod segmentation are 
currentl yy being performed to shed light on the purported homology of articulate 
segmentation. . 

7)) Recent morphological phylogenies have started to throw doubt on the existence 
off  a monophyletic clade of aschelminths. Instead, two separate clades may be 
recognized::  a clade of gnathiferans that may include the new taxon 
Micrognathozoaa (Figure 8), and a clade Introvert a that unites Nematoida and 
Scalidophora.. The introvertans are possibly related, as noted above, to 
panarthropods,, but the expanded gnathiferan clade cannot yet be placed within the 
Bilateri aa with any certainty. The phylogenetic position of gastrotrichs and 
chaetognathss is equally unsettled. The position of both taxa is unstable in 
morphologicall  phylogenetic analyses. Gastrotrichs have been related to 
gnathiferans,, introvertans, or  Nematoida. A close affinit y to introvertans appears 
thee most likely, forming a clade known as Nemathelminthes or  Cycloneuralia. A 
terminall yy positioned mouth and a cuticularized muscular  (sucking) pharynx may 
bee nemathelminthan autapomorphies. Interestingly, these features might also be 
reinterpretedd as synapomorphies of a larger  Ecdysozoa clade that includes the 
Panarthropoda,, since a terminally positioned mouth is also found for  example in 
tardigrades,, and stem group arthropods such as the lobopod Kerygmachela, while a 
cuticularizedd foregut is known from all panarthropods. 

Resolvingg the remaining phylogenetic puzzles depends in large measure on 
reducingg conflicting interpretations of the characters with the most immediate 
phylogeneticc significance. For  example, let us consider  the phylogenetic effect of 
taxonn selection on two studies that examine the relationships between molluscs, 
annelids,, sipunculids, and echiurans (Figure 9). One study included Echiura as a 
terminall  taxon in the analysis (Figure 9A), while a second accepted echiurans as 
derivedd annelids (Figure 9B). In the first analysis, the presence of spacious body 
coelomss that function as hydrostatic skeletons can be interpreted as a 
synapomorphyy for  sipunculids, echiurans, and annelids, excluding molluscs, 
whereass the serial repetition of mesodermal structures (evolutionary significance of 
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seriallyy repeated mesodermal structures in molluscs is still debated), e.g., muscles, 
iss considered to be convergent in molluscs and annelids. In contrast, a conflicting 
phylogenyy may result when echiurans are assumed to be derived annelids, and 
thereforee excluded from the analysis as a terminal taxon. This hypothesis 
emphasizess the significance of serially repeated mesodermal derivatives as a key 
synapomorphyy for molluscs and annelids, excluding sipunculids, while 
interpretingg the evolution of elaborate body coeloms with a hydrostatic function in 
sipunculids,, echiurans and annelids as a case of convergent evolution. 
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Figuree 9. Alternative phylogenies of selected protostomes to indicate differences in 
thee evolutionary significance of two selected characters concomitant with a 
differencee in taxon sampling. Echiura is coded as a terminal taxon in A but 

includedd in Polychaeta in B. 1: body coelom functioning as a hydrostatic skeleton. 2: 
seriall  repetition of mesodermal derivatives. See text for discussion. 

Choosingg among these alternative hypotheses is difficult because the studies differ 
inn their taxon selection strategy, either including (the first analysis) or excluding 
(thee second analysis) Echiura as a terminal taxon. This single difference has a 
fundamentall  effect upon the phylogenetic significance of a character such as 
mesodermall  segmentation (see also Annelida, Pogonophora, Myzostomida, 
Echiura).. In the first case, lack of segmentation is considered primitive in echiurans, 
whichh promotes the interpretation of convergence of mesodermal segmentation in 
molluscss and annelids by interposing the unsegmented sipunculids and echiurans 
betweenn these two taxa. In the second case, echiurans are subsumed within the 
annelidss and interpreted as having lost mesodermal segmentation. Consequently, 
thiss promotes the likelihood of regarding mesodermal segmentation as a 
synapomorphyy for molluscs and annelids. The complexity of evaluating conflicting 
phylogeneticc hypotheses becomes apparent when one realizes that taxon selection 
iss merely one of the many steps that wil l determine the outcome of a cladistic 
analysiss (see also Animal phylogeny: data sources and interpretation). 
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Inn conclusion, we must note that the above statements are neither complete 
norr definitive. They simply display a least controversial array of current opinions. 
Thiss lack of a clear morphological consensus on metazoan phylogeny and the 
difficultyy of recovering the best supported hypothesis has caused many biologists 
inn search of an interpretative framework for evolutionary studies to seek refuge in 
thee results of molecular phylogenetics. 

4.2.. Molecules 

Att the end of the 1980's, invertebrate phylogenetics experienced a renaissance with 
thee birth of the field of molecular metazoan phylogenetics. Since then, molecular 
analyses,, in particular of 18S rRNA/DNA data, have yielded many fascinating 
phylogeneticc insights. Often, 'traditional' ideas rooted in morphological studies 
weree vindicated, e.g., separation of bilaterians and non-bilaterians, and sometimes 
quitee controversial hypotheses were enunciated that stood in direct conflict with 
morphologicall  interpretations of metazoan phylogeny, e.g., polyphyly of Metazoa. 

Thee first published molecular studies served as a welcome opportunity for 
testingg morphological hypotheses by independent data, but at that time computer-
generatedd cladistic, morphological analyses of the Metazoa were not yet available. 
However,, it became apparent that not all molecular results were equally 
trustworthy.. Different taxa can exhibit highly unequal rates of molecular evolution, 
whichh can yield incorrect relationships. Moreover, rate heterogeneity across sites of 
thee same molecule could also have an important effect on the outcome of molecular 
phylogeneticc studies, creating conflicting phylogenetic signals within different 
regionss of the same molecule. These problems were exacerbated by the very limited 
numberr of sampled taxa, and in some cases even the particularly unfortunate 
selectionn of unsuitable candidates. For example, the first generation of molecular 
studiess generally claimed support for a monophyletic Coelomata, which united 
bothh protostome and deuterostome coelomates. The pseudocoelomate nematodes 
weree positioned basal to the protostome - deuterostome split. However, it turned 
outt that the selected nematode species (such as the model system Caenorhabditis 
elegans)elegans) were fast evolving organisms that were attracted to the very divergent non-
bilateriann out-group sequences by random similarities. Moreover, by excluding 
virtuallyy all non-coelomate bilaterians, littl e opportunity was provided for finding 
resultss that would contradict a monophyletic Coelomata. Indeed, later molecular 
analysess have significantly revised these earlier findings. 

Thee widespread study of 18S rRNA/DNA sequences has yielded a consensus 
phylogeny,, albeit of limited resolution (Figure 10). The deepest split separates a 
paraphyleticc grade of non-bilaterians (Porifera, Placozoa, Cnidaria, and 
Ctenophora)) from a monophyletic dade Bilateria. Although molecular data has not 
yett established the precise relationships among the non-bilaterians, they 
neverthelesss strongly suggest that the morphologically extremely simple 
placozoanss may have become secondarily simplified. The first divergence within 
thee Bilateria is the 'conventional' split between protostomes and deuterostomes. 
Thee deuterostomes encompass the Chordata (urochordates, cephalochordates and 
vertebrates),, the Echinodermata, and the Hemichordata. Surprisingly, pterobranch 
hemichordatess may have been derived from within the enteropneusts. Molecular 
dataa also provided some long desired independent insights into the phylogenetic 
placementt of the ever problematic lophophorates. In contrast to their alliance with 
thee deuterostomes, as was favored by recent morphological cladistic studies, they 
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Figuree 10. Conservative estimate of metazoan phylogeny based upon 18S 
rRNA/DNAA sequence data. Ecdysozoa = Arthropoda, Tardigrada, Onychophora, 
Priapulida,, Kinorhyncha, Loricifera (position inferred on the basis of morphology 

sincee no sequence data yet exists for loriciferans), Nematoda, Nematomorpha. 
Lophotrochozoaa = all non-deuterostomian and non-ecdysozoan bilaterians. See 

textt for discussion. 
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weree unambiguously placed withi n a large clade of protostomes, the 
Lophotrochozoa.. The Lophotrochozoa is the largest bilaterian clade that also 
includess the spiralians (but excluding panarthropods), syndermates, cycliophorans, 
andd possibly gastrotrichs. Interestingly, a recently published study of 18S rRNA 
sequencess found some support for  a deep split within the Lophotrochozoa. A new 
cladee called Platyzoa was proposed to include all non-coelomate lophotrochozoans 
(butt  excluding Entoprocta), namely gnathiferans, Platyhelminthes, Cycliophora, 
andd Gastrotricha. Platyzoa was found to be the sister  group to a clade of 
predominantlyy coelomate lophotrochozoans, including the lophophorates, 
molluscs,, annelids, echiurans, sipunculans, nemerteans, and entoprocts. 
Lophotrochozoaa is the sister  group to Ecdysozoa, which includes the 
panarthropods,, scalidophorans, and nematoidans. 

Itt  should be noted that not all these molecularly defined relationships are 
equallyy stable. The phylogenetic placements of chaetognaths, acoelomorph 
platyhelminths,, gnathostomulids, and gastrotrichs remain contentious, and 
variationn in the parameters of phylogenetic analyses wil l yield different, 
incongruentt  positions. Moreover, the phylogenetic resolution withi n the major 
bilateriann clades is still rather  limited. Nevertheless, the overall topology of the 
metazoann tree appears to be relatively robust, although not all analyses agree in all 
aspects.. For  example, a few studies yield a paraphyletic Protostomia uniting 
deuterostomess either  with ecdysozoans or  lophotrochozoans. 

Forr  a satisfactory appreciation of the results of molecular  phylogenetic 
analyses,, several important issues should be addressed. Two of the most important 
problemss that continue to plague molecular  systematics are taxon sampling effects, 
andd long branch attraction. Sampling insufficient numbers of taxa can produce 
misleadingg results, e.g., finding a monophyletic Coelomata in early molecular 
studies,, and analyses based on different representative species from the same phyla 
mayy also yield different phylogenies. Long branch attraction may misplace rather 
derivedd taxa to more basal phylogenetic positions through randomly arising 
sequencee similarities. For  example, one of the reasons why it is difficul t to 
accuratelyy reconstruct bilaterian relationships is that the Bilateria are on a very long 
branchh in 18S studies. This causes rooting problems, because the non-bilaterians are 
inn effect a random out-group. There is some evidence to suggest that the placement 
off  acoels as the sister  group to all other  bilaterians is the result of long branch 
attractionn to the 'random' root of the Bilateria. 

Furtherr  problems affecting phylogenetic inference based on molecular  data 
includee sequence alignment ambiguities, variation of phylogenetic results with 
differin gg methods of phylogenetic reconstruction, e.g., maximum parsimony, 
maximumm likelihood, or  with changing analysis parameters given a certain method 
off  analysis, high levels of stochastic noise interferin g with phylogenetic signal, 
convergentt  evolution of nucleotides, non-independent nucleotide substitutions, 
mutationall  saturation at variable sites, functional constraints at the molecular  level, 
andd molecular  compositional biases. In view of these problems, it is difficul t to 
interprett  the polytomies in molecular  trees of the Metazoa. These unresolved 
regionss in the tree have alternatively been interpreted as either  molecular  support 
forr  a Cambrian explosion, or  as indicating the lack of sufficient phylogenetic signal 
too resolve phylum-level divergences. These observations indicate that 18S 
rRNA/DN AA data have not turned out to be the panacea for  higher  level 
invertebratee systematics. Fortunately, many of these problems inherent in the use 
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off  molecular  data are being mended by a variety of analytical solutions, but 
ultimatelyy there is a pressing need for  broad scale study of additional molecular 
dataa sources (see Animal phylogeny: data sources and interpretation). 

5.. Reconciliation and pathways to futur e progress 

Thee phylogenetic systematics of the animal kingdom is currently in an exciting 
statee of flux. The results of molecular  phylogenetic studies are the major  drivin g 
forcee for  recent developments in the field. These developments are reinvigorating 
metazoann phylogenetics by stimulating the reappraisal of many 'established 
truths// in particular  of several influential key characters that have traditionall y 
beenn imbued with high phylogenetic significance, such as larval types, body cavity 
types,, and body segmentation. The reality of convergent evolution of many 
characters,, and the secondary morphological simplification of various taxa such as 
placozoanss and Xenoturbella, becomes ever  more apparent as our  understanding 
deepens.. Fortunately, there is also important congruence between morphological 
andd molecular  results in various parts of the metazoan tree, including the 
monophylyy of Bilateria, the monophyly of the non-lophophorate Deuterostomia, 
thee close relationship between phoronids and brachiopods, the dissipation of the 
acoelomatee worms (platyhelminths, nemerteans, gnathostomulids) and their 
reassignmentt  to positions deep within the protostomes, and the close relationship 
betweenn the scalidophorans and possibly the introvertans and ecdysozoans. 
Nevertheless,, we need to be constantly rechecking and refining our  hypotheses as 
neww data becomes available, new interpretations shed light on old problems, and 
analyticall  tools get ever  more sophisticated. Also, the merit of total evidence 
analyses,, which integrate both morphological and molecular  data, should be 
appreciatedd in the light of the quality of their  input data. In view of the continuing 
debatess about metazoan morphology, this will be a difficul t task. Reconciliation of 
thee many lines of morphological and molecular  evidence will be the biggest 
challengee for  systematic zoology of the invertebrates in the near  future. 
Understandingg the nature of the conflicting placements of annelids, arthropods, 
andd lophophorates in morphological and molecular  analyses wil l be especially 
challenging.. Nevertheless, disciplinary integration wil l contribute towards 
resolvingg metazoan phylogeny, notably through advances in molecular 
developmentall  biology, and information from the fossil record. Ultimately, 
recoveringg a reliable metazoan phylogeny is the first , and crucial, step on the road 
towardss understanding the evolutionary assembly and divergence of animal body 
plans.. Meanwhile, the current vigorous discussions on the systematic zoology of 
thee Metazoa diagnose the vitalit y of this field of biological research. 
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«« Eveiything is what it is because it got that way» 

D'ARCYY WEN TWORTH THOMPSON, 1917 

Abstract.. An ever increasing number of comparative studies try to shed light on various aspects 
off  animal evolution. Particularly studies in comparative ultrastructure and evolutionary developmen-
tall  biology propose remarkable hypotheses about the history of animal life. These studies must logi-
callyy depend on an accurate and comprehensive knowledge of recent developments in phylogenetic 
methodologyy and hypotheses. Unfortunately, this requirement is often not met. 1 discuss some impor-
tantt recent investigations from various fields in order to illustrate the many pitfalls involved, and 
emphasizee the necessity for sound insight into current phylogenelics as an essential prerequisite to 
studiess of animal evolution. 

KeyKey woixts: Metazoa, phylogeny, comparative biology, evolutionary developmental biology, 
Urbilateria,, tree pruning 

INTRODUCTION N 

Thee study of higher-level animal relationships has a long pedigree, going back in its 
mostt familiar form to Haeckel's artistic trees. Enormous numbers of phylogenies have 
beenn published since then, making it very difficult to orient oneself in this expansive and 
quicklyy exploding literature. This has led a significant number of zoologists (especially 
thosee not directly involved in phylogenetic research) to fail to see the forest for the trees. 

AA useful way to organize the literature is to focus on the studies that employ cladistic 
principless for phylogeny reconstruction. A characteristic of many pre-cladistic studies is 
thee absence of a rigorous and well-defined methodology of analysis. Intuitive methods that 
groupedd species on the basis of general similarity or even common ascent (JANVIER, 1996) 
prevailedd in the past, and prevented any firm consensus about the phylogeny of the animal 
phyla.. The advent of cladistics revolutionized the field, and a blossoming of higher-level 
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cladisticc studies on the basis of both morphology and molecular sequence analyses has 
emergedd in the last decade (e.g., for molecular analyses see AGUINALDO et al., 1997; FIELD 

etaUetaU 1988; LAKE, 1990; WINNEPENNINCKX etal, 1995a; for morphological analyses see 
Ax,, 1995; BRUSCA &  BRUSCA, 1990;EERN]SSEe/fl/-, 1992;HASZPRUNAR, 1996; NIELSEN, 

1995;; NIELSEN, SCHARFF &  EIBYE-JACOBSEN, 1996; SCHRAM, 1991). Some interesting 
resultss have arisen from this research. However, a detailed consensus is not yet apparent, 
bothh between and within the fields of molecular and morphological analyses. Upon exam-
inationn of current cladistic analyses of metazoan morphology, we found that the lack of 
consensuss is due to differences in fundamental methodology underlying the various cladis-
ticc analyses (JENNER &  SCHRAM, in press). This study was a comprehensive attempt to 
explicitlyy introduce theoretical issues of cladistic methodology to explain the diversity of 
resultss of higher-level animal phylogenies. In order to construct a morphological reference 
framework,, a more experimental approach toward higher-level animal phylogeny is 
needed.. Increased attention to issues of character and taxon selection, character coding, 
scoring,, weighting, and ground pattern reconstruction is of crucial importance (JENNER & 
SCHRAM,, in press). Unfortunately, current authors frequently seem falsely convinced of the 
robustnesss of their phylogenies. The diversity of recently proposed phylogenetic schemes 
beliess this misplaced confidence. It is time for a more constructive assessment of current 
conflictingg hypotheses. 

Apartt from difficulties associated with the construction of a robust metazoan phy-
logenyy in itself, there are also problems relating to the proper use of phylogenetic infor-
mationn in comparative biology. In this paper, ! want to focus attention on how 
phylogeneticc information should be used when studying animal evolution on the basis of 
comparativee studies. Increasing numbers of researchers are trying to illuminate animal 
evolutionn by in-depth analysis of a small number of species, in particular by employing 
thee model system organisms used in molecular and developmental biology. I suggest that 
conclusionss drawn from the study of only a few model system organisms are likely to be 
meaninglesss when insufficient attention is paid to overall invertebrate phylogeny and 
modernn phylogenetic methods. 

USEE AND MISUSE OF PHYLOGENIES: 
CRITICALL REMARKS ON THE RECONSTRUCTION 

OFF THE « BILATERIAN ANCESTOR» 

Thee need for a solid and well-resolved phylogeny of the Metazoa is now greater than 
ever.. For a detailed understanding of metazoan evolution we need to compare and integrate 
thee evidence from diverse fields, such as morphology, molecules, paleontology, and evolu-
tionaryy developmental biology. Paraphrasing DOBZHANSKY, we could state, «Nothing in 
evolutionaryy biology makes sense, except in the light of phylogeny». A phylogenetic 
frameworkk is necessary for studying the evolution of any organismal feature (e.g.* a phe-
notypicc trait, behavioral trait, life-history characteristic), and for reconstructing the ances-
trall  features of a taxon or group of taxa. Researchers often rely, however, on 
«plausibility»» or «common sense» approaches to argue for a particular evolutionary 
transformation.. Unfortunately, such ad hoc, intuitive approaches lack any methodological 
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rigorr and often lead to spurious results, as shown by various authors (e.g., MCHUGH & 
ROUSE,, 1998; PACKER, 1997; STURMBAUER et al., 1996; HART et aL, 1997). 

Recentt advances in diverse fields of research (ultrastructure, molecular developmental 
biology,, paleontology) have invited increased interest in the Big Questions about animal evo-
lution.. These include the origin, diversification, and stability of animal body plans, and 
trendss of metazoan evolution such as changes in organismal complexity. A solid phyloge-
neticc framework is the only valid background for such discussions. The choice of a particu-
larr phylogenetic framework is therefore a most crucial step during any study. An uncritical 
choicee can easily render resultant hypotheses of evolutionary scenarios meaningless. 

Onee problem that remains elusive to this day is the nature of the bilaterian ancestor. 
Strikingg similarities in the molecular developmental biology of insects and chordates (eg., 
formationn of the dorso-ventral axis, development of «segments») have particularly stim-
ulatedd a resurgence of interest into the characteristics of their common ancestor (ARENDT 

&&  NUBLER-JUNG, 1995; HOLLAND et al., 1997; HOLLEY & FERGUSON, 1997; MOLLER et 

al.,al., 1996). I will illustrate some recent approaches to the use of phylogenetic information 
inn the reconstruction of the ancestor of the Bilateria. The first two studies I will discuss 
deall  with evolutionary developmental biology. A common problem of these studies is that 
theyy routinely employ pruned phylogenies to depict the relationships of only a few model 
systemm species. These pruned phylogenies can either represent incomplete phylogenies 
duee to paucity of data, or phylogenies from which taxa are deliberately removed. They are 
thenn used to reconstruct ancestral ground patterns and thus function as the foundation for 
evolutionaryy scenarios. I will first illustrate the dangers of this approach. 

Prunedd phylogenies: handle with care! 

ARTHURR (1997) rightly argued for the importance of phylogeny for studying the origin 
andd evolution of animal body plans. Some fundamental flaws in logic, however, underlie 
hiss discussion. Arthur argued that pruning a phylogeny to only those taxa of interest 
reducess the information content of the cladogram, but also reduces the probability of it 
beingg wrong. I agree with the first conclusion, but I strongly disagree with the second. 

Whyy is pruning a problem? Let us examine a hypothetical phylogeny, and its pruned 
versionn (Fig. 1). Fig. la depicts the «real» evolutionary relationships of the taxa W, X, Y, 
andd Z as inferred by a comprehensive phylogenetic analysis. « A » represents the last com-
monn ancestor of taxa W, X, Y, and Z. Characters 1 to 4 represent morphological synapo-
morphiess at different levels in the tree. Character 5 evolved independently in taxa Y and 
Z,, but appears very similar. Fig. lb depicts a pruned version of this tree. 

Thee first problem arises with the reconstruction of the ground pattern of the ancestor 
A.. The pruning of the original tree removed the basal branches of the larger clade that 
includess Y and Z. Such basal taxa are essential, however, for a proper reconstruction of the 
groundd pattern of ancestor A (YEATES, 1995). The anatomical variation present in the 
strippedd taxa is not represented in the pruned tree, and will therefore not contribute to the 
reconstructionn of ancestor A. The improper reconstruction of a segmented common ances-
torr of protostomes and deuterostomes by HOLLAND et al. (1997) and DE ROBERTIS (1997) 
cann be directly attributed to such a methodological oversight. 

59 9 



w w 

5 5 5 

- - 4 4 

«.3 3 

(a) ) 

Fig.. 1. - Hypothetical phylogeny of 
taxaa W, X, Y, and Z (a) and a pruned 
versionn according to maximum parsi-
monyy (b) in which only taxa that are of 
speciall  interest are retained. Numbers 
1-55 refer  to morphological characters, 
andd A represents the last common 
ancestorr  of taxa W, X, Y, and Z. See 
textt  for  discussion. 
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Secondly,, the pruned tree misrepresents the topology of the original tree. The apparent 
symmetryy of the pruned tree masks the asymmetry of the original ciadogram. The exclu-
sionn of essential anatomical variation, and the misrepresentation of topology in the pruned 
treee do not allow the reconstruction of either  the nature or  the sequence of evolutionary 
changess on the tree. Moreover, ambiguity is introduced about the interpretation of the 
characters.. Character  1 is a true synapomorphy of taxa W and X in both the original and 
prunedd trees, but characters 2, 3,4, and 5 introduce problems. Characters 2 and 3 are not 
synapomorphiess of Y and Z as is implied by the pruned tree. Character  2 however, actu-
allyy is a symplesiomorphy at the level of the last common ancestor  of Y and Z, while char-
acterr  3 does arise as an evolutionary novelty in this ancestor. The pruned topology also 
doess not allow one to determine that character  2 evolved earlier  than character  3. 
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Moreover,, the pruned tree falsely suggests that character 5 was acquired by taxon Z ear-
lierr than character 4, where in fact the reverse is true. The pruned tree would also suggest 
thatt character 4 is an autapomorphy of Z, but in reality it arose in the last common ances-
torr of Z and its sister taxon. The pruned tree does not permit this resolution. Finally, cha-
racterr 5 evolved independently in taxa Y and Z. The pruned tree, however, would suggest 
itt was a synapomorphy of these taxa. 

Summarizing,, it should be clear that in this case the pruned tree does not allow a 
properr reconstruction of ancestors. It does not allow one to distinguish between homo-
plasies,, autapomorphies, synapomorphies or symplesiomorphies. The incorrect represen-
tationn of phylogenetic information does not allow one to retrieve the true nature and 
sequencee of evolutionary changes. All these problems contribute to the speculative nature 
off  ground pattern reconstructions and evolutionary transformations in a significant num-
berr of studies in various fields of comparative research, notably evolutionary develop-
mentall  biology (e.g., DE ROBERTJS, 1997; GERHART &  KIRSCHNER, 1997; HOLLAND et al.t 
1997).. A number of these important problems can also be recognized in phylogenetic 
analysess that deal with only a subset of the animal phyla (JENNER &  SCHRAM, in press). 

Thee roundish flatworm hypothesis 

Inn their recent book on evolutionary developmental biology, GERHART &  KIRSCHNER 

(1997)) provided a hypothesis for the evolutionary origin of metazoan body plans. They 
focusedd on the diversification of the Nematoda, Arthropoda, Chordata, Mollusca, and 
Annelidaa from a common ancestor named the immdish flatworm. The roundish flatworm 
wass first proposed as an appropriate ancestor for the protostomes and deuterostomes by 
VALENTINEE (1994) on the basis of trace fossils, although his reconstruction differs from 
thatt of GERHART &  KIRSCHNER. GERHART &  KIRSCHNER reconstructed the body plan of the 
roundishh flatworm and then proposed an evolutionary scenario deriving the body plans of 
thee five modern phyla from this ancestor. There are, however, some fundamental flaws in 
theirr methodology that seriously undermine their hypothesis. 

Thee first problem is the body plan reconstruction of the roundish flatworm. GERHART 

&&  KIRSCHNER (1997) derived this body plan by intuitively assembling some anatomical 
characterss present in modern invertebrates, however no phylogenetic context was pro-
vided.. Among the morphological features thought to be part of the roundish flatworm 
bodyy plan were spiral cleavage, 4d-mesentoblast, blastopore becoming the mouth, pseudo-
coelom,, and a complete gut. This assemblage of features is hardly more than speculation. 
AA more rigorous method for reconstructing ancestral characters would have been to 
employy phylogenetic systematics with a maximum parsimony algorithm or maximum 
likelihoodd methods (CUNNINGHAM et ai.% 1998; SWOFFORD &  MADDISON, 1987). It then 
becomess clear that the phylogenetic distribution of anatomical features in Fig. 2 (fig. 7-28 
inn GERHART &  KIRSCHNER) in fact does not support this body plan reconstruction! For 
example,, spiral cleavage and a 4d-mesentoblast have only been convincingly demon-
stratedd in molluscs and annelids. They are absent in chordates and nematodes and very 
debatablee in arthropods. Blastopore fate has been overemphasized in traditional phyloge-
neticc analyses, and the variation in blastopore fate in annelids, nematodes, arthropods, and 
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chordatess should be carefully assessed. Furthermore, possession of a pseudocoelom in the 
roundishh flatworm, based as it is on nematode morphology, is highly questionable consid-
eringg the range of anatomical variation present in nematodes, and the inappropriateness of 
aa pseudocoelom as a well-defined anatomical feature (e.g., see RUPPERT, 1991). A com-
pletee gut is the only character likely to be present in the roundish flatworm ancestor. Note 
that,, even if they were used at all, the out-groups are singularly unhelpful for establishing 
thee body plan of the roundish flatworm. 

Fig.. 2. - Phylogenetic relationships of Nematoda, Arthropoda, 
Mollusca,, Annelida, and Chordata as depicted in GKRIIART & 
KIRSCIINERR (1997) (sec their figs 7-28). RFW represents the roundish 
flatwormm proposed by GIIRIIART &  KIRSCHNKR (1997) as the last com-
monn ancestor of these five phyla. 

Thee second problem is the supposed phylogeny on which GERHART &  KIRSCHNKR (1997) 
basedd their scenario. They quote a number of phylogenetic studies primarily based on 
molecularr data, to provide a branching sequence for the nematodes, arthropods, chordates, 
annelids,, and molluscs. Although the data allowed for a number of different branching 
sequences,, they exhibited one consistent feature: the chordates are derived from within the 
protostomes,, making the protostomes paraphyletic. This particular hypothesis, however, is 
likelyy to be the result of undersampling of the chordates, and works published both before 
(TELFORDD & HOLLAND, 1993; TURBEVILLE et a/., 1992; WINNEPENNINCKX et aU 1996) and 

afterr (AGUINALDO et al.„  1997; GIRIBET &  RIBERA, 1998) the publication of GERHART & 
KIRSCHNER'SS book indicate a monophyletic Protostomia and Deuterostomia (excluding the 
lophophoratee phyla). Another consistent feature of GERHART &  KIRSCHNER'S phylogeny is 
thee position of the nematodes, basal to the molluscs, annelids, arthropods, and chordates. 
Thiss is likely to be an artifact that results from the fast rates of molecular evolution of the 
sampledd nematodes. Substitution rates are known to be 2-3 times greater for some nema-
todess (such as the widely studied Caenorhabditis elegans) than for most other Metazoa 
(AGUINALDOO et al.% 1997). This may result in long-branch attraction and forcing the nema-
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todess to a basal position in the metazoan tree {e.g., WINNEPENNINCKX et al., 1995b). It 
wouldd seem that these critical problems of GERHART &  KIRSCHNER'S phylogeny are suffi-
cientt to raise serious doubts about the value of their evolutionary scenario. 

AA third problem concerns the re-introduction of morphology into the molecular phy-
logenyy to provide an evolutionary scenario of body plan changes. The principal difficulty 
arisess with the introduction of morphology when the phylogeny is pruned down to only 
thosee few phyla under consideration. As discussed above, the use of such pruned trees to 
visualizee relationships is methodologically flawed, and is likely to lead to untrustworthy 
results.. For example, GERHART &  KIRSCHNER hypothesize teloblastic segmentation to 
havee arisen somewhere before the split of the chordates from the protostomes. The seg-
mentedd mesoderm in chordates, and the segments of arthropods and annelids, may thus 
havee been derived from a common ancestor as suggested by GERHART &  KIRSCHNER. 

However,, when one considers the diversity present in other phyla not included in their 
phylogeny,, the picture changes drastically {e.g., AGUINALDO et al., 1997; NIELSEN et al., 
1996).. These more comprehensive morphological and molecular phylogenetic studies 
indicatee that the most parsimonious solution is the independent evolution of segmenta-
tionn in chordates and protostomes. If segmentation is derived from a common ancestor, 
itt must have been lost several times independently in a large number of phyla. I believe 
thatt if GERHART &  KIRSCHNER would have paid more attention to the comparative 
anatomyy of the phyla within a rigorous phylogenetic context, the improbability of deri-
vingg the chordates from deep within the protostome clade would have been apparent 
{e.g.,{e.g., SCHAEFFER, 1987; NIELSEN, 1995). 

Wee can thus identify some very serious shortcomings of GERHART &  KIRSCHNER's 

roundishh flatworm hypothesis. Explicit incorporation of animal phylogeny, rigorous use of 
phylogeneticc systematics, and increased attention to comparative anatomy is needed for a 
moree robust hypothesis to emerge that transcends the anecdotal realm (LEROI, 1998). 
Althoughh G & K admit that theirs is «but a hypothesis», it is not supported by available 
data. . 

Reconstructingg Urbilateria: insects, chordates, and segmentation 

Recently,, there have been tantalizing claims in the literature for the existence of a 
commonn segmented ancestor for the protostomes and deuterostomes (HOLLAND et al., 
1997;; KIMMEL , 1996). This hypothesis is based on exciting new discoveries of the mole-
cularr developmental biology underlying segment formation in insects and chordates. 
Unfortunately,, the authors paid insufficient attention to the comparative context of their 
work,, which resulted in their advancing a hypothesis prematurely. The early introduc-
tionn of an explicit phylogenetic framework is a necessary but missing step in these 
analyses.. A comprehensive and detailed discussion of the nature, developmental control, 
andd evolution of segmentation in the Metazoa is not my purpose here. In 1996, a 
Europeann symposium was largely devoted to this subject (MINELLI , 1998). Instead, my 
goall  is to point out how a phylogenetic framework is a necessary and powerful tool for 
understandingg the true evolutionary meaning of these findings from molecular develop-
mentall  biology. 
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blemm of explaining the supposed loss of segmentation in various protostome phyla (possi-
blyy including various acoelomate and pseudocoelomate groups). With the possible excep-
tionn of the molluscs, there is precious little evidence for this scenario of multiple losses of 
bodyy segmentation. Explicit attention to a total invertebrate phytogeny might suggest a 
differentt interpretation of the data, one connected to the hierarchical nature of homology 
(e.g.,(e.g., ABOUHEIF, 1997; BOLKER &  RAFF, 1996). 

Itt can be dangerous to use shared patterns of regulatory gene expression to determine 
morphologicall  homology. There is mounting evidence that the genotype-phenotype map 
mayy be very fluid. This means that developmental regulatory genes can function in very 
differentt contexts within a single organism and between different organisms (e.g., LOWE 

&&  WRAY, 1997; PANGANIBAN et ai, 1997; RAFF, 1996; Wu &  ANDERSON, 1997). These 
geness are not rigidly restricted to the development of a certain morphological character. 
Therefore,, the determination of morphological homologies as indicated by regulatory gene 
expressionn patterns may in fact not be straightforward (e.g., ABOUHEIF, 1997; DICKINSON, 

1995;; MULLER &  WAGNER, 1996). This is clearly indicated by current debates on the sup-
posedd homology of insect and vertebrate eyes as revealed by expression of insect eyeless 
andd vertebrate Pax-6 genes, and the evolution of animal appendages as revealed by 
expressionn of Distal-less in body wall outgrowths of various animal phyla (PANGANIBAN 

etet al., 1997). In such cases, the use of phylogenetic information will prove to bee especially 
valuable. . 

Thee actual distribution of segmentation among all the phyla, and the lack of detailed 
anatomicall  correspondence between insect and chordate segmentation do not support real 
homology.. The information does indicate, however, that the last common ancestor of 
insectss and chordates possessed homologs of the pair-rule gene hairy and the segment-
polarityy gene engrailed. This indicates the possibility of a deeper homology. For example, 
wee might suspect that engrailed may have originally functioned in regional patterning in 
general,, and later became independently co-opted into the formation of insect and chor-
datee metameres. However, HOLLAND &  HOLLAND (1998) do not explore this alternative 
perspective.. They simply state (p.656) that «it is important to stress that we are compa-
ringg body parts and not deeper homologies». However, consideration of a real phylogeny 
wouldd immediately suggest the value of this different, and useful hypothesis. Various 
authorss have pointed out the value of explicitly incorporating phylogenetic information 
intoo the study of the evolution of developmental processes in more or less closely related 
speciess (e.g., ABOUHEIF, 1997; MEYER, 1996; RAFF &  POPODI, 1996). Furthermore, a phy-
logeneticc framework is also absolutely necessary when one wants to compare distantly 
relatedd organisms, such as the widely used model systems of molecular and developmen-
tall  biology. 

Evolvingg bilateral symmetry: insights from the scleractinians? 

EZAKII  (1998) argued that scleractinian corals may have evolved as early as the 
Paleozoicc and could thus constitute an early anthozoan radiation. EZAKI argued that under-
standingg the evolution of the scleractinian body plan may help to understand the evolu-
tionaryy origin of the Bilateria, and in particular the evolution of a bilaterally symmetrical 
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bodyy plan. EZAKI'S argument is as follows. Anthozoa (including scleractinians) share a 
bilaterallyy symmetrica! body plan that is traditionally considered as derived from other 
radiallyy symmetrical cnidarians. Traditionally, the Bilateria are thought to have been 
derivedd from the Radiata, and the bilaterally symmetrical Anthozoa are the most likely 
candidates.. The early origin of the scleractinian body plan may thus help to elucidate the 
anthozoann radiation within the Bilateria and so shed light on the early evolution of body 
planss within the Bilateria. He presented a phylogeny of the Cnidaria (Fig. 3a; Fig. 5 in 
EZAKI,, 1998) to support his arguments. Unfortunately, insufficient attention to the phylo-
geneticc basis of his arguments resulted in a conclusion that is virtually devoid of evolu-
tionaryy significance. 

Fig.. 3. - DilTerenl phylogenetie relation-
shipss of cnidarian classes as depicted in 
Ezakii  (1998) (a) and according to mod-
ernn consensus (b), primarily on the basis 
off  BRIDGE*»/»/. (1995). 

EZAKII  presented a «traditional» phylogeny of the Cnidaria in which the Hydrozoa is 
aa sister group to the other cnidarians. Anthozoa is the sister group to the Scyphozoa + 
Cubozoa.. This phylogeny is hardly a reflection of our current understanding of cnidarian 
phylogeny.. In fact, EZAKI did not mention any source for this phylogeny, nor did he spe-
cifyy what kinds of data it is based on (molecular or morphological), nor what the support-
ivee characters for this phylogeny are. The close relationship between Scyphozoa and 
Anthozoaa has traditionally been based upon the shared possession of a cellular mesoglea, 
gastrodermall  gonads, and gastrodermal nematocytes (e.g., BARNES &  HARRISON, 1991; 
MEGLITSCHH &  SCHRAM, 1991; RUPPERT &  BARNES, 1994). It was not until recently, how-
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ever,, that this hypothesis was tested by a comprehensive character congruence study. 
BRIDGEE et al. (1995) showed that these characters do not effectively support a close rela-
tionshipp between Anthozoa and Scyphozoa (and Cubozoa) (Fig. 3b). This clearly shows 
thee danger of proposing sister group relationships on the basis of single characters outside 
thee context of all pertinent information. The current consensus on cnidarian relationships 
(basedd on morphology and 18S rDNA data) now indicates a basal position of the Anthozoa 
andd the existence of a clade of cnidarians with medusae (Scyphozoa, Cubozoa, Hydrozoa) 
(Ax,, 1995; BRIDGE et al, 1995; NIELSEN, 1995; SCHUCHERT, 1993). Furthermore, there is 
noo firm evidence for a phylogenetic link between Anthozoa and Bilateria. In this scheme, 
itt is likely that the supposedly bilateral symmetry of anthozoans and Bilateria is conver-
gent,, and the evolution of the scleractinian body plan within the Anthozoa is unrelated to 
thee origin of the Bilateria. Consequently, the anthozoan condition may be more accurately 
describedd as biradial. EZAKJ'S study clearly indicates the danger of relying on outdated, 
andd weakly supported textbook trees. 

Evolutionn of muscle and body cavities: reconstructing the bilaterian ground pattern 

Basedd on ultrastructural studies of muscle systems and body cavities in various inver-
tebratee groups, RIEGER and BARTOLOMAEUS advanced opposing hypotheses of the nature 
off  the bilaterian ancestor (BARTOLOMAEUS, 1994; RIEGER, 1986; 1988; RIEGER & 
LOMBARDI,, 1987). RIEGER suggested a myoepithelial organization of the coelomic lining 
ass the ground pattern of the Bilateria. The acoelomates and pseudocoelomates would have 
beenn derived from this bilaterian stem species by repeated events of progenesis. In con-
trast,, BARTOLOMAEUS (1994) argued for a compact bilaterian ancestor without internal 
bodyy cavities. The pseudocoelomate and coelomate organizations would have been 
derivedd from this ancestor. The detailed arguments these authors use are not important 
here.. What is important is that both authors make only minimal use of both phylogenetic 
methodss as well as currently available information about invertebrate phylogeny. 

RIEGERR only inserts various intuitive phylogenetic arguments into his work. His con-
clusionss are based chiefly upon extrapolation from echinoderms and annelids to the whole 
off  the coelomate Bilateria. This implies that the coelomate Bilateria (protostomes and 
deuterostomes)) are monophyletic. In this regard, however, it is crucial to understand the 
phylogeneticc position of the pseudocoelomate and acoelomate phyla. While recent phylo-
geneticc analyses of the animal phyla do not agree in detail, both molecular (AGUINALDO et 
al.,al., 1997; WINNEPENNINCKX, 1995a, b), and morphological analyses (EERNISSE et al., 
1992;; NIELSEN et al., 1996) suggest that the pseudocoelomates and acoelomates may be 
distributedd among coelomate bilaterians. Irrespective of whether or not they form coher-
entt clades, this possibility indicates that a coelomate bilaterian common ancestor of all 
coelomatee phyla might not even have existed. Even if the coelomate bilaterians form a 
coherentt clade with the acoelomates and pseudocoelomates outside it, RIEGER'S extrapo-
lationss at the very best are only able to reconstruct the ground pattern of the coelomate 
Bilateria.. Bilateria and coelomate Bilateria are, however, used interchangeably in RIEGER 

&&  LOMBARD! (1987). Only explicit consideration of phylogenetic relationships of all the 
invertebratee phyla will resolve this ambiguity. 
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BARTOLOMAEUS'' (1994) scenario suffers from similar problems. He reconstructed the 
bilateriann ground pattern by reference to Ctenophora and acoelomate Bilateria (e.g., 
Platyhelminthes,, Nemertinea, Entoprocta, Gastrotricha). This only makes sense, however, 
iff  these phyla are in fact primitive branches within the Bilateria. The basal branches of a 
cladee are the ones most likely to provide relevant information concerning the ground pat-
ternn of the clade (YEATES, 1995). Here again, a comprehensive phylogenetic framework is 
neededd for an accurate re-evaluation of this hypothesis. 

Althoughh RIEGER'S and BARTOLOMAEUS' hypotheses about the bilaterian stem-forms 
aree presented as alternative reconstructions, a more rigorous use of phylogenetic methods 
wouldd have alerted them to the pointlessness of the debate. In fact, RIEGER and 
BARTOLOMAEUSS reconstructed different ancestors. Fig. 4 illustrates this. By extrapolating 
fromm studies on echinoderms and annelids to the whole coelomate Bilateria, RIEGER recon-
structedd an ancestral ground pattern at the in-group node (node I) of the phylogeny. In con-
trast,, by focusing on the presumptive sister group of the Bilateria (Ctenophora), 
Bartolomaeuss reconstructed the ground pattern of the out-group node (nodee O) of the phy-
logeny.. This means that in principle both hypotheses could be vindicated by the data, 
becausee character transformations may occur on the intemode connecting the in-group and 
out-groupp nodes. The relative merits of the contrasting hypotheses proposed by RIEGER 

andd by BARTOLOMAEUS need to be re-assessed, but that can only be done with reference to 
cladistically-framedd hypotheses about the phylogenetic relationships of all the invertebrate 
phyla,, and by employing parsimony algorithms for ground pattern reconstructions. 

Fig.. 4. - Locations of the in-group node (I-node) and out-group 
nodee (O-node) with regard to the different hypotheses for the 
bilateriann ancestor proposed by BARTOLOMAEUS (1994) and 
Rii-xii-RR &  LOMBARDI (1987). See text for discussion. 

CONCLUSIONN AND RECOMMENDATION 

Thiss is a time in which many new research programs are established in a variety of bio-
logicall  disciplines. These developments are associated with the transformation of com-
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parativee biology by phylogenetic systematics. Although the comparative method has 
existedd at least since CUVIER, and with a particular focus on phylogenetic relationships 
sincee HAECKEL, the elaboration of explicit phylogenetic methods greatly facilitated the 
rigorouss use of phylogenetic information in comparative studies. The modern meaning of 
aa comparative, historical, or evolutionary perspective therefore refers to the phylogenetic 
relationshipss of organisms. This phylogenetic perspective was a major force for the estab-
lishmentt of, for example, historical ecology and ethology, various parts of evolutionary 
paleobiology,, and evolutionary developmental biology (e.g., ARTHUR, 1997; BROOKS & 
MCLENNAN,, 1991; HARVEY &  PAGEL, 1991; JABLONSKI etal., 1996). 

Evolutionaryy biology principally derives its strength and merit from extrapolation 
fromm case studies to more comprehensive contexts (GRANDCOLAS et o/., 1997). 
Phylogeneticc methods and information provide a robust and testable means for such 
extrapolation.. It should be clear, however, that posing a question in an evolutionary 
contextt is not the same as incorporating evolutionary information into the answer. 
Thiss pinpoints the problem with a variety of modern comparative studies, especially 
inn the field of evolutionary developmental biology. Frequently, the central importance 
off  primary homology assessments is over-emphasized, while the assimilation of phy-
logeneticc information is ignored (e.g., GILBERT et aLy 1996; HOLLAND &  HOLLAND, 

1998;; HOLLAND et al., 1996). In addition, studies of this kind often put dispropor-
tionatee emphasis on only one or very few characters. Such a monothetic approach fun-
damentallyy violates the principles of phylogenetic systematics, which I believe is the 
onlyy rigorous method currently available for reconstructing phylogeny. Taking up 
onlyy one or a few characters is often misleading and very unlikely to increase our 
understandingg of evolution. In other cases, phylogenetic data are only used in an intu-
itivee fashion, with littl e attention to selection of a particular phylogeny (e.g., EZAKI, 

1998)) or proper methods of phylogenetic inference {e.g., BARTOLOMAEUS, 1994; 
GERHARTT &  KIRSCIINER, 1997; RIEGER &  LOMBARDI, 1987). We are on the right track, 
however.. A more intense dialogue between phylogeneticists and other biologists is 
necessaryy for a proper understanding of macroevolutionary change, and for the devel-
opmentt of a more robust and unified evolutionary theory (GILBERT et al.% 1996; 
GRANDCOLASS et al., 1997; LARSEN et al., 1997). 

Thee literature on all aspects of animal evolution is expanding at an ever increasing 
rate.. Indeed, a high rate of research may lead to rapid turnover of phylogenies. Continual 
re-evaluationn and additions to the character sets, however, should result in increasingly 
robustt phylogenetic hypotheses. Nevertheless, the dynamics of the field cannot be used as 
ann argument for ignoring phylogenetic information in comparative studies. Clearly, there 
aree phylogenies (both molecular and morphological) available, and despite differences in 
theirr topology there is much to be gained from incorporating them into comparative stu-
dies. . 

Iff  we do not want to be swamped by the growing forest of trees and evolutionary sce-
narioss we need to be conscious of our methods of analysis (JENNER &  SCHRAM, in press). 
Ourr own future efforts will concern a comprehensive cladistic analysis of comparative 
anatomy,, embryology, and developmental genetics to shed light on the higher-level phy-
logenyy of invertebrates. 
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interfac ee between patter n and proces s 

Ronal dd A . Jenne r 

Institut ee for Biodiversit y and Ecosyste m Dynamics , Universit y of Amsterdam , P.O. Box 94766,1090 GT Amsterdam , 
Thee Netherland s 
Conaspondeno ss (emaB: jenmrObio.uva.nl ) 

SUMMARYY Comprehensiv e integrativ e studie s are the haB-
markk of evolutionar y developmenta l biology . A properl y de-
finedd phytogeneti c framewor k takes a centra l place in such 
analyse ss as the meetin g groun d tor  observatio n and inference . 
Molecula rr  phytogenie s take mis plac e in many curren t stuole s 
onn anima l body plan evolution . In particular , 18S rRNA/DNA 
sequenc ee analyse s have yielde d a new view of anima l evolu -
tiontion  that is often contraste d wit h a presume d traditiona l orclas -

EVOLUT10NAR YY DEVELOPMENTA L BIOLOG Y 
AN DD THE CENTRALIT Y OF 
PHYLOGENET1CC INFORMATIO N 

Georgee Gaylord Simpson (1951, p. 51) wrote "Over  and over 
againn in the study of the history of life it appears that what can 
happenn does happen."  Particularl y studies of animal develop-
mentt  and phylogeny have recently played key roles in eluci-
datingg the potentialities and actualities of the evolutionary 
historyy of the animal kingdom, and it is in die field of evolu-
tionaryy developmental biology (popularly called "evo-devo") 
wheree such studies of development and phylogeny meet. 
Evo-devoo seeks to explain the evolution of morphology and 
developmentt  and the underlying developmental and genetic 
mechanismss by comparing different organisms. A properly 
definedd phylogeny is the only meaningful framework for 
comparisonn if the goal is the reconstruction of die nature and 
directionn of evolutionary change, and the discrimination be-
tweenn convergent similarit y and homology (Raff 1996; Arthur 
1997;;  Hall 1999). Consequently, it is instructive to consider 
inn detail the basis of some of die recent advances in our  un-
derstandingg of the evolution of animal body plans. The use 
off  I8S rRNA/DNA phytogenies is rapidly gaining promi-
nencee as the basis for  building evolutionary scenarios. At 
presentt  there is no generally accepted morphology-based 
phylogenyy of the Metazoa to compete with it, even with 
thee widespread adoption of cladistic methods (Jenner  and 
Schramm 1999). Often, a traditional textbook phylogeny based 

OO BLACKWEU . SCIENCE. MC. 

sica ll  view . First , I expos e thi s tradrttona l view to be a sknpMe d 
historica ll  abstractio n that becam e textboo k dogma . Second , I 
discus ss how two recent  importan t stuole s of anima l body plan 
evolution ,, examinin g the evolutio n of the platyhelmint h body 
planarKltr»evolutic<wrysignfflcaric ^ ^ 
andd set-asid e eels , have activel y incorporate d two problemati c 
aspectecrftrwrawtyemerüjngrrwleculajvte w w 
lution ::  incomplet e and unresolve d phytogenies . 

onn morphology is contrasted with the emerging view from 
molecularr  systematics. 

Inn mis paper  I address die following issues from a phylo-
geneticc perspective. First, 1 consider  the traditional textbook 
phylogenyy and explore its historical roots. Second, I criti -
callyy discuss die newly emerging view of animal evolution 
basedd on 18S rRNA/DNA sequence data, which is sketched 
inn the latest generation of review papers as a basis for  ad-
vancingg scenarios of body plan evolution. The new view of 
animall  evolution is often presented in phytogenies character-
izedd by two strikin g features: lack of resolution and incom-
pleteness.. These data limitation s have subsequently been ac-
tivelyy incorporated as essential ingredients into various 
importantt  new hypotheses of animal body plan evolution. 
Third ,, I wil l re-evaluate two of these hypotheses that are be-
ginningg to be considered major  advances in our  understand-
ingg of animal evolution: platyhelminthes as derived coelo-
mates,, and the evolutionary significance of set-aside cells 
andd their  rote in the Cambrian explosion. 

METAZOANN MORPHOLOGY, UBBI E HYMAN, 
ANDD THE "TRADITIONAL "  VIEW OF 
ANIMALL EVOLUTION 

Sincee Ernst Haeckel codified our  profession by coining its 
currentt  name and by establishing a coordinated research pro-
gramm for  the elucidation of evolutionary relationships be-
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tweenn organisms, the study of higher  level animal phytogeny 
hass yielded an expansive literatur e but relatively littl e de-
tailedd consensus. It is therefore not surprising often to find 
merelyy the shortest of possible summaries of morphological 
phylogeneticss in current papers on the subject Winnepen-
ninckxx et al. (1998a, p. 888) epitomize tfiis approach in die 
firstt  sentence of their  paper  "Despite several decades of mor-
phologicall  and anatomic research, numerous aspects of meta-
zoann relationships have remained uncertain."  Their  discus-
sionn then turns to die revisionary views from molecular 
systcmatics.. Aguinaldo and Lake (1998), Holland (1998), 
Balavoinee (1998), and Erwin (1999) adopt a similar  approach 
byy invariably presenting the Anglo-Saxon "traditiona l text-
bookk view,'"  die acoelomate-pseudocoelomate-coelomate 
series,, as an icon for  metazoan phytogeny based on morphol-
ogy.. Balavoinc (1998), Balavoine and Adoutte (1998), Ad-
outtee et al. (1999), and Valentine et al. (1999) in fact claim 
thatt  such a phylogenetic series represents ".. . a glorious saga 
off  progressive increase in complexity . . ."  (Adoutte et al. 
1999.. p. 105), arising from " . .. the intellectual bias for  in-
creasingg complexity in evolution . . ."  (Balavoine and Ad-
outtee 1998, p. 397). It would be a serious problem indeed if 
ourr  efforts to reconstruct animal phytogeny would produce 
nothingg more than manifestations of our  intellectual disposi-
tionn for  increasing complexity in evolution. However, I will 
showw that these assessments are distorted and misleading. 

Inn point of fact, there exists no such thing as "th e tradi-
tionall  textbook phytogeny."  A diversity of different schemes 
cann be found, influenced by factors such as nationality, depth 
off  historical treatment, and a whole range of personal per-
spectivess of the textbook authors (e.g., Willmer  1990; Will -
merr  and Holland 1991). The most frequently mentioned 
sourcee in Anglo-Saxon works is Hyman's influential series 
TheThe Invertebrates (1940-1967) (e.g., Field et al. 1988; Raff 
ett  al. 1989; Schram 1991; Willmer  and Holland 1991; Rup-
pertt  and Barnes 1994; Balavoine 1998; Garey and Schmidt-
Rhaesaa 1998; Adoutte et al. 1999). Hyman is often cited in 
supportt  of the traditional textbook phytogeny (e.g., Barth 
andd Broshears 1982; Willmer  1990; Schram 1991; Willmer 
andd Holland 1991; Ruppert and Barnes 1994; Willmer  I99S; 
Garcyy and Schmidt-Rhaesa 1998; Adoutte et al. 1999), 
whichh can be summarized as follows: after  the divergence of 
thee Radiata (Cnidaria and Ctenophora), the bilaterians are ar-
rangedd in the acoelomate-pseudocoelomate-coelomate (pro-
tostomess and deuterostomes) series, which reflects succes-
sivee branchings of dwse mree clades. How well is mis 
phylogeneticc scheme corroborated in Hyman's work? 

Itt  is not easy to represent accurately Hyman's opinion on 
metazoann relationships for  several reasons. First, she re-
gardedd classification and phytogeny as two logically distinct 
devicess to represent the "relationships"  between organisms 
(1940,, chapter  11). Consequently, when Hyman described 
"affinities ""  it may be difficul t to determine whether  this im-

pliess structural resemblance or  evolutionary propinquity . 
Second,, Hyman published The Invertebrates over  a time 
spann of 27 years, creating enough room for  change of opin-
ion.. She considered views on animal relationships as ephem-
erall  products, necessarily changing with the accretion of new 
dataa (Hyman 1940, p. 27; 1959, p. 697). Nevertheless, her 
distilledd views have been widely accepted as "traditional " 
consensuss by many biologists, and Hyman's viewpoint has 
beenn considered as so well established and typical mat it is 
noo longer  necessary to refer  to any particular  of her  works 
(seee Barth and Broshears 1982; Ruppert and Barnes 1994), 
andd that her  view can stand as an epitome for the Anglo-
Saxonn view of animal relationships (Willmer  and Holland 
1991).. I wil l provide an alternative perspective on Hyman's 
viewss on animal phylogeny, which I regard as better  sup-
portedd by her  own statements than the traditional textbook 
treee for  which her  support is commonly claimed. 

Hymann indeed divided the Metazoa into diploblasts and 
triploblasts,, although her  difficultie s with die germ layer  fheory 
ledd her  to regard die distinction between Radiata and Bilateria 
ass more meaningful (Hyman 1940). Widii n the Bilateria, Hy-
mann did indeed distinguish between acoelomates, pseudocoe-
lomates,, and coelomates stating: "Such a division stands firmly 
onn a realistic anatomic basis and eschews all theoretical va-
porizings...""  (Hyman 1940, p. 35). She stated that "These 
groupingss [acoelomates, pseudocoelomates, coelomates] do 
not,, however, entirely correspond to taxonomie relationships'' 
(Hymann 195 la, p. 23). Hyman interpreted diese groups not as 
cladess or  phylogenetic groups, but as organizational grades (Hy-
mann 1940, chapter  II) . Her  consideration of priapulid s strik-
inglyy illustrates this distinction: priapulid s are classified as 
schizocoell  coelomates based on structural grade (Hyman 
1940,, p. 34) but phylogenetically united wim die pseudocoe-
lomatee aschelminths (Hyman 1951b, pp. 54,56, 196.197). 
Hymann stated that schizocoel coelomates are related to die 
acoelomatess and pseudocoelomates, together  comprising die 
Protostomiaa (Hyman 1940, p. 36; 1951a, p. 5). She envisioned 
thee immediate splitting of die Bilateria from the last, acoeto-
mate,, common ancestor  into two lineages (Hyman 195 la, p. 4): 
onee leading to die Deuterostomia (enterocoelous coelomates) 
andd one leading to the Protostomia, which includes the extant 
acoelomates,, pseudocoelomates, and coelomate protostomes. 
Shee considered die Protostomia as".. .evidently related to each 
other""  (Hyman 1951a, p. 5). The only metazoan phylogeny from 
TheThe Invertebrates (Hyman 1940, Fig. 5) reflects diis grouping. 
Herr  provisional acceptance of tiiis diphyletic dieory ofbilate-
rianrian  relationships tiierefore contradicts die monophyletic Eu-
coelomata,, comprising both coelomate protostomes and deu-
terostomes,, which is at die heart of die traditional textixwk 
phylogenyy for which Hyman's support is often claimed (Barm 
andd Broshears 1982; Field etal. 1988; Raffetal. 1989; Willmer 
1990;;  Schram 1991; Willmer  and Holland 1991; Ruppert and 
Barness 1994; Willmer  1995; Garey and Schmidt-Rhaesa 1998; 
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Adouttee et al. 1999). Seemingly reasonable arguments in support 
off  the traditional interpretation can be traced to two sources 
inn Hyman: discussions of body cavities in 1940 (chapter  II ) 
andd 195 la (chapter  IX) and discussion of the phylogenetic 
affinitie ss of lophophorates (1959, chapter  XXII) . 

Deducingg support for  Eucoelomata as a phylogenetic unit 
fromm Hyman's discussions of body cavities is based on a 
confusionn of grades and clades. As mentioned above, Hyman 
regardedd the division of bilaterians into acoelomates, pseu-
docoelomates,, and eucoelomates not as phylogenetic units, 
butt  as organizational grades. Only by misinterpreting these 
gradess as clades, by denying the argued phylogenetic unity 
off  the Protostomia, and by judiciously connecting the 
branchess in ascending order  from acoelomate to coelomate 
cann one defend Hyman's discussion of body cavities to sup-
portt  the traditional textbook tree. This reasoning may ex-
plainn the appeal to Hyman in support of the traditional phy-
logcnyy in various papers (e.g., Schram 1991; Willmer  1995; 
Carranzaa et al. 1997; Garey and Schmidt-Rhaesa 1998; Ad-
outtee etal. 1999). 

AA second potential source of support for  the traditional in-
terpretationn of Hyman may be her  discussion of the lopho-
phoratess (which she considered protostomes) as intermedi-
atess between coelomate protostomes and deuterostomes. The 
mostt  convincing statement is that".. . deuterostomes show a  a 
furtherr  development of characters beginning in an unclear 
wayy in lophophorates, and thus branch off from protostomes 
byy way of the latter"  (1959, p. 605), although Hyman does not 
supplyy any information as to how this link may be conceived. 
Thiss may be the only real support from Hyman for  the tradi-
tionall  textbook phylogeny. Strikingly , in the same volume 
Hymann argued that chaetognaths may have diverged early 
fromm die common ancestor  of the Bilateria at die time that the 
dipleurulaa ancestor  of the deuterostomes became differenti-
atedd (1959, p. 66). This again points to the independence of 
thee protostome and deuterostome lineages since their  last 
commonn acoelomate ancestor, and is in obvious contrast to 
thee traditionall y presented "Hymanian"  phylogeny. 

Howw well does Hyman's work support the traditional 
acoelomate-pseudocoelomate-coelomatee series as a story of 
linearr  progressive increase in complexity (Balavoine and 
Adouttee 1998; Adoutte et al. 1999; Valentine et al. 1999)? 
Hymann was convinced of the branching nature of evolution, 
andd quite in contrast to our  current penchant for  relying on 
dichotomouslyy branching diagrams, she conceived of many 
groupss of bilaterians as arising at the same level, thus creat-
ingg polychotomies (1940, p. 39, Fig. 5). She emphasized the 
bush-likee branching of the animal evolutionary tree, arguing 
againstt  a linear  phylogenetic arrangement of organisms ac-
cordingg to their  structural complexity (1940, p. 39). Thus, in 
Hyman'ss exegesis we cannot trace a conscious intellectual 
biass to impose notions of necessary evolutionary progress in 
complexityy on her  views of animal phylogeny. When Hyman 

describess "higher "  and "lower "  groups, and specifies the or-
derr  of treatment of the phyla in The Invertebrates according 
too ".. . the general order  of their  structural complexity"  (1940, 
p.. 38), she refers to a series of organizational grades, not a 
phylogeneticc series (e.g., see Willmer  1990, p. 5 for  an illus-
trationn of this confusion). The only potential genuine phylo-
geneticc series according to body cavity construction in Hy-
man'ss work is die hypothesized series of ancestors leading to 
thee protostomes (1951 a, p. 17): planuloid ancestor—acoeloid 
ancestorr  (acoelomate grade)—trochozoon (pseudocoelomate 
grade).. But this is distinct from the progressive series leading 
too a monophyletic Eucoelomata depicted in most recent pa-
perss quoting Hyman's work. 

Inn conclusion, citing Hyman as the principal source for  the 
"traditiona ll  textbook tree"  is either  based on a confusion of 
gradess and clades or  is at best a simplified abstraction of her 
views.. Nevertheless, the Hymanian phylogeny has become 
dogmaa in subsequent works, and an icon for  the Anglo-Saxon 
vieww on animal phylogeny. In contrast, I would argue that her 
mostt  cogently argued opinion on animal phylogeny is out-
linedd in the first volume of The Invertebrates (mainly chapter 
II )) and is reinforced at various places in later  volumes, and 
paintss a different picture of animal phylogeny summarized in 
Fig.. 5 of Hyman (1940). It emphasized die unity of the Pro-
tostomia,, including acoelomates, pseudocoelomates, and co-
elomatess (including lophophorates), and did not support a 
monophyleticc Eucoelomata and a linear, progressive phylo-
geneticc series according to body cavity organization. Never-
theless,, the 27 year  time span between the first  and the last 
volumee of The Invertebrates obviously provided enough 
roomm for  a creative thinker  such as Hyman to change her 
viewss and explore different alternatives. It may be difficul t to 
interprett  Hyman's phylogenetic views precisely since the 
theoryy and practice of phylogenetics have changed so pro-
foundlyy since her  time. Representing Hyman's view in a cla-
dogramm (e.g., Eemisse et al. 1992; Adoutte et al. 1999) can 
thereforee never  encompass the full subtlety of her  perspective 
becausee cladistics cannot easily accommodate die central po-
sitionn for  direct ancestors such as die planuloid and acoeloid 
ancestors,, which would be needed for  an accurate representa-
tionn of historical information. 

Acceptingg the traditional textbook tree as an impoverished 
historicall  abstraction, and given the absence of a detailed 
consensuss of animal phylogeny on the basis of morphology, 
manyy biologists have turned to molecular  systematics in 
searchh of a phylogenetic framework. 

MOLECULA RR PHYLOGENY AND ANIMAL 
EVOLUTION::  THE "NEW VIEW" 

Molecularr  phylogenetics is currently dominated by the study 
off  18S rRNA/DNA sequences. This research has yielded a 

79 9 



consensuss phytogeny, albeit of limited resolution (e.g., Agui-
naldoo et al. 1997; Aguinaldo and Late 1998; Balavoine 
1998;;  Balavoine and Adoutte 1998; Maley and Marshall 
1998;;  McHugh 1998; Garey and Schmidt-Rhaesa 1998; 
Halanychh 1998; Winnepenninckx et al. 1998a; Adoutte et al. 
1999;;  Knoll and Carroll 1999). This consensus proposes 
threee major  bilaterian clades. The first split divides the deu-
terostomess and protostomes, with protostomes consisting of 
thee sister  clades Lophotrochozoa and Ecdysozoa. The deu-
terostomess are the echinodenns, hemichordates, and chor-
dates.. Lophotrochozoa comprises groups such as molluscs, 
annelids,, platyhelmindis, rotifers, phoronids, bryozoans, and 
brachiopods;;  Ecdysozoa unites molting animals such as ar-
thropods,, tardigrades, and nematodes. The Acoela may be 
basall  bilaterians (Ruiz-Trilloe t al. 1999), although data from 
elongationn factor  I-a suggest they are lophotrochozoans 
(Bemeyy et al. 1999). The relationships within the three main 
cladess of the Bilateria are especially unresolved. Causes for 
thee lack of resolution are discussed elsewhere (e.g., Lecoin-
tree et al. 1993; Phillipe et al. 1994; Abouheif et al. 1998; 
McHughh 1998; Foster  and Hickey 1999). Not all analyses 
agreee in all aspects. A few analyses yield a paraphyletic Pro-
tostomiaa uniting deuterostomes either  with ecdysozoans or 
lophotrochozoanss (see Eemisse 1997; Winnepenninckx et 
al.. 1998a; Zrzavy et al. 1998 for  recent examples). 

Thee icon of the new view of animal phytogeny depicts the 
threee bilaterian clades (Lophotrochozoa, Ecdysozoa, Deu-
terostomia)) as polytomies of very limited membership, vir -
tuallyy never  depicting all the relevant taxa (Aguinaldo and 
Lakee 1998; Balavoine 1998; Balavoine and Adoutte 1998; 
Adouttee et al. 1999; Knoll and Carroll 1999). Of course, this 
modee of representation should be regarded as a convenient 
shorthand,, illustratin g the uncertainty of the phylogenetic re-
lationshipss in a cladogram of manageable size, whereas in 
olderr  studies these incomplete trees reflect limited availabil-
ityy of sequence data. However, I wil l show that these incom-
pletee and unresolved trees are being taken too literall y as rep-
resentationss of our  new understanding of animal evolution in 
aa significant proportion of these papers. Strikingly , these 
limitation ss now form integral parts of recently proposed sce-
narioss of animal body plan evolution, two of which wil l be 
discussedd in detail: the evolution of the platyhelminth body 
plan,, and the evolution of primar y larvae and set-aside cells. 
AA properly expanded molecular  phytogeny including all per-
tinentt  taxa forms the basis of the following re-evaluation. 

PLATYHELMINTH SS AS DERIVED COELOMATES 

Balavoinee (1997,1998) investigated the phylogenetic posi-
tionn of the phylum Platyhelminthes on die basis of limited 
18SS rRNA and Hox gene data. He proposed that these data 
favorr  the grouping of plaryhelminths with die coelomate spi-

raliann protostomes. The 18S rRNA data slightly favor  a 
groupingg of rhabditophoran platyhelmindis (acoelomorphs 
aree excluded) witi i lophotrochozoans as opposed to a posi-
tionn basal to either  the Bilateria or  all die protostomes. Bala-
voine'ss use of Hox gene data is innovative and potentially 
providess independent support for  a deep split between lo-
photrochozoanss (including platyhelmindis) and ecdysozoans 
(seee also De Rosa et al. 1999; Kobayashi et aL 1999). 

Balavoinee then considered the question of die origin of 
thee platyhelminth body plan in light of this new phylogenetic 
data.. Balavoine argued that me platyhelmindis tost die anus, 
coelom,, and probably segmentation on the basis of what he 
summarizedd in his Fig. 3 (reproduced here as Fig. la and lc). 
Hee provided an evolutionary scenario based on heterochrony 
(orogenesis)) to account for  the origin of the platyhelminth 
organization.. This is an interesting hypowesis, but is it well 
supported?? Comprehensive use of available data necessitates 
aa strikingl y different alternative. 

Thee cladograms presented in Balavoine (1997, 1998) are 
cladogramss of bilaterian coetomates only. Applying die dubi-
ouss principl e "common is primitive "  Balavoine states, "Most 
off  them are coetomates, which of course, can be best explained 
byy die fact mat die ancestor  was already a coelomate"  (1998, 
p.. 854). We might accept diis conclusion if there was a suffi-
cientlyy broad sampling of ana, in particular  Üiose taxa lacking 
aa coelom. Unfortunately, Balavoine's (1998) cladogram is 
highlyy pruned, lacking all aschelmindis, and quite unresolved. 
Nevertheless,, Balavoine effectively used bom die lack of all 
pertinentt  taxa and die lack of resolution of the cladograms to 
buildd his argument Using pruned, unresolved trees in this way 
iss empirically inadequate and mediodotogically flawed. If we 
wantt  to make any sensible inferences about die evolution of 
animall  body plans, a first requisite is to take all pertinent taxa 
intoo consideration in order  to allow die proper  estimation of 
characterr  distribution , i.e., to provide a comprehensive focus. 
Notwithstanding,, too often audiors rely on incomplete trees 
thatt  do not allow any meaningful evolutionary hypodieses to 
bee proposed (Jenner  1999). If we consider  die fullness of die 
metazoann phytogeny, eidier  derived from morphology or  mol-
ecules,, the picture could change drastically. 

Lett  us test Balavoine's conclusions (loss of anus, coelom, 
segmentation)) in the light of a more complete consideration 
off  18S rDNA phytogenies. The cladogram depicted in Figs, 
lb,, Id, and 3c wil l serve as the basis for die discussions in 
miss paper. It represents a conservative consensus estimate of 
diee I8S rDNA phytogeny based chiefly on recent compre-
hensivee studies (Eemisse, 1997; Littlewood et al. 1998. 
1999;;  Winnepenninckx et al. 1998b; Zrzavy et aL, 1998; 
Ruiz-Trill oo et al. 1999). For  simplicity I consider  the diplo-
blastss (poriferans, placozoans, cnidarians, and ctenophores) 
ass a sister  clade to the Bilateria. The Acoela are not included 
inn die cladogram. These simplifications do not affect die va-
lidit yy of die reinterpretations. 
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Coelom m 
II  I absent 

 present 
t = ii  equivocal 

Segmentation n 
II  I  absent 

 present 
^^ 33 equivocal 

Fig.. 1. Cladogram from Balavoine (1998) (a. c) and a conservative consensus dadogram of metazoan relationships based on lfSSrDNA 
sequencee data (b, d).with mapping of coelom (a. b), and segmentation (c,d). Consensus cladogram based on Eernisse (1997); Littlewood 
ell  al. (1998.1999): Winnepenninckx et al. (1998b); Zrzavy et al. (1998); Ruiz-Trillo et al. (1999). "Other ecdysozoans" comprises an un-
resolvedd assscmblage of nematodes, nematomorphs. priapulids. kinorhynchs, and "other lophotrochozoans" is an unresolved clade of 
coelomatee protostomes including lophophoratcs, nemerteans. and entoprocts. 

AA variety of molecular phylogenetic studies published be-
foree Balavoine's papers indicated that various aschelminth 
orr pseudocoelomate phyla are likely to be closely associated 
withh the lophotrochozoans and ecdysozoans (e.g., Winne-

penninckxx et al. 1995; Garey et al. 1996a, 1996b; Hanelt et 
al.. 1996; Aguinaldo et al. 1997; Eemisse 1997). Recent stud-
iess confirm this picture (e.g., Aleshin et al. 1998; Garey and 
Schmidt-Rhaesaa 1998; Littlewood et al. 1998, 1999;Schmidt-
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Rhaesaa et al. 1998; Winnepenninckx et al. 1998a; Zrzavy et 
al.. 1998; Ruiz-Trill o et al. 1999). If we regard die anus of bi-
laterianss as homologous, we could conclude with some con-
fidencefidence that platyhebnindis have lost their  anus, agreeing 
withh Balavoine's conclusion. However, Balavoine's hypoth-
esiss of the presence of a coelom in the ground pattern (the set 
off  characters primitivel y present in a cladc) of the Bilateria 
andd subsequent loss of the coelom in platyhelminths is con-
tradictedd by current information (Fig. lb). In plotting occur-
rencess of a coelom on his cladogram, Balavoine provided no 
definitionn of a coelom. He discussed neither  the divergent 
morphologies,, nor  the various developmental modes or  func-
tionss of coeloms in sufficient detail. Judging from Bala-
voine'ss mapping of coeloms in Fig. la, he adopted an indis-
criminatee structural definition of a coelom, irrespective of 
ontogenyy or  function (i.e., mesoderm lined body cavity, Niel-
senn 1995), although this does not explain why nemerteans 
aree not scored, since their  circulatory system (Turbevill e 1986) 
andd rhynchocoel (Turbevill e and Ruppert 1985) answer  such 
aa definition of a coelom. The conservative 18S rDNA phy-
togenytogeny shows that Gastrotricha, Cycliophora, and Rotifera + 
Acanthocephalaa are closely associated with rhabditophoran 
platyhelminths,, and either  the Gastrotricha alone orr  the three 
taxaa together  form a sister  clade to the remaining lophotro-
chozoans.. The Gnathostomulida may also be associated with 
thesee three taxa, or  with the ecdysozoans. Published compre-
hensivee 18S rDNA analyses suggest independent evolution 
off  the coelom in the deuterostomes, the lophotrochozoans, 
andd ecdysozoans as the most parsimonious solution (Fig. 
11 b). Consequently, character  distributio n suggests that platy-
helminthss never  lost their  coelom, nor  did the other  basal 
noncoelomates.. This interpretation corroborates the lack of 
evidencee for  a coelom from platyhelminth embryology and 
morphology.. Balavoine's conclusion is clearly dictated by 
consideringg highly incomplete trees, lacking virtuall y all the 
importantt  pseudocoelomate taxa. If loss and gain of a co-
elomm are considered equally likely, convergent evolution of 
aa coelom is the most parsimonious solution (Fig. lb). It 
shouldd be noted that Fig. lb maximizes the probabilit y of 
findingfinding  homologous coeloms. No distinction is made on the 
basiss of morphology, ontogeny or  function, adopting a purely 
structurall  definition of a compartment between epidermis 
andd gut, and lined widi a mesothelium (Ruppert 1991). If the 
noncoelomatee ecdysozoans and lophotrochozoans do not 
formm sister  taxa of the panarthropods and the other  (mainly 
coelomate)) lophotrochozoans, respectively, men the likeli -
hoodd of convergence of coeloms increases. The coelomate 
chaetognathss can at this moment not be positioned with 
certainty,, although the recent proposals of a relationship ei-
therr  with panarthropods (Zrzavy et al. 1998) or  nematodes 
(Halanychh 1996; Eernisse 1997) will not influence the map-
pingg of a coelom as depicted in Fig. lb. It needs to be empha-
sized,, however, that the salient point of mis reinterpretab'on 

iss the possible change in perspective concomitant with a 
broaderr  sampling of relevant taxa. I do not propose to solve 
thee issue of die origin and evolution of coeloms in the Bilat-
eriaa in this paper  by the sole criterion of parsimony. Detailed 
considerationn of the morphology, ontogeny, and function of 
coelomss is, of course, necessary for  a proper  understanding 
off  coelom evolution, but such treatment is outside the scope 
off  this paper  and largely irrelevant for  the main message of 
thiss reinterpretation. 

Furthermore,, Balavoine concluded that segmentation is 
mostt  probably ancestral for  bilaterians. Balavoine gives no 
definitionn for  segmentation, although his tree (Fig. lc) sug-
gestss a very broad definition probably referrin g to anteropos-
teriorl yy repeated mesodermal derivatives such as coeloms or 
musculature.. However, the distributio n of segmentation in 
Balavoine'ss tree (Fig. lc) is misleading given current in-
sights.. There is mounting molecular  (Black et al. 1997; 
Kojim aa 1998; McHugh 1997, 1999; but see Siddall et al. 
1998)) and morphological evidence (Bartolomaeus 1995, 
1998;;  Meyer  and Bartolomaeus 1996; Rouse and Fauchald 
1997)) that pogonophores are derived polychaetes, equating 
theirr  segmentation with that of annelids. Segmentation of 
molluscss is very dubious and the molluscan ground pattern 
doess certainly not include a situation comparable in structure e 
orr  ontogeny to the segmented coelomic cavities found in an-
nelidss (e.g., Salvini-Plawen 1990; Haszprunar  1996). Seg-
mentationn in deuterostomes is morphologically and ontoge-
neticallyy distinct from protostome segmentation and it is 
onlyy by virtu e of the unresolved relationships in Balavoine's 
deuterostomee clade that segmentation can be regarded as 
primitiv ee for  deuterostomes. Nevertheless, adopting an equally 
indiscriminatee definition of segmentation as Balavoine and 
provisionallyy accepting segmentation in the ground pattern 
off  "other  lophotrochozoans,"  Fig. Id indicates that (at least 
rhabditophoran)) platyhelminths are likely basal to annelids 
andd molluscs (grouped in "other  lophotrochozoans"), indi-
catingg the primitiv e absence of segmentation in platyhel-
minths. . 

Inn addition, Balavoine claimed support for  the homology 
off  segmentation across all phyla from recent work on seg-
ment-polarityy genes and pair-rul e genes. However, this argu-
mentt  is unconvincing. The demonstration of the role of these 
geness in the elaboration of a segmented body plan in am-
phioxuss and Drosophila is no straightforwar d argument sup-
portingg homology of chordate and arthropod segmentation 
(e.g.,, Jenner  1999). Moreover, Balavoine does not supply 
anyy information on their  presence or  function in platyhel-
minths,, while his argument hinges upon the one-to-one map-
pingg of the presence of these genes with die presence of mor-
phologicall  segmentation. There is mounting evidence from 
developmentall  genetics that this premise is very question-
able,, and that the potency of using isolated gene expression 
patternss to illuminat e morphological homology can be seri-
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ouslyy limited, especially in distantly related taxa (e.g., David-
sonn 1997; Scholtz et al. 1998; Holland and Holland 1999; 
Janiess and DeSalle 1999). 

Inn summary, Balavoine's conclusions that platyhelminths 
aree derived coelomates that lost the coelom and segmenta-
tionn cannot be upheld. His pruned and unresolved phytogeny 
bearss at best ambiguous testimony, while a proper  consider-
ationn of morphology in the context of molecular  phytogeny 
arguess against his hypothesis. Instead, multipl e conver-
gencess of coelom and segmentation are indicated. 

Finally,, Balavoine's interesting heterochronic scenario 
forr  the origin of platyhelminths is effectively proposing pro-
cesss where pattern is lacking. Balavoine (1997) stated that 
". . .. the Muller  larva of polyclads is, in some traits, reminis-
centt  of the trochophore of annelids and molluscs, which may 
indicatee that the possession of a trochophore-like larva is 
ancestrall  in a (platyhelminths + eutrochozoans) clade"  (p. 
92).. He also suggested homology of nemertean pilidiu m and 
polycladd Müller' s or  Götte's larva, following the argument 
off  Nielsen (1995). Balavoine (1998) then proposed a proge-
neticc series beginning with an annelid-like ancestor  with a 
trochophoree larva, through a nemertean intermediate with 
aa pilidiu m larva, and culminating in a platyhelminth with a 
Müller' ss or  Götte's larva. Balavoine (1998) stated that the 
progeneticc origin of platyhelminths *'.. . always seemed to be 
aa 'nice story'. . . but it is not readily testable"  (p. 856). In-
deed,, testing progenesis as a causal evolutionary process is 
difficult ,, but die first step can already be taken by rigorously 
applyingg available phylogenetic information, which will ne-
cessitatee a reinterpretation on two levels. 

First,, we need to ascertain that Müller' s or  Götte's larvae 
andd pilidiu m larvae are homologous, and primitiv e for  the 
platyhelminthss and nemerteans, respectively. Conceding suf-
ficientt  special morphological similarities to warrant initial ho-
mologyy of polyclad and pilidiu m larvae (but see Salvini-Pla-
wenn 1980; Rouse 1999), can we consider  these larval types 
primitiv ee for  these taxa? There is general consensus that the 
polycladd Müller' s and Götte's larvae, and die nemertean pilid-
iumm larvae, are not present in die ground pattern of the two 
phylaa (Haszprunar  et al. 1995; Nielsen 1995,1998). Morpho-
logicall  and molecular  phylogenetic studies support diis con-
clusionn in die platyhelmindis (e.g., Carranza et al. 1997; Cam-
poss etal. 1998; Littlewoodetal. 1999; Ruiz-Trilloetal . 1999), 
whereass a phytogeny for the Nemertea is not yet available, al-
lowingg only a tentative conclusion (Henry and Martindal e 
1997).. However, pilidiu m larvae are restricted to some anc-
plann species only. Paradoxically, Nielsen (1995) united platy-
helminthss and nemerteans as Parenchymia on die basis of pro-
posedd similarities in polyclad and pilidiu m larvae, while 
realizingg that these larval types are not likely to be ancestral 
forr  these phyla, and clearly his adherence to the trochaea the-
oryy is responsible for  this conclusion. Support from Nielsen 
(1995)) for  Balavoine's hypothesis is therefore suspect. 

Second,, the evolutionary branching order  of the annelids, 
nemerteans,, and platyhelminths needs to be consistent with 
Balavoine'ss progenetic series if annelids and nemerteans are 
too exemplify precursors in a series of evolutionary transi-
tions.. It is only by virtu e of die lack of resolution in his cla-
dogramm that Balavoine can propose his speculative scenario. 
Nonee of die current molecular  and morphological studies 
clearlyy indicate a phylogenetic position for  annelids and 
nemerteanss as steps in an evolutionary series culminating in 
platyhelminthss (see Figs, lb and Id). It is more probable tint 
diee trochophore larva evolved in a more restricted set of taxa 
afterr  platyhelminths split off, a hypothesis supported by 
Rousee (1999), while pilidiu m and polyclad larvae are de-
rivedrived within Nemertea and Platyhelminthes, respectively. 

Somee 22 years ago, Gould warned about die speculative 
invocationn of heterochronic mechanisms to explain the ori-
ginn of higher  taxa: "I t is unfortunate that most literatur e on 
paedomorphosiss is cast in the same mold diat bolstered reca-
pitulationn during the previous half century—speculative 
phytogenyy of higher  taxa"  (p. 277) (Gould 1977). Hetero-
chronyy is a powerful concept to understand evolutionary 
changess in animal form (e.g., McNamara 1995). Although 
heterochronicc processes have been proposed to account for 
thee origin of many higher  level animal taxa, from mystaco-
caridd crustaceans to larvacean urochordates, a properly spec-
ifiedd phylogenetic framework is essential to determine die 
ancestrall  and descendant states, and therefore a properly re-
solvedd phytogeny can serve as an efficient test for  a hetero-
chronicc scenario. 

SET-ASIDEE CELLS AS A MECHANISTIC 
EXPLANATIO NN OF THE CAMBRIA N EXPLOSION 

Thee set-aside cell hypothesis developed by Davidson and 
colleaguess (Davidson 1991; Davidson et al. 1995; Peterson 
ett  al. 1997; Cameron et al. 1998; Arcnas-Mena et al. 1998) 
hass been regarded as an important advance in our  current un-
derstandingg of animal body plan evolution (Hall 1999; Knoll 
andd Carroll 1999; Olsson and Hall 1999). It addresses the 
controversiall  subject of die origin and evolution of animal 
lif ee cycles (e.g., Strathmann 1993; Strathmann and Eemisse 
1994;;  Haszprunar  etal. 1995; Hart etal. 1997; Nielsen 1998; 
Pechenikk 1999). The core argument of mis elegant scenario 
iss an ingenious synthesis of descriptive and molecular  em-
bryology,, metazoan phytogeny, and the fossil record The 
hypothesiss can be regarded as an explanation for  the absence 
off  a pre-Ediacaran metazoan fossil record, almough it is 
rootedd in negative evidence, and it may be a viable hypothe--
siss explaining die origin and diversification of large bilate-
riann body plans (Vermeij  1996; Wray et al. 1996; Conway 
Morri ss 1997; Erwin 1999; Lieberman 1999; Smith 1999). 
Thee central points of the scenario are: a biphasic lif e cycle 
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withh primary larvae and maximal indirect development (i.e., 
embryonicc [zygote to embryo/larva] and postembryonic 
[larvaa to adult] stages of the lif e cycle are completely sepa-
rablee both in terms of morphology [larval cells vs. set-aside 
cells]]  and developmental process [Type I embryogenesis vs. 
patternn formation]) is primitiv e for  Bilateria; the bilaterian 
ancestorr  is similar  to a ciliated primary larva with a popula-
tionn of set-aside cells; and the rapid divergence of adult body 
planss (Cambrian explosion) from homologous larvae with 
homologouss set-aside cells. 

Too put the following analysis into perspective, I wil l 
briefl yy summarize pertinent discussions of the set-aside cell 
hypothesiss in the literature. Critiques of the set-aside cell hy-
pothesiss can be arranged along four  lines dependent on the 
chosenn perspective: convergence of adult body plans; adap-
tationistt  reasoning; correlation of reproductive traits; and 
distributio nn of developmental types within the Metazoa. 

Liebermann (1999) and Smith (1999) considered the unlike-
lihoodd of the synchronous, independent evolution of many 
macroscopic,, adult body plans during the Cambrian explosion 
ass the biggest stumbling block of the hypothesis. This appears 
too be an important caveat, but at present we have no estab-
lishedd criteri a forjudgin g the amount of expected convergence 
inn animal evolution, although convergent evolution may be 
prominentt  in invertebrates (Moore and Willmer  1997). 

Lacallii  (1997) and Wolpert (1999) used adaptationist rea-
soningg as the basis for  their  critiques. Lacalli (1997) argued 
thaii  evolution should favor  rapid development over  slow de-
velopment,, for  example, to decrease predator  pressure. The 
needd to maximize the rate of development should favor  the 
evolutionn of rigid  modes of development from more flexible 
antecedents,, making it likely that the developmental pro-
cessess forming the larva (Type I embryogenesis) have been 
secondarilyy imposed upon pre-existing, more flexible pat-
ternn formation processes (forming the adult), although this 
doess not explain why these primitiv e and supposedly slower 
developmentall  processes evolved in the first place. Wolpert 
(1999)) argued that every evolutionary transition must be 
graduall  and adaptive. The evolutionary origin of set-aside 
celtss would then be insurmountable, because what could 
havee constituted the selective advantage of these cells before 
thee adult stage that they would eventually give rise to had 
evolved?? Although these criticisms may appear  logical, they 
aree difficul t to test. I think Lacalli (1997) only shifts the 
problem,, while Wolpert (1999) does not make the distinction 
betweenn historical origin of a feature and its current utility , a 
distinctionn that holds the key to some evolutionary riddles 
andd that cannot be discounted in principl e (Gould and 
Lewontinn 1979; Gould and Vrba 1982). Although it may be 
difficul tt  to reconstruct the evolutionary origin of set-aside 
cellss with respect to their  current function, set-aside cells 
mightt  turn out to be the most significant exaptation in the 
historyy of the Metazoa. 

Conwayy Morri s (1998a, 1998c) argued against the pri -
macyy of maximal indirect development on the basis of known 
correlationss between reproductive trait s in marine inverte-
brates.. Indirect development is virtuall y restricted to large-
bodiedd invertebrates (Olive 1985), and this would argue 
againstt  the likelihood of a small indirectly developing bilate-
rianrian  ancestor. I do not consider  this to be an effective argu-
mentt  since the set-aside cell hypothesis proposes a bilaterian 
ancestorr  reminiscent of a larva that itself represents die adult 
stage,, thus exhibiting direct development (see discussion be-
low).. The subsequent evolution of a biphasic life cycle could 
bee linked with the origin of a large-bodied, new, adult stage. 

Conwayy Morri s (1998a, 1998b, 1998c) and Wolpert 
(1999)) argued mat direct development may be primitiv e for 
metazoanss based on the study of living taxa, in large measure 
derivingg support from the work of Haszprunar  et aL (1995). 
However,, the principal message in Haszprunar  et al. (1995) 
iss not that direct development is likely to be primitiv e for  the 
Bilateria,, but rather  that a biphasic lif e cycle with plank-
totrophicc larvae is not likely to be plesiomorphic for  the Bi-
lateria.. Indirect development with Iecithotrophic larvae re-
mainss a viable option for  the original bilaterian lif e cycle. 
Moreover,, since Haszprunar  et al. (1995) do not provide a 
phylogeneticc framework for  their  comparison of animal lif e 
cycles,, I do not regard this study to be effective as an argu-
mentt  against the presence of indirect development in the 
primitiv ee bilaterian life cycle. Similarly , Conway Morris ' 
(1998a,, 1998b, 1998c) and Wolpert' s (1999) claim for  sup-
portt  for  an original metazoan life cycle with direct develop-
mentt  deduced from the proposed presence of various directly 
developingg fossil metazoans in the Cambrian (Bengtson and 
Yuee 1997) cannot be convincing since alternative modes of 
development,, including direct and indirect development, are 
widespreadd within the living phyla (e.g., Nielsen 1998). A 
moree effective argument would have to rest on comparisons 
withi nn a phylogenetic framework of the Metazoa, allowing a 
robustt  assessment of plesiomorphic and apomorphic charac-
terr  states. 

Thee hypothesis claims that a biphasic lif e cycle with max-
imall  indirect development is primitiv e for  Bilateria. This ne-
cessitatess the evolution from essential direct development 
(forr  the bilaterian ancestor  resembled a reproductively mature 
larva-lik ee organism) to maximal indirect development with a 
separatee larva and adult bearing no morphological resem-
blancee at the base of the Bilateria. This hypothesis is only 
testablee by a phylogenetic study when the out-groups suggest 
directt  development as primitiv e at the out-group node, and 
thee in-group suggests indirect development as primitiv e for 
thee in-group node, thereby enabling an evolutionary change 
att  the intemode basal to the Bilateria (Fig. 2). Note that we are 
thenn dealing with two ancestors. This would better  accommo-
datee the evolution of set-aside cells, because we can circum-
ventt  contradictory characters in one ancestor  (at the same 
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Fig.. Z. Cladogram illustratin g the phylogenetic «interpretation of 
directt  and maximal indirect development in the ground pattern of 
thee Bilateria. Note that there are two distinct ancestors, represent-
edd by two intemodes. See text for  discussion. 

timee the larva is the adult and there is maximal indirect devel-
opmentt  with a maximally different larva and adult). 

Lett  us examine the central points of this hypothesis in de-
tail.. First, we must determine the phylogenetic level at which 
thee set-aside cell scenario is said to be effective. Davidson ct 
al.. (1995) and Peterson et al. (1997) proposed to explain the 
diversificationn of the Bilateria, although their  cladograms 
excludee most of the non-coelomate directly developing 
aschelminthss (Figs. 3a and 3b). It should be noted that with-
outt  sufficient attention to noncoclomate bilaterians there is a 
problemm to pinpoint the exact clade under  discussion. (For 
instance,, Conway Morri s [1998a, 1998b], Hall [1999], and 
Olssonn and Hall [1999] regard the hypothesis as explaining 
thee origin of the Metazoa.) 

Thee scenario hinges on die assumption that "maximal in-
directt  development"  is primitiv e for  Bilateria, and monopha-
sicc life cycles with direct development (absence of a primary 
larva)) are thought to be derived within the Bilateria. To but-
tresss this conclusion, Davidson et al. (1995) and Peterson et 
al.. (1997) provided two phytogenies, Figs. 3a and 3b, with a  a 
mappingg of maximal indirect development. Neither  of these 
cladogramss allow the primitiv e developmental mode of the 
Bilateri aa to be deduced with certainty. Moreover, the likeli -
hoodd for  maximal indirect development in the bilaterian 
groundd pattern decreases when the previously discussed ca-
veatss for  indirect development in platyhelminths and nem-
erteanss is considered. In addition, the provided phytogenies 
aree heavily pruned, leaving out all direct developing "minor " 
bilateriann phyla, except Nematoda (Fig. 3a), or  Rotifera (Fig. 
3b).. Understanding the phylogenetic positions of these ex-
cludedd taxa is crucial if the goal is the reconstruction of the 
ancestrall  mode of bilaterian development Rather  dian giv-
ingg a detailed justification for  their  premise, Davidson et al. 
(1995,, p. 1320) state: "W e are convinced that the direction 
off  the transition is from indirect to direct development and 

nott  the reverse,"  because this direction of evolution is fre-
quentlyy observed within phyla. So they writ e about".. . the 
premisee that [maximal indirect development] represents the 
ancestrall  mode by which adult body plans are ontogeneti-
callyy produced."  Cameron et aL (1998, p. 615) conclude that, 
"Th ee important point is that the process of indirect develop-
mentt  from a ciliated larva, which itself bears littl e or  no re-
lationn in structure to the adult body plan to which it wil l give 
rise,rise, is a character  shared by the majorit y of animal phyla. 
Therefore,, we postulate that the latest common ancestor  of 
bilaterianss minimally had a larval stage similar  to what is 
foundd in modern indirectly developing marine organisms.** 

Iff  higher  level phylogenetic research is to have any inde-
pendentt  status as a potential source of insight into evolution-
aryy processes, we have to be rigorous in analyzing pattern. In 
thiss context, a consideration of die acoelomate and pseudo-
coelomatee bilaterians is necessary. Aschelminths, for  exam-
ple,, have direct development, completely lacking primary 
ciliatedd larvae and set-aside cells that give rise to the adult 
stage.. As discussed above, 18S rDNA data indicate basal po-
sitionss in the bilaterian clade of various directly developing 
groupss (Fig. 3c). Therefore, it would appear  that primary lar-
vaee are not homologous in the Bilateria, and the evolution of 
set-asidee cells is convergent It should be noted that the phy-
logeneticc positions of the directly developing Acoela and the 
problematicc ctenophores and placozoans wil l be crucial for  a 
properr  resolution. 

Davidsonn et al. (1995) and Peterson et al. (1997) seal their 
argumentt  by discussing the arthropods and chordates as di-
rectlyy developing exceptions to the general dominance of 
maximall  indirect development Both groups are character-
izedd by the loss of larval characters present in closely related 
taxa.. Molecular  systematics, however, suggests an interest-
ingg alternative. According to 18S rDNA information the 
Chordataa (Urochordata, Cephalochordata, and Vertebrata) 
mostt  likely are the sister  group to the Enteropneusta 4- Ptero-
branchiaa + Echinodermata (Turbevill e et al. 1994; Halanych 
1995;;  Eemisse 1997; Littlewood et al. 1998; Wada 1998; 
Winnepenninckxx et al. 1998a; Zrzavy et al. 1998; Bromham 
andd Degnan 1999). A A dipleurula type larva then is an autapo-
morphyy of the hemichordate/echmoderm clade, indicating 
thatt  chordates and deuterostomes may in fact be primitivel y 
directt  developers. When confirmed, this may have important 
consequencess for  recent hypotheses deriving the chordate 
bodyy plan with reference to enteropneust anatomy (e.g., 
NObler-Jungg and Arendt 1999; Ruppert et al. 1999) or  larval 
morphologyy (Lacalli 1994; Salvini-Plawen 1998; Nielsen 
1999). . 

Arthropod ss fall within the ecdysozoan clade. All ecdysozo-
anss lack classic primary larvae and indirect development 
Studyingg die distributio n of indirect development on the con-
sensuss 18S rDNA phytogeny (Fig. 3c) reveals the possibility 
thatt  lack of larvae in chordates and arthropods (as well as the 
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Fig.. 3. Cladogram from Davidson el at. (1995) (a); Peterson et al. (1997) (b); 18S rDNA consensus cladogram (c), with mapping of max-
imall  indirect development. 

basall  ecdysozoans and lophotrochozoans) is primitive. In this 
schemee indirect development and set-aside cells would have 
evolvedd multiple times in parallel, e.g., in various lophotro-
chozoanss such as cycliophorans, platyhelminths, nemerteans, 
andd the coelomate lophotrochozoans, and in hemichordates 
andd echinoderms. Presence of set-aside cells in the directly de-
velopingg arthropods (e.g., imaginal discs, teloblasts, and de-
rivatives)rivatives) indicates decoupled evolution of set-aside cells and 

maximall  indirect development, and the independent evolution 
off  set-aside cells in arthropods. These conclusions corroborate 
andd extend the suggestion by Valentine et al. (1999) that set-
asidee cells may not be homologous across the Bilateria. Appli-
cation,, therefore, of set-aside cells as a mechanism to explain 
thee Cambrian explosion should be regarded with caution. The 
basall  position of directly developing taxa without set-aside 
cellss in the Ecdysozoa and Lophotrochozoa indicates that in-

86 6 



dependencyy evolved set-aside cells could have contributed to 
thee radiation of distinct clades of macroscopic metazoans. The 
radiationn of the various small-bodied basal taxa such as gas-
trotrichs,, rotifers, loriciferans, and Idnorhynchs probably oc-
curredd independently of set-aside cells. 

Doo primary larvae actually exist? Historically, the defini-
tionn of primary larvae was developed as a phylogenetic rather 
thann morphological concept Diagnosing a primary larva then 
iss inferential, not direct observation. Francis Maitland Balfour 
wass perhaps the most devoted British recapitulationist of the 
19thh century, who sought to explain everything about the na-
turee of larval forms by exclusive use of evolutionary argu-
ments.. Accordingly, Balfour  (1880, p. 383) defined primary 
larvaee as **.. . more or  less modified ancestral forms, which 
havee continued uninterruptedl y to develop as free larvae from 
thee time when rhey constituted the adult form of the species." 
Moree recently, Gösta Jigersten (1972) in his influential book. 
EvolutionEvolution of the Metazoan Life Cycle: A Comprehensive The-
ory,ory, similarly defined primary larvae as a phylogenetic con-
cept,, although not in die same recapitulationist mold as Bal-
four.. Jagersten (1972, p. 4) states that, "Th e qualification 
'primary ''  thus neither  refers to any special characters in the 
morphologyy of the larvae... nor  to the degree of complication 
off  structure, but to the fact that the pelagic larval type has per-
sistedd in ontogeny without interruptio n since its first appear-
ance.""  Therefore not surprisingly, Jagersten designates both 
crustaceann nauplii and sponge larvae as primary larvae despite 
veryy different morphologies. Without explicit morphological 
justification ,, these definitions are linked with a particular  view 
off  metazoan phylogeny, and thus represent phylogenetic con-
cepts.. Primary larvae can then only be recognized with refer-
encee to a particular  phylogeny. The specter  of these phyloge-
neticc definitions is still present in the literature. In discussing 
thee phylogenetic position of the most recently discovered ani-
mall  phylum, the Cycliophora, Fundi and Kristensen (1997) 
citee Jagersten (1972) to support their  notion that the cyclio-
phorann chordoid larva is a primary larva. Cameron et al. 
(1998)) cite Jagersten (1972) for  arguing a prior ii  that direct de-
velopmentt  is secondary, failing to recognize the nature of 
Jagersten'ss phylogenetic concepts. Zrzavy et al. (1998) use the 
presencee of a primary larva to sort animal relationships with-
outt  providing the necessary morphology-based definition, thus 
enteringg a phylogenetic concept as primary data into die re-
constructionn of a phylogeny. It is therefore noteworthy mat 
Cameronn et al. (1998, p. 617) conclude in the Balfourian mode 
that,, "Th e larval forms of modern indirect developing marine 
speciess indicates to us the probable nature of these ancestral 
organismss [the ancestral bilatcrians], except mat they then 
constitutedd the terminal or  adult stage of development 

Inn summary, the bilaterian ancestor  did probably not re-
semblee a ciliated primar y larva. More likely, this ancestor  (at 
leastt  the protostome ancestor) was at the organizational 
gradee of a noncoelomatc as suggested by the basal ecdysozo-

anss and lophotrochozoans. However, with current phyloge-
neticc information we cannot conclusively decide whether  a 
biphasicc life cycle is primitiv e for  the Bilateria. At least in-
dependentt  evolution of set-aside cells and larvae in deutero-
stomess and protostomes is indicated (Fig. 3c). The combina-
tionn of Type I embryogenesis and later  pattern-formation 
processess were probably already in place in the bilaterian an-
cestor.. The modem basal noncoelomate bilaterians did not 
loosee maximal indirect development and set-aside cells. Not-
withstanding,, the set-aside cell hypothesis has great heuristic 
valuee for  evolutionary developmental biology when placed 
inn a proper  phylogenetic framework. The study of the devel-
opmentt  of larvae and adults in terms of molecular  develop-
mentall  processes in various indirect developing deutero-
stomess has already yielded very important insights into body 
plann formation (e.g., Arenas-Mena et al. 1998; Peterson et al. 
1999a,, 1999b). Nevertheless, detailed study of indirectly de-
velopingg protostomes and the relatively unknown directly 
developingg noncoelomates is much needed if our  goal is to 
understandd the evolutionary origin and significance of set-
asidee cells across the Bilateria. 

Thesee two studies are not unique in evolutionary develop-
mentall  biology in that they can benefit from greater  attention to 
thee phylogenetic basis of their  conclusions. Problematic hy-
pothesess of animal body plan evolution can be identified in a 
rangee of other  recent studies, suffering from biased taxon sam-
plingg and/or  equivocal phylogenetic deductions. For  example, 
wee can diagnose ambiguous inferences of ground pattern at-
tributess in the bilaterian ancestor  such as presence of a coekwn 
(e.g.,, in Balavoine and Adoutte 1998; Martindal e and Henry 
1998;;  Adoutte et al. 1999; Knoll and Carroll 1999), die presence 
off  enterocody based comisrepiesenting me conclusions of Val-
entinee (1997) (e.g., in Martindal e and Henry 1998; Knoll and 
Carrol ll  1999), the presence of "anterior  tentacular  appendages 
formedd by coelomic outpouching"  (Knoll and Carroll 1999), 
diee presence of morphological seriation or  metamerism (e.g., in 
Balavoinee 1997,1998; Adoutte et al. 1999; Holland and Hol-
landd 1999; Knoll and Carroll 1999), and the presence of anten-
niformm appendages in the protostome ancestor  (e.g., in Pangani-
bann et al. 1997; Tabin et al. 1999). Rigorous application of 
phylogeneticc information has yielded remarkable insights into 
animall  evolution at lower  taxonomie levels for  diverse taxa and 
characterss (e.g., Heeg 1995; Sturmbauer  et aL 1996; Lee and 
Shinee 1998; McHugh and Rouse 1998; Werdelin and Nilsonne 
1999).. If studies on animal body plan evolution aim at a similar 
effectiveness,, phylogenetic information of higher  level animal 
taxaa should be approached with appropriate care. 

CONCLUSIONS S 

Evolutionaryy developmental biology attempts to understand 
thee genesis and evolution of organismal design by compara-
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tivee research, integrating information from disparate fields 
off  biological and paleontological research. A proper  phytog-
enyy is necessary because the interpretiv e framework in many 
studiess of evolutionary developmental biology. The emer-
gencee of a consensus on higher  level metazoan relationships 
onn the basis of 18S rRNA/DNA sequence data has provided 
aa new framework for  studying animal body plan evolution. 
Frequently,, papers contrast this new molecular  view of ani-
mall  evolution wim a traditional , morphology based perspec-
tive.. I explored the nature and historical basis of mis widely 
citedd traditional textbook tree, and provided an amended re-
interpretationn that better  reflects historical information. 

Nextt  I discussed the newly emerging molecular  view on 
higherr  level animal relationships as a basis for studies of an-
imall  body plan evolution. Two recent studies, on the evolu-
tionn of the platyhelminth body plan and on the evolutionary 
significancee of indirect development and set-aside cells, are 
thenn used to illustrat e the danger  of overlooking two aspects 
off  the newly emerging molecular  metazoan phylogeny de-
pictedd in many recent papers: incompleteness and lack of 
resolution.. In addition, the need for  rigorous phylogenetic 
reasoningg is stressed. Both case studies rely on phylogenies 
thatt  exhibit a strong taxon selection bias for  coelomate, indi-
rectlyy developing bilaterians. In both instances, by ignoring 
pseudocoelomates,, the probabilit y of recovering "linear " 
transformationn series and homology is maximized by main-
tainingg a maximum of connections between features in dif-
ferentt  taxa. Pseudocoelomates have been the classical locus 
off  some of the most enduring disputes in comparative zool-
ogy,, namely the origin and evolution of body cavities and 
larvae.. The properly expanded new molecular  view of ani-
mall  evolution forcefully draws attention to the necessity to 
betterr  incorporate the poorly understood bilaterians into our 
hypothesess of animal body plan evolution. 
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NoteNote added in proof. Whil e thi s articl e was in press, a paper  (Peter-
sonn et al. 2000) was published that contains new relevant informa-
tionn for  the discussion on the evolutionary significance of set-aside 
cells.. Exhibitin g a strikin g series of parallel lines of thought, Peter-
sonn ct al. (2000) independently resolved some of the specific criti -
cismss aired in thi s paper. Their  adjusted perspective now also in-
cludess a more balanced sampling of bilaterian taxa; a new phylogenetic 
frameworkk chiefly based on 18S rRNA/DN A sequence data, a con-
siderationn of a sequence of succeeding bilaterian ancestors rather 
thann a single ancestor  to better  accommodate the evolution from di-
rectt  to indirect development at the base of the Bilateria ; and the in-
terpretationn of the directl y developing bilaterian ancestor  as repre-
sentingg the organizational grade of modem primar y larvae, rather 
thann possessing specific larval structures. However, our  different 

methodologiess of "tellin g die tree"  remain standing, as illustrated 
byy the continued reference to their  earlier  papers for  support of their 
phylogeneticc interpretations. 
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ABSTRACT T 

Manyy cladistic analyses of animal phylogeny have been published by authors arguing that their  results are 
welll  supported. Comparison of these analyses indicates that there can be as yet no general consensus about 
thee evolution of the animal phyla. We show that the various cladistic studies published to date differ 
significantlyy in methods of character  selection, character  coding, scoring and weighting, ground-pattern 
reconstructions,, and taxa selection. These methodological differences are seldom made explicit, which 
hinderss comparison of different studies and makes it impossible to assess a particular  phylogeny outside its 
ownn scope. The effects of these methodological differences must be considered before we can hope to reach 
aa morphological reference framework needed for  effective comparison and combination with the evidence 
obtainedd from molecular  and developmental genetic studies. 
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'W ee shall not cease from exploration 
Andd the end of all our  exploring 
Wil ll  be to arriv e where we started 
Andd know the place for  the first  time 

Throughh the unknown, remembered gate 
Whenn the last of earth left to discover 
Iss that which was the beginning' 

T.. S. Eliot, 1943 
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I.. INTRODUCTION 

Everr since Darwin stressed that the 'relationships' 
amongg species are genealogical, biologists have 
attemptedd to reconstruct the tree of life. The history 
off  the subject is complex and important, and deserves 
moree attention from historians (see Bowler, 1996; 
Nyhart,, 1995 and discussion in Horder, 1998). 
Comparativee anatomy and embryology became the 
toolss of the trade, and countless phylogenetic 
schemess have been proposed since Darwin's time. 
However,, littl e agreement emerged about the 
higher-levell  phylogeny of the animal kingdom. A 
numberr of factors may be held responsible for this 
situation.. First, phylogenetic schemes were often 
proposedd by considering only a few characters. On 
thee one hand, knowledge about invertebrate anat-
omyy and embryology was too inadequate to allow 
firmfirm phylogenies to be erected. On the other hand, 
workerss strongly adhered to the data of their trade 
andd consequently considered only part of the 
availablee information as important for sorting out 
evolutionaryy relationships. The ' Kompetenzkon-
flikt'flikt'  that developed in the late nineteenth century 
betweenn comparative anatomy and embryology 
clearlyy illustrates this (Nyhart, 1995). Second, there 
wass no rigorously defined method of analysis. Before 
cladisticss came into vogue, proposed theories fre-
quentlyy put invertebrate evolution into a particular 
lightt without equal attention to all available in-
formation.. Often, such theories constrained fruitful 
thinkingg about invertebrate evolution (e.g. 
enterocoell  theory) and were in effect untestable. In 
addition,, much energy was devoted to the search for 
ancestrall  taxa and the construction of various 
hypotheticall  ancestors. Finally, organisms were 
sometimess united on the basis of symplesiomorphies 
orr even by common ascent (e.g. Janvier, 1996) 
resultingg in the erection of para- or polyphyletic 
groups.. These considerations contributed to the 
imagee of higher-level phylogeny as subjective and 
largelyy speculative. This stands in high contrast to 
thee manifest importance of the questions addressed 
byy invertebrate phylogeny. 

Somee relatively recent developments have con-
tributedd to a blossoming of activity in the field of 
higher-levell  invertebrate phylogenetics. Prominent 
amongg these is the exploration of new sources of 
information,, such as analysis of molecular sequences 
(e.g.. Aguinaldo et al., 1997; Field et al., 1988), study 
off  gene duplications (e.g. Bailey et al., 1997), gene 
rearrangementss (Boore et al., 1995), genomic 
signaturess (Karlin & Mrazek, 1997), Hox genes (e.g. 

Averoff  & Akam, 1995; Carroll, 1995), ultrastructure 
(e.g.. Rieger, 1986; Storch, 1979), and evolutionary 
developmentall  biology (e.g. Hall, 1992; Wray, 
1997).. Another seminal development has been the 
adoptionn of cladistics as a uniform method for 
phylogenyy reconstruction and data processing. This 
allowedd taxa to be understood as monophyletic 
evolutionaryy entities, and the search for ancestor-
descendantt lines was abandoned for the analysis of 
sister-groupp relationships. The uniform method of 
cladisticss greatly facilitated the testability and 
comparabilityy of different studies. However, it took 
aa relatively long time before 'deep phylogeny*  was 
approachedd with explicit cladistic methods. 

II .. CLADISTIC ANALYSES OF THE METAZOA: 
CONSENSUSS OR CONFUSION? 

Majorr advances have been made since Haeckel 
(1866)) constructed his artistic phylogenies of the 
animall  kingdom, but some of the old problems still 
remainn (Barnes, 1985; Ghiselin, 1989). Recent 
discussionss of phylum-level relationships in books 
(Brusca,, Brusca & Gilbert, 1997; Raff, 1996) and 
manyy journal articles (Conway Morris, 1993, 1994; 
Erwin,, Valentine & Jablonski, 1997; Valentine, 
1997)) put increasingly more emphasis on molecular 
phylogenies,, especially those derived from 18S 
rRNA/DNAA data. This bias may lead to an 
unwarrantedd consensus of animal phylogeny that 
couldd actually misrepresent the amount of perceived 
agreementt reached when one disregards morpho-
logicall  and other evidence. A recent book on 
evolutionaryy developmental biology states that 'the 
[molecular]]  cladograms generally agree with each 
otherr and with standard morphological analysis...' 
(Gerhartt & Kirschner, 1997, p. 23). Notwithstand-
ing,, it is becoming clear that molecules and 
morphologyy are telling (at least in part) a very 
differentt story at the phylum level (e.g. position of 
thee 'lophophorate' phyla, subdivision of the proto-
stomee phyla into Ecdysozoa and Eutrochozoa, 
polyphylyy of the Asehelminthes). Furthermore, the 
resolutionn achieved with 18S ribosomal sequence 
dataa is fairly restricted (e.g. Aguinaldo et al., 1997; 
Maleyy & Marshall, 1998; Philippe, Chenuil & 
Adoutte,, 1994), and it does not always accord with 
resultss obtained from other molecules. Analyses of 
molecularr sequence divergences have abo facilitated 
thee estimation of the timing of the origin of the 
metazoann phyla, although some of the estimates 
remainn disputed (see Doolittle et al., 1996; Fortey. 

96 6 



II C £ « 
CC CL O 

ll O O £ 

«« 5 ï» £ « 

s*a*1ilfi< < 
ffffï*?flil*i ffffï*?flil*i ~~ ^  - .̂  o c o Ï5 c c .c d £ u i 
H ( 3 I I < j ï 0 . Z 2 U 5 z m u i < l h O 3 U U [ l . l l l l l 

II I 

I I 
Fig.. 1. Strict consensus representation of the strict consensus trees from Schram (1997) and Nicisen et al. '1996). 

Briggss & Wills, 1996; Wray, Levinton & Shapiro. 
1996;; Doolittle, 1997; Feng, Cho & Doolittle, 1997; 
Ayala,, Rzhetsky & Ayala, 1998). 

Thee remainder of this paper will deal with 
morphologicall  cladistic analyses of the phylogeny of 
invertebratee phyla. Molecules and morphology 
constitutee two independent lines of data and it is 
beyondd the scope of this review to begin to compare 
thee results of the variety of molecular analyses. We 
firstt need a clearer indication of the phylogenetic 
signall  present in the morphological data before 
meaningfull  comparisons can be made. 

Overr the last decade, a number of phylogenetic 
analysess have been published that have dealt 
specificallyy with metazoan phylum-level inter-
relationshipss based on comparative anatomy and 
embryology.. Most of these employed some form of 
cladisticc analysis (e.g. Ax, 1989. 1995; Backeljau, 
Winnepenninrkxx & Df Bruyn. 1993; Brusca & 
Brusca,, 1990; Christoflersen & Araüjo-de-Almeida, 
1994;; Eemisse, Albert & Anderson, 1992; 
Haszprunar.. 1996: Meglitsch & Schram, 1991; 
Nielsen.. 1995; Nielsen, ScharfT & Eibye-Jacobsen, 
1996;; Rouse * FanchalH. 1995, 1997; Schram, 
1991,, 1997; Schram & Ellis, 1994; Wallace, Ricci & 
Melone,, 1996; Wheeler, Cartwright & Hayashi, 
1993).. Ax (1989, 1995), Nielsen (1995) and 
Christofïersenn & Aranjo-de-Almeida (1994) 
emplovedd a manual (Hennigian) method of par-
simonyy analysis, although 'heir underlying assump-
tion?? differ 

Onlyy F. R. Scliiam and C. Nielsen and their 
respectivee associates have performed computer-
assistedd cladistic analyses of all the phyla sim-
nltanroiwly.. There are certainly more higher-level 
phylogeneticc studies evident in the literature, but 
Hiesee usually have a more restricted focus, and often 
includee clitf'rrnt phyla onlv to function as out-

groupss to a supposed monophyletic in-group (e.g. 
Salvini-PIawenn & Steiner, 1996; Carlson, 1995). In 
otherr cases, the discussion is in the context of 
importantt fossils (e.g. Beall, 1991; Conway Morris & 
Peel,, 1995; Waggoner, 1996). The analysis of 
Willmerr (1990) takes an exceptional position, in that 
noo formalized method of analysis was used. She 
concludedd that the prevalence of convergent evol-
utionn wil l frustrate every attempt to arrive at a 
higherr classification of the invertebrates on the basis 
off  morphology. 

Theree are claims in the recent literature that 
certainn invertebrate relationships now stand solid. 
Arthurr (1997) attempted a consensus analysis of 
somee of the recent literature, but his study is limited 
too only a portion of the published morphological 
cladisticc papers and also includes non-cladistic works 
andd works based on molecular data. Furthermore, 
hiss consensus 'cladogram' is an intuitive amal-
gamationn of the different sources, and is certainly 
nott a consensus cladogram in any meaningful 
cladisticc sense (i.e. representing information com-
monn to a specified number of cladograms). In 
addition,, Schram (1995) and Nielsen (1997a) indi-
catedd some patterns of relationship that appear to be 
agreedd upon. However, when considered in greater 
detail,, the picture becomes obscured. A strict 
consensuss representation of the two latest com-
prehensivee computer-assisted analyses of metazoan 
phylogenyy (Nielsen et at., 1996; Schram, 1997) 
showss that there is still much to be done (Fig. 1). The 
lackk of detailed correspondence of these two large-
scalee analyses may help diagnose more widespread 
issues. . 

Inn the following discussion, we wil l critically assess 
recentt attempts to arrive at a higher-level phylogeny 
off  the invertebrates. The focus wil l be on recent 
cladisticc studies of morphology and embryology. We 
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wil ll  assess the relative merit of these studies from a 
methodologicall  point of view. We will indicate 
profoundd differences between the various studies in 
thiss respect. These differences in the proposed 
phylogeniess will be ascribed to different strategies of 
characterr selection, the inclusion of different taxa, 
thee adoption of different methods of character 
constructionn (including character coding, character-
statee delineation, character weighting), different 
methodss of ground-pattern reconstruction and the 
employmentt of different analytical techniques. We 
wil ll  suggest a number of rules, and a strategy 
necessaryy for the development of a more effective 
morphological,, phylogenetic framework that can 
functionn as a reference point for comparison with 
phylogeniess derived from other kinds of data. We 
wil ll  point out common difficulties of the analyses in 
general,, and particular weaknesses of some of the 
individuall  studies. We will illustrate these problems 
byy critically assessing alternative phylogenetic hy-
pothesess proposed in the current literature. This 
revieww does not provide a detailed analysis of the 
phylogeneticc relationships of all the invertebrate 
phyla.. That will be the aim of a forthcoming paper. 

III .. CONSTRUCTING THE DATA MATRIX 

Mostt comments we have concern practices of data 
matrixx construction. In contrast to discussions of the 
methodss of analysis of given data sets, the discussion 
off  problems of character definition have received 
relativelyy littl e attention in the theoretical literature 
(Hawkins,, Hughes & Scotland, 1997; Pogue & 
Mickevich,, 1990). Nonetheless, the mode of defining 
characterss and delineating character states is the 
primee determinant of the outcome of any cladistic 
analysis.. However, different authors adhere to 
drasticallyy different philosophies when it comes to 
;hee selection and treatment of characters. Authors 
cann differ with regard to the number and nature of 
thee characters included in the analysis (based on a 
prioripriori  conceptions of the evolutionary significance of 
thee characters), the details of character coding 
(whetherr binary, multistate, ordered), character 
scoringg ('inapplicable' or polymorphic), and 
characterr weighting (a priori, a posteriori). Other very 
importantt choices are associated with the recon-
structionn of phylum-level ground-patterns, the selec-
tionn of the in-group and out-group taxa, whether 
poorlyy understood but potentially important 
'problematica'' and fossils should be included, and 
thee methods of analysis (e.g. manual versus computer-

assisted).. Various authors have pointed to the 
importancee of these issues, but only lip service has 
beenn paid lo the explicit assessment of these issues in 
thee context of practical application in phylogenetic 
analysess of the animal phyla. 

(1)) Character selection 

Phylogeneticc hypotheses based on few characters 
mayy differ substantially from analyses that use more 
orr different data. A striking example that illustrates 
thee effect of character selection is the case of the 
phylogeneticc relationships of turtles. Lee (1995) 
showedd that the choice of characters used in cladistic 
analysess of basal amniotes has been biased towards 
'' key*  features used in older studies performed within 
outdatedd methodological frameworks. This led to 
thee neglect of a set of phylogenetically important 
featuress that were essential for the correct identi-
ficationfication of the nearest turtle relatives. 

Thee dangers of either incorporating inappropriate 
data,, or ignoring potentially informative data are 
particularlyy pertinent for higher-level phylogeny. 
Here,, the intrinsically limited availability of in-
formationn has a prominent effect. It is therefore 
cruciall  to understand the factors that influence the 
selectionn of characters for a phylogenetic analysis. 

First,, the level of analysis determines what 
characterss are potentially informative. Characters 
thatt are informative (apomorphic) at a certain level 
mayy be uninformative (symplesiomorphic) at 
anotherr level. The level of analysis is closely lied to 
taxonn selection and will be discussed below in section 
I1I.5. . 

Second,, one can choose lo rely exclusively on 
characterss of a particular type (e.g. ultrastructural 
data),, or from a particular stage of the life cycle of 
thee animals (e.g. adult morphology). For example, 
Rousee & Fauchald (1995) in their analysis of annelid 
interphyleticc relationships restricted the characters 
too adult morphology (although in fact one character 
dealss with cleavage type). Consequently, they scored 
'protonephridia**  absent in Clitellata, Echiurida, 
Molluscaa and Polychaeta. However, 'proto-
nephridia'' can be considered to be present in the 
larvall  ground-pattern of these taxa (Bartolomaeus, 
1989,, 1995; Haszprunar, 1996). Inclusion of larval 
characterss will therefore lead to a different ground-
patternn reconstruction. This may affect the outcome 
off  the analysis and the range of character trans-
formationss allowed by the data. 

Third,, character choice is determined by primary 
homologyy assessment (Hawkins el «/., 1997; De 
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Pinna,, 1991). This crucial step in the analysis 
remainss subjective and stands in contrast to the 
methodologicall  rigor of the actual cladistic analysis. 
Opinionss about primary homology may differ 
greatlyy between studies (e.g. Nielsen, 1987; Salvini-
Plawen,, 1980 on homology of larval types). An 
especiallyy clear example of the effect of primary 
homologyy assessments on character selection is linked 
too adherence to a particular *view of evolution', such 
ass the Trochaea Theory (Nielsen & Norrevang, 
1985).. The centrepiece of this theory is the notion of 
thee independent evolution of a protostomian and a 
deuterostomiann lineage from a common, radially 
symmetrical,, non-coelomate planktonic ancestor 
(gastraea).. This assumption entails that, except at 
thee level of the holoplanktonic gastraea, homo-
logizingg characters across the 'protostome-
deuterostomee boundary' is not justified. Characters 
suchh as mesoderm and its derivatives, and coelomic 
cavitiess thereby lose their phylogenetic potential. 
Moreover,, the theory proposes that the adult stage of 
thee Cnidaria evolved independently from the 
gastraea,, while the adult stage of the Porifcra 
evolvedd independently from a more distant ancestor 
(blastaea)) (Nielsen, 1998). Put differently, an im-
portantt problem associated with a reliance on an a 
prioripriori  set of constraints of character assessment, such 
ass the Trochaea Thory, is an unnecessary restriction 
off  the range of potentially informative characters. 
Thiss leads to a scenario-driven phylogenetic hy-
pothesiss (see also Marques, 1996). Nielsen (1995) 
showss the effect of such a straightjacket in regards to 
thee selection of phylogenetic characters. The analysis 
off  Nielsen et al. (1996). however, circumvents this 
problemm to a great extent by including potentially 
informativee characters even it' they contradict the 
assumptionss of the Trochaea Theory (namely 18, 
26,, 28, 50, 52, 55). However, some remnants of the 
assumptionss of the Trochaea Theory are still 
detectablee in this study, such as the exclusion of 
'bilaterall  symmetry' as a potentially informative 
character. . 

Especiallyy in some of the earlier cladistic studies of 
phylumm relationships (Brusca & Brusca, 1990; 
Meglitschh & Schram, 1991) characters have some-
timess been defined with very littl e attention to 
primaryy homology. Characters such as 
'cephalization',, 'general free-swimming larva', and 
'speciall  excretory organ' have been used, but the 
limitedd detail of the definitions seriously com-
promisess the phylogenetic value of such characters. 
Primaryy homology assessments should be 
approachedd with more care. 

Fourth,, characters need to be independent from 
eachh other so as not to provide spurious clade 
support.. Character independence is the most com-
monn assumption of cladistic analyses (Emerson & 
Hastings,, 1998). Yet it proves difficult to outline a 
sett of strict criteria for evaluating character in-
dependence.. It is, therefore, not surprising to see that 
differentt authors use different criteria for diagnosing 
characterr independence. These criteria range from 
acceptingg anything short of exact co-variation of 
characterss as indicative of character independence 
(acceptingg simple correlation between characters as 
evidencee of non-independence, however, is an 
insufficientt criterion; sec Jones, Kluge & Wolf, 
1993),, to accepting only those characters that show 
absolutelyy no topological, temporal, hierarchical 
orr ontogenctical correspondence. Importantly, 
differentt decisions on character independence can be 
translatedd into different character coding strategies 
(Wilkinson,, 1995). When comparing the analyses of 
Eernissee el al. (1992) and Rouse & Fauchald (1995) 
onn the interphyletic relationships of spiralians, the 
effectt of different attitudes towards character in-
dependencee becomes strikingly obvious. Eernisse el 
al.al. (1992) used 141 characters, while Rouse & 
Fauchaldd (1995) only used 13 characters! 

Tnn summary, character selection has a prominent 
effectt on the outcome of phylogenetic analyses. 
Theree is only a limited overlap in the characters used 
inn the diflèrent studies. Thus, differences in character 
selectionn account for a considerable number of 
discrepanciess between proposed phytogenies of the 
animall  phyla. This probably holds true also for 
analysess on different taxonomical levels (e.g. see 
Schultze,, 1994 for sarcopterygian relationships). 
Unfoundedd exclusion of characters can be a serious 
sourcee of bias in an analysis. Proposing sister-group 
relationshipss on the basis of single characters without 
aa congruence study is an extreme case of this 
problemm (e.g. Rieger & Tyler, 1995). 

(2)) Character  construction 

Onee fundamental and as yet unresolved problem of 
phytogenyy reconstruction is the coding of characters. 
Theree are various approaches to the construction of 
cladisticc characters (Hawkins el al., 1997; Pleijel, 
1995;; Wilkinson, 1995). Given a certain observed 
patternn of organismal variation, different strategies 
off  character coding can yield quantitatively and 
qualitativelyy different results (Hawkins el al., 1997; 
Wilkinson,, 1995). Unfortunately, widely different 
codingg strategies are often employed without any 

99 9 



explicitt discussion, and frequently a mixture of 
techniquess is applied within a single study. When we 
assessedd the different phylum-level analyses, it 
becamee clear that different character coding 
strategiess contributed significantly to the differences 
amongg the proposed phylogenetic hypotheses. 
Exampless abound in the literature and the effect of 
adoptingg a particular coding strategy is usually 
neverr evaluated. 

Onee of the most important considerations that 
shouldd enter into the choice of a particular coding 
strategyy is whether the observed variation in 
characterss is considered to be independent, 
empiricallyy or biologically (Wilkinson, 1995; 
Emersonn & Hastings, 1998). The most common 
dangerr of treating characters that are not inde-
pendentt as separate characters is that of spurious 
cladee support. For example, Eernisse et at. (1992) 
scoree at least nine characters (9, 61, 64, 15, 54 
[ == 56], 55, 57, 58, 59) associated with 'metamerism' 
off  the body, while Rouse & Fauchald (1995) only 
scoree one character with regard to 'segmentation'. 
However,, it may also result in logical inconsistencies 
inn coding when hierarchical linkage between 
characterss is not acknowledged. For example, in the 
matrixx of Meglitsch & Schram (1991) (see also 
Schram,, 1991) we identified at least ten 'linkage 
groups'' of two or more characters'that are treated 
independently,, but are, in fact, hierarchically linked 
(e.g.. characters [4, 14], [12, 18, 24J, 120,57], [6, 13, 
23,, 69], f 11, 19, 43], [21, 42, 51, 52, 63, 64], [3, 22, 
49,, 54], [31, 32, 53], [46, 47], [71, 74]). Incorrect 
codingg of these characters introduced inter-
pretationall  ambiguity into the analysis. For 
example,, characters 18 and 24code 'radialcleavage' 
ass the plesiomorphic character state, and 'spiral 
quartett cleavage', and 'aberrant spiral cleavage' as 
thee respective apomorphic character states. Thus, 
taxaa with both 'spiral quartet cleavage', and at the 
samee time ' radial cleavage' are scored. This problem 
cann be easily corrected by creating multistate 
characterss with separate character states for 
'absence/slatee 1/state 2', or separate characters for 
'absence/presence'' and 'state 1 /state 2' whereby in 
thee case of the absence of the character 'inap-
plicable'' is scored (for relative merits of these 
strategiess sec Hawkins et al., 1997; Pleijel, 1995). 
Also,, the data matrix of Meglitsch & Schram (1991) 
containss some characters (namely 25, 35, 38,44, 48, 
58)) in which the character states do not have a 
complementt relationship (i.e. they do not accurately 
describee two logically alternative and complemen-
taryy character states). The principal effect here is the 

inabilityy to distinguish between absence of the 
characterr and having the plesiomorphic character 
state.. Recoding of characters is necessary. 

Whetherr conventional coding, nominal variable 
codingg or multistate coding should be applied 
remainss a contentious issue (Meier, 1994: Pleijel, 
1995;; Wilkinson, 1995; Hawkins et al., 1997). Each 
methodd has its own specific merits and associated 
problems.. Multistate coding sacrifices information at 
aa more general hierarchical level for a less general 
levell  (Pleijel, 1995). As examples of this effect 
comparee the analyses with multistate coding and 
absence/presencee coding of the same data in Rouse 
&&  Fauchald (1997) and the analyses of Jefferies 
(1997)) and Peterson (1995). 

Whenn more conventional coding is employed a 
problemm arises when in addition to the absence/ 
presencee of a character a further differentiation is to 
bee made when the character is present. The only 
logicallyy consistent method then scores 'inappli-
cable'' for those taxa that do not possess the 
character.. Most of the recent phylum level analyses 
sufferr to various extents from problems with in-
consistentt application of 'inapplicability' scoring 
(e.g.. Meglitsch & Schram, 1991; Eernisse et al., 
1992;; Wheeler et at., 1993; Haszprunar, 1996; 
Nielsenn et al., 1996; Wallace et al., 1996). In-
appropriatee use of inapplicability scoring may lead 
too the incorrect grouping of taxa on ihe basis of 
inappropriatee absences or loss of a character (see also 
Rousee & Fauchald, 1995). Waggoner (1996) created 
aa separate character state for inapplicable charac-
ters.. The results of this analysis differed from those 
obtainedd by conventional treatment of inapplicable 
characters.. However, current computer programs 
forr phylogenetic inference such as PAUP (Swofford, 
1993)) treat inapplicable characters and unavailable 
dataa ('?') in the same way. The program has to 
assignn a character state to a taxon, and so can assign 
aa meaningless character state. Performing separate 
analysess at different hierarchical levels is an alterna-
tive.. An ultimate solution has to await the de-
velopmentt of new phylogenetic software that can 
deall  with problems of hierarchically nested 
characterss (Maddison, 1993). Until then the prob-
lemm should be acknowledged, and the effect of 
differentt coding strategies for a given data set should 
bee evaluated (e.g. Glenncr et al., 1995). 

Ass a final clear example of the effects of different 
codingg strategies we recoded the multistate 
characterss of Haszprunar (1996) as absence/ 
presencee characters. Haszprunar (1996) analysed 
thee interphylum relationships of the Mollusca and 
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Cnidari a a 
Ctanopho n n 
Acoetomojpha a 
Rhabdtophor a a 
GnathoctomuHd a a 
CatanuU a a 
Lobatocerebru m m 
Nwnartina a a 

Myzostomid a a 
SipunoAd a a 
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 Clonophor a 
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.. RhabdHophor a 
.. GnathoetomuKd a 
.Catenu*d a a 
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^ ^ 

Karnptozo a a 
MoMuaca a 
Myzostomid a a 
SipuncuM a a 
EcWurkl a a 
PotycnMt a a 
Ciitelata a 

Cnidari a a 
Ctanophora a 
Aooekxnorph a a 
Rhabdttophor a a 
Catenuöd a a 
Gnathostomulid a a 
Lobatocarabru m m 

Kamptozo a a 
MoNuaca a 
Sipunculid a a 
Echkjrid a a 
Potychaau i i 
CMetata a 
MyzoatomW a a 

Fig.. 2. Strict consensus representation of Haszprunar's 
(1996)) unequally weighted analysis (A), equally weighted 
analysiss (B), and our  adjusted equally weighted (binary 
coded)) analysis (C). 

suggestedd a sister-group relationship of the 
Entoproctaa (Kamptozoa) and Mollusca that was 
previouslyy proposed by Barlolomaeus (1993). 
Haszprunarr  (1996) used 40 morphological 

characterss of which II  were multistate. The 
Mollusca-Entoproctaa sister-group relationship 
resultedd from an analysis that was a priori  unequally 
weightedd and was supported in the strict consensus 
treee (Fig. 2 A). The strict consensus of the equally 
weightedd analysis did not resolve mollusc relation-
shipss (Fig. 2B). We recoded eight multistate 
characterss (characters 6, 11,12, 14,17,22, 23,36) as 
absence/presencee characters scoring inapplicable 
characterss as *? \ After  correcting two scoring 
mistakess (characters 36 for  Acoelomorpha and 40 for 
Polychacta)) we reanalysed the adjusted data set 
(availablee upon request) and obtained two MPTs 
(versuss six MPT s using the original data set) after  an 
equallyy weighted analysis (Fig. 2C depicts the strict 
consensuss tree). Notice that the strict consensus tree 
off  the adjusted analysis is more highly resolved than 
thee original , and that the Entoprocta-Mollusca 
sister-groupp relationship is not supported. Recoding 
allowedd more characters to be informativ e at a more 
generall  level. However, the inapplicabilit y coding 
mayy lead to unwarranted character-state assign-
ments. . 

Wee are not converting such differences in charac-
terr  coding into value judgments, right or  wrong, but 
thesee differences do have a strong effect on the 
outcomee of a phylogenetic analysis (e.g. Jefferies, 
1997;;  Rouse &  Fauchald, 1997; Wilkinson, 1997). 
Hence,, we need to assess this effect more full y and 
moree explicitly than is current practice, and to do so 
wouldd allow a more balanced and reliable estimation 
off  the phylogenetic signal present in the data. 

(3)) Reconstruct ing ground patterns 

Onee of the hallmark s of rtadistics is the disposal of 
ancestorss occupying a central place in systematica. 
Cladisticc analysis solely identifies sister-group re-
lationshipss and does not recognize ancestor-descen-
dantt  relationships. However, ancestors do play 
ann important role when analysing the phytogeny of 
higher-levell  taxa. Reconstructing ancestral charac-
terr  states then represents a necessity for  the proper 
reconstructionn of phylogeny. For  cladistic purposes 
thee plesiomorphic character  states of a taxon con-
stitutee the ground-pattern or  ground-plan of that 
taxon.. The reconstruction of this ground-pattern of 
aa taxon is a crucial step in a phylogenetic analysis 
andd determines the range of possible outcomes of 
thee analysis. Therefore, this step deserves detailed 
attention. . 

Yeatess (1995) described two methods of ground-
patternn reconstruction: the intuitiv e method and the 
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Tablee 1. Different methods of ground-pattern reconstruction and the resulting plesiomorphies for various higher-level taxa 

Taxonn Plcsiomorphic 

Rotifrr aa Planktotrophtc larva (Nielsen, 
1995,, 1998) 

Directt  development (Haszprunar, 
Salvini-Plawenn &  Rieger, 1995) 

Arthropod aa Spiral cleavage {Nielsen, 1995) 

Irregularr  'radial '  cleavage 
(Scholtz,, 1997) 

Molluscaa Cuticle with conchin (Rouse & 
Fauchald,, 1995) 

Cuticlee with chitin (Haszprunar, 
1996) ) 

Polychaetaa Metancphridia (Rouse & 
Fauchald,, 1995) 

Protonephridiaa (Haszprunar, 
1996) ) 

Bilateriaa Epithelio-muscle cells (Rieger, 
1986;;  Rieger  &  Lombardi, 
1987) ) 

Myocytess (Bartolomaeus, 1994) 

Criterio n n 

Trochaeaa Theory, homology of corona with 
proio-- and tnetatroch or  trochophorcs 

Out-groupp comparison 

Presentt  in 'primitive ' crustaceans, 
convergentt  evolution unlikely 

Commonn in in-group, crustacean spiral 
cleavagee is autapomorphy when mapped 
onn crustacean phytogeny 

Basedd on gastropods 

Basedd on aculiferans 

Adultt  morphology 

Larvall  morphology 

Structurall yy similar  and similarly 
distributedd as supposedly primitiv e 
monociliatrr  epithelial cells 

Out-groupp comparison (Ctenophora) 

exemplarr  method. The intuitiv e method deduces a 
ground-patternn according to certain criteri a by 
comparingg a number  of in-group species. These 
criteri aa include: (1) 'common occurrence within the 
in-groupp equals primitive ' (e.g. Xianguang & 
Bergström,, 1997); (2) character  state occurring in 
thee most plesiomorphic clade(s) of the in-group 
(cladee arising from in-group node with fewest 
terminals)) is primitiv e (e.g. spiral cleavage as 
plesiomorphicc for  arthropods in Nielsen, 1995); (3) 
lowestt  degree of complexity is primitiv e (Biggelaar, 
Dictuss &  van Loon, 1997); (4) low degree of cellular 
specializationn is primitiv e (Rieger, 1986; Robson, 
1985).. The exemplar  method, on the other  hand, 
deducess a ground-plan during a maximum par-
simonyy analysis of a number  of lower-level taxa, 
usingg (multiple) out-groups. This method is the most 
powerfull  and methodologically sound procedure for 
polarizingg character  states (Watrous &  Wheeler, 
1981;;  Maddison, Donoghue &  Maddison, 1984; 
Yeates,, 1995; Wilson, 1996). The intuitiv e and 
exemplarr  methods do not necessarily give the same 
plesiomorphicc character  state reconstructions. 

Strikingly ,, virtuall y all phylum-level analyses 
employy intuitiv e methods for  reconstructing ground-
plans.. This allows a great diversity of ground-plan 
reconstructionss for  some taxa. It must be mentioned 
thatt  for  some phyla (or  groups of phyla) out-groups 

dodo not provide valuable information for  character 
polarizationn because a particular  character  may be 
inapplicablee outside these phyla. For  cladistic 
purposess it is recommended to infer  the ground-
patternn for  a phylum by performing a cladistic 
analysiss within that phylum (Yeates' exemplar 
method).. However, even rigorous and explicit 
methodss using maximum parsimony may lead to 
uncertainn results (Cunningham, Omland &  Oakley, 
1998).. Especially in the case of highly polymorphic 
taxaa such as the arthropods this may be a fun-
damentall  problem. A significant number  of ir -
reconcilablee hypotheses of invertebrate phylogeny 
hingee on differences in the reconstruction of phylum-
levell  ground-plans. For  example, Nielsen (1995, 
1998)) considers a biphasic pelago-benthic life cycle 
withh ciliated larvae ancestral for  Platyhelminthes 
andd Nemertinea. The arguments for  doing so appear 
too be a combination of'  common in the in-group is 
primitive ''  and predictions of the Trochaea Theory. 
Tentativee similarit y between ncmcrtean pilidiu m 
larvaee and polyclad Gotte's larvae served as a basis 
forr  a putative synapomorphy uniting these two 
phylaa as Parenchymia (Nielsen, 1995), In contrast, 
Axx (1995) and Haszprunar  (1996) argue for  a 
monophasicc life cycle with direct development in 
thesee phyla. Larval similarities are considered the 
resultt  of convergence. Table 1 illustrates some 
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Tablee 2. Criteria underlying Haszprunar's (1996) 
charactercharacter weighting decisions 

Highh significance 
Characterss restricted to well-demarcated set of taxa 
(e.g.. collagenous cuticle) 

Characterss that show high degree of structural 
and/orr functional complexity, especially in 
associationn with a similar ontogeny (e.g. septate 
junctionss of epidermal cells, nature of circulatory 
system,, hindgut system, anus) 

Characterss of high complexity with expected great 
conservativenesss (e.g. cerebral ganglion, orthogonal 
nervouss system) 

Mediumm significance 
Structurallyy complex but controversial homology 

(e.g.. setae, protonephridia, mesodermal germ layer) 
Structurallyy complex but may easily evolve (e.g. 
respiratoryy pigments) 

Difficult yy of estimating phylogcnetic significance (e.g. 
gonocoel) ) 

Difficult yy of changing between character states 
unknownn (e.g. spiral quartet cleavage) 

Probabilityy of homology is unknown (e.g. molluscan 
cross) ) 

Out-groupp comparison is equivocal (e.g. cell fate 
duringg cleavage) 

Probabilityy of homology is uncertain and 
plesiomorphicc state is unclear (e.g. anus formation) 

Loww significance 
Highh probability of convergent evolution (e.g. cuticle 
layers) ) 

Observedd polymorphism within a taxon (e.g. 
monociliatee cells, muscle histology and striation, 
asexuall  reproduction) 

Characterss of low complexity (e.g. pedal glands) 
Expectancyy of easy evolutionary change based on 
ontogenyy of character (e.g. position of anus in 
proloslomes) ) 

Uncertaintyy about exact correspondence of repeated 
elementss (e.g. ventral nerve cords) 

Evolutionaryy change appears easy (e.g. podocytes) 
Doubtss about homology (e.g. coelomocytes, larval 
types) ) 

Presentt in taxa excluded from the analysis (e.g. 
teloblasticc segmentation) 

additionall  examples of conflicting ground-pattern 
reconstructions. . 

Wee need to strive for more rigorous and explicit 
ground-patternn reconstructions using maximum 
parsimonyy methods. The great majority of ground-
patternss are inferred through intuitive methods. At 
thee very least a more detailed assessment of the effect 
off  differing ground-pattern reconstructions is necess-

ary.. Performing phylogenetic analyses on data with 
differingg ground-pattern assumptions is effectively 
doingg phylogenetic analyses on different taxa! 

(4)) Character  weight ing 

Characterr weighting in phylogenetic analysis re-
mainss a contentious issue (NefT, 1986; Wheeler, 
1986).. The majority of the published phylogenetic 
analysess of thee invertebrate phyla have been equally 
weightedd analyses. Nielsen et at. (19%) applied an a 
posterioriposteriori weighting scheme (successive weighting) 
basedd on the outcome of an equally weighted 
parsimonyy analysis, to allow a choice among several 
mostt parsimonious trees. As expected (Farris, 1969), 
additionall  resolution was achieved over that of the 
strictt consensus representation of the equally 
weightedd analysis. However, not all additional sister-
groupp relationships in the successively weighted tree 
weree unambiguously supported (see Table 5). 
Moreover,, the weighting scheme introduced a range 
off  weights from 0 to 1000. This makes it difficul t to 
understandd the exact influence each character had 
inn the analysis. 

AA priori  weighting presents additional problems. I t 
iss very difficult to delineate an objective, biologically 
meaningfull  a priori  weighting scheme (Neff, 1986). 
However,, some recent attempts have been made to 
rationalizee the implementation of a priori  weighting. 
Haszprunarr (1996) assigned a weight (low, medium, 
high)) to characters according to the likelihood of 
homologyy of those characters for the taxa analysed. 
Tablee 2 outlines Haszprunar's (1996) motives under-
lyingg his weighting decisions. Although some of these 
criteriaa appear to be founded upon an explicit 
biologicall  basis, there is a grey area (especially 
betweenn characters with low or medium weight) 
wheree a decision concerning a particular weight is 
nott straightforward. Consequently, interpretation of 
thesee characters may differ substantially between 
authors.. Moreover, Haszprunar's (1996) equally 
weightedd analyses do not support all clades evident 
inn the unequally weighted analyses. Emerson & 
Hastingss (1998) argued for down-weighting bio-
logicallyy correlated characters. Similarly, Pleijel 
(1995)) and Rouse & Fauchald (1997) developed 
weightingg strategies to correct for hierarchically 
linkedd characters. The latter showed that phylo-
geneticc hypotheses resulting from equal weighting 
andd unequal weighting can differ. 

Acknowledgingg the existence of differential 
weightingg schemes, it is interesting to compare the 
significancee attached to characters in different 
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Tablee 3. Comparison of differential weighting schemes ofjVielsen et al. (1996) {successive weighting) and Haszprunar 
(1996)) (a prior i weighting) 

Character r 

Haemall  system 
Metanephridia a 
Spirall  cleavage &  4d-mesoderm 
Teloblasticc segmentation 
Collagenouss cuticle 
Larvaee or  adults with downstream 
collectingg system 

Characterr  weight 
rial.,rial.,  199G) 

Low w 
Low w 
Medium/low w 
High h 
Medium/low w 

(Nielsen n 

Loww (high in Nielsen, 1995) ) 

Characterr  weight 
(Ilaszprunar,, 1996) 

High h 
High h 
High h 
Low w 
High h 
Zero o 

studies.. Table 3 illustrates a number  of considerable 
differencess in weighting between the analyses of 
Nielsenn et al. (1996) (after  successive weighting) and 
Haszprunarr  (1996) (after  a priori  weighting). These 
differencess must be acknowledged and assessed for 
theirr  effect and biological significance. 

Equall  weighting has the great merit of inter-
pretationall  clarity . Especially when a priori 
differentia ll  weighting is heavily influenced by per-
sonall  opinion, an equally weighted analysis should 
alwayss be performed as a baseline analysis. All 
assumptionss and criteri a for  differential weighting 
shouldd be clearly and explicitly stated. It is critical to 
bee able to understand what are the exact effects of 
differentt  decisions concerning both the weight and 
ihee exclusion of certain characters. 

(5)) Taxon select ion and level of analysis 

Onee of the most influential steps in any phylogenetic 
analysiss is the selection of proper  in-group and out-
groupp taxa (e.g. see Eibye-Jacobsen &  Nielsen, 
1996;;  Rouse, 1997). This is especially pertinent in 
analysess that deal with only a selection of the animal 
phylaa (Haszprunar, 1996; Rouse &  Fauchald, 1995; 
Wallacee et al., 1996; Wheeler  et at., 1993). Some 
analysess treat more than one phylum only to provide 
multipl ee out-groups for  a monophyletic in-group 
(Carlson,, 1995; Salvini-Plawen &  Steiner, 1996). 
Thee range of possible phylogenetic relationships is 
determinedd by the taxa included. As with characters, 
whatt  you pick is what you get. 

Restrictingg a phylogenetic analysis to a certain 
Linnaeann category, such as the phylum, can be 
problematicc when there is doubt about the 
monophylyy of one of the taxa. Author s can differ 
substantiallyy in their  assessment of the monophyly of 
certainn taxa. We illustrat e this by contrasting the 
approachess of Nielsen and colleagues with those of 

Haszprunarr  (1996). Nielsen et al. (1996) argued a 
prioripriori  that Annelida encompasses Echiura, Pogo-
nophora.. Gnathostomulida, Myzostomida and 
Lobatocerebridae,, and they included Annelida in 
thee analysis as a single taxon. However, the 
supportingg arguments for  this decision, especially in 
thee case of Echiura and Gnathostomulida are far 
fromm convincing (see also Rouse &  Fauchald, 1997; 
Kristenscn,, 1995; Haszprunar, 1996). Also, Nielsen 
etet al. (1996) included the PlatyheIminthes as a single 
taxon.. On the other  hand, Haszprunar  (1996) chose 
too split the annelids and platyhelminths into subtaxa. 
Haszprunar'ss (1996) analysis resulted in one clade 
withh echiurans, clitellates and polychaetes that did 
not,, however, group together  with myzostomids and 
lohatorerebridss (pogonophorans were not con-
sideredd in his study). Moreover, no monophyletic 
Platyhelminthess was recovered. This indicates that 
lumpin gg taxa together  without convincing support-
ivee evidence may obscure possible phylogenetic 
hypotheses.. I t is preferable to break up a taxon into 
subtaxaa to test for  monophyly in cases of doubt. 

I tt  is common knowledge that the choice of the 
out-groupp taxa is crucial for  the proper  resolution of 
phylogeneticc relationships of the in-group taxa (e.g. 
Maddisonn et al., 1984; Watrous &  Wheeler, 1981). 
Improperr  out-group selection can lead to the 
emergencee of incorrect ancestral character  states for 
thee in-group, and this is connected with the problem 
off  grouping taxa on the basis of symplesiomorphies 
orr  shared ancestral characters. Because symplesio-
morphiess arise at a lower  level than that of the taxa 
too be sorted, these characters cannot be used to infer 
phylogeneticc relationships of the terminal taxa. A 
clearr  illustratio n of this is to consider  a derived 
featuree present in all the in-group taxa. Whil e this 
featuree can serve to establish the underlying 
monophylyy of the in-group, it cannot be used to infer 
relationshipss withi n the in-group. It becomes more 
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Tablee 4. Examples of proposed synapomorphies that were exposed as symplesiomorphies in various analyses 

Proposedd synapomorphies Comment t 

Braehiopodaa {Carlson, 1995) 
Sexess always separate 

Musclee fibres both smooth and striated 

Introvert aa (Wallace el al., 1996) 
Cuticlee molted (see also Nielsen, 1995, and 
EhlersWa/.,, 1996) 

Sipunculidaa + Echiura+Annelida (Haszprunar, 
1996) ) 
Metanephridia!!  duct from proper  anlage 

Annelidaa (Haszprunar, 1996) 
Teloblasticc segmentation 

Arthropod aa (Wheeler  ft al., 1993) 
Nephridiaa in, at most, first  four  cephalir  and 
firstfirst  two post-cephalic segments 

Suppressionn of all circular  body wall muscle 
Arthropoda ++ Onvchophora (Wheeler  et al., 

1993) ) 
Noo cilia except in photoreceptor  and sperm 
Elongatedd dorsal gonads 
Developmentt  of ventrolateral appendages 
Reductionn of coclom-hemocoel and circulating 
systemm with dorsal blood vessel with paired 
ostiaa and pericardial sinus 

Ecdysis s 

Symplesiomorphyy (e.g. also in 
Entcropneusta,, Echiura) 

Symplesiomorphyy (e.g. also in Pterobranchia, 
Ectoprocta,, Entcropneusta probably 
Sipunculida)* * 

Symplesiomorphyy (also in Onychophora, 
Arthropoda ,, Tardigrada) 

Symplesiomorphyy (also in Arthropoda, 
Onychophora) ) 

Symplesiomorphyy (also in Arthropoda, 
Onychophora) ) 

Symplesiomorphyy (also in Tardigrada) 

Symplesiomorphyy (also in Tardigrada) 

Synapomorphyy iOnychophora + Tardigrada \ 
Symplesiomorphyy (also in Tardigrada) 
Symplesiomorphyy ialso in Tardigrada) 
Symplesiomorphyy (also in Tardigrada) 

Symplesiomorphyy i.also in Tardigrada) 

**  See Duly et al. (1986), Mukai et al. (1997), Balscr  &  Ruppm 
procts,, entcropneusls and sipunculids, respectively. 

1990)) and Rice 1993) lor  ptcrobranclis, ecto-

problcmati cc when symplesiomorphies are not overtly 
recognized,, because not all the taxa that share that 
characterr  are included in the analysis. We observe 
thatt  a great number  of studies suffer  to various 
extentss from the effects of taxon selection. 

AA particularl y instructiv e example is represented 
byy the treatment of the tardigrades in recent cladistic 
studiess of arthropod relationships. Withi n a short 
periodd three research groups published phylogenetic 
analysess of the arthropods and their  relatives (Budd, 
1993;;  Wheeler  et al., 1993; Wills , Briggs &  Fortcy. 
1994).. They all excluded tardigrades. In subsequent 
analyses,, however, these and other  authors did 
includee the tardigrades (Budd, 1996; Dew-el & 
Dewel,, 1996, 1997; Wheeler, 1997,1998; Will s f/o/., 
1995,, 1998). Strikingly , the tardigrades consistently 
groupedd in close association with lobopods, 
onyciiophoratiss and arthropods. In the majorit y of 
cases,, they occupied an intermediate position be-

tweenn lobopods, onychophorans and arthropods. An 
importan tt  effect of the inclusion of tardigrades in 
thesee analyses was that supposed synapomorphies for 
thee arthropods and the onychophorans-plus-
anhropodss were exposed as symplexiomorphies i.see 
Tablee 4 for  examples). 

Interestingly,, Budd (1997) did not include 
tardigradess in his phylogenetic analysis. He stated 
thatt  'they [tardigrades] proved difficul t to score, 
andd rendered the whole analysis unstable'. Exclusion 
off  a taxon on these grounds is wholly unwarranted. 
Thee effect of tardigrades on the analysis should be 
appreciatedd as constructive conflict. For  a proper 
assessmentt  of the effect of this omission the two 
analysess should be compared. Moreover, as in the 
earlierr  studies, the exclusion of the tardigrades 
introducedd ambiguity for  the interpretatio n of some 
off  the supposed synapomorphies. Xianguang & 
Bergströmm |T997) also did not consider  tardigrades 
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inn their analysis of arthropod phylogeny. They 
dismissedd the tardigrades without argument as 
aschelminths.. We diagnose that the danger of 
groupingg taxa on the basis of symplesiomorphies is 
widespreadd among the analyses that deal with only 
aa set of the animal phyla. Table 4 illustrates some 
additionall  examples. 

Itt is clear from the above that taxon choice is 
extremelyy important because it predetermines the 
taxonomiee level of the analysis. There is no simple 
justificationn for leaving taxa out of an analysis if they 
cann be sensibly scored for any of the included 
characters,, because they may influence the topology 
off  the resulting cladogram. Also, a theoretical 
shortcomingg of the method of maximum parsimony 
iss that cladograms for a given set of taxa can be 
inconsistentt with cladograms constructed with only 
aa subset of taxa (Willson, 1998). Especially in 
molecularr studies the effect of biased taxon sampling 
hass received ample attention, and its dramatic 
efFectss have been clearly indicated (e.g. Lecointre tt 
a/.,, 1993; Eernisse, 1997; Poe, 1998). Morphologists 
needd to be equally cautious. Ideally, the choice of 
taxaa and characters for any partial analysis should 
bee based on an analysis with a larger scope so that 
thee unfounded exclusion of characters or taxa that 
mayy influence the outcome of the analysis is 
prevented.. This all-inclusiveness will also reduce the 
riskk of grouping taxa on the basis of effective 
symplesiomorphies.. In cases where, nonetheless, a 
restrictedd range of taxa is analysed, the potential 
effectt of excluding taxa should be assessed. 

IV .. SOME CONFLICTING HYPOTHESES 

Lett us now examine some conflicting phylogenetic 
hypothesess with regard to the methodological issues 
discussedd above. This will allow an evaluation of the 
relativee merits of the proposed hypotheses. 

(1)) Nielsen (1995) versus Nielsen et al. (1996) 

Thee comparison of Nielsen (1995) and Nielsen tt al. 
(1996)) will especially illustrate the danger of con-
sideringg only a subset of the phyla and characters, 
andd the power of computer-assisted cladistics to 
considerr all taxa and all characters simultaneously. 
Thiss comparison also illustrates the difficulty of 
constructingg a cladistic data matrix derived from an 
essentiallyy narrative treatment of the phylogeny of 
thee phyla, and it will focus attention on the necessity 
off  detailed consideration of characters for the 
constructionn of a cladistic data matrix. 

Nielsenn (1995) proposed a phylogeny of the animal 
phylaa based on a manual cladistic treatment of 
morphologyy and embryology. The different phyla 
andd supraphyletic groups were discussed separately 
andd phylogenetic hypotheses were proposed based 
onn the consideration of restricted sets of phyla and 
characters.. In 1996, Nielsen etal. (1996) published a 
computer-assistedd analysis on the basis of infor-
mationn from Nielsen (1995). Some very interesting 
differencess between the two analyses arc evident, in 
termss of the characters used, and the number of 
supportedd supraphyletic groupings. This 
inconsistencyy emerges from the difficulty in extra-
polatingg phylogenetic arguments built around a few 
taxaa and a few characters to more taxa and more 
characters.. Some of the characters used to build a 
phylogenyy of a few taxa with a few characters cannot 
bee sensibly scored at all when more taxa and more 
characterss are included. Also, some of the useful 
characterss on a small scale prove to be highly 
homoplasticc when extended to a more inclusive 
arrayy of taxa. 

Thee authors state that the computer-assisted 
analysess yield support for the monophyly of 18 of the 
211 supraphyletic taxa proposed in Nielsen (1995). 
Thee clades Aschelminthes, Protornaeozoa and 
Neorenaliaa were not supported. This conclusion was 
basedd on the topology of the single most par-
simoniouss tree that resulted after a filtered and 
weightedd heuristic search. However, we find that not 
alll  clades are unambiguously supported (Table 5). 
Somee of them are only supported by homoplasies, 
reversalss or characters that are inapplicable for some 
in-groupp taxa. The equally weighted analysis of 
Nielsenn tt al. (1996) provides a more conservative 
estimatee of the phylogenetic relationships. 

AA significant number of clades in Nielsen tt al. 
(1996)) are supported by only a few of the characters 
fromm Nielsen (1995) (e.g. Teloblastica, Spiralia, 
Protostomia).. This has two causes. First, a number 
off  characters from the 1995 analysis were not 
includedd in the 1996 analysis. For example, of the 
fourr characters that provided support for the 
Aschelminthess in Nielsen (1995) only one was 
includedd in the analysis of Nielsen tt al. (1996). The 
otherss were excluded because they would have 
causedd 'significant problems of interpretation, intro-
ducingg either homoplasy...or biased inter-
pretations...'' (Nielsen tt al., 1996, p. 393). Second, 
somee characters showed a different behaviour in the 
largerr scale analysis of 1996 (e.g. characters 22, 28). 
Moreover,, some clades present in both analyses were 
supportedd by entirely different characters! For 
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Tablee 5. Comparison qfclade support in Nielsen (1995) and the equally and unequally weighted analyses of Nielsen et 
al.. (1996) 

Taxon n 

.V(I996)) ..V(19%) 
equallyy unequally 

,Y(1995)) weighted weighted 

Aschelminthes s 
Protomaeozoa a 
Ncorcnalia a 
Tcloblastica a 
Parenchymia a 

Protostomia a 
Spiralia a 
Parenchymiaa + Tcloblastica 
Nematoda+Nematomorpha a 
Pterobranchiaa + Echinodermata 
Brachiopodaa + Phoronida 
Chaetognathaa + Rotifera+Acanthocephala 

,, Unambiguous support (at least one unique synapomorphy). 
—,, Not supported (clade absent). 
**  Ambiguous support: based on character  reversal and/or  homoplasy. 

examplee Nematoda + Nematomorpha in the 1995 
analysiss was supported by three synapomorphies. In 
1996,, it was only supported by a completely different 
characterr  that was not only a reversal but also one 
thatt  reversed many times independently on the 
cladogram.. Nielsen it al. (1996) also used spurious 
reasoningg to defend the possible validit y of the clade 
Neorenaliaa by focusing attention on the fact that in 
aa subset of the MPTs in the equally weighted 
analysiss Neorenalia comes out as a clade. None-
theless,, it is not clear  how the frequency of occurrence 
of""  a clade withi n the set of MPTs derived from a 
singlee data set can be considered a measure of its 
supportt  (Wilkinson &  Benton, 1996). 

Thesee examples indicate the very important effects 
off  taxon choice as well as character  choice and 
characterr  definition on phylogenetic analysis. The 
publishedd analyses differ  profoundly in the amount 
off  included information . They particularl y show the 
dangerss of relying too heavily on too few characters 
andd too few taxa. Potential synapomorphies may 
exhibitt  a different behaviour  when more taxa and 
characterss are considered. Presumed stable clades 
cann be deceptive on the level of cladogram topology. 
Veryy different characters may underly these clades. 
Therefore,, it is not very informativ e to compare the 
topologiess of different analyses without going into 
thee details of the characters and taxa responsible for 
thee results. Nevertheless, this is not always part of the 
proceduree in recent analyses (e.g. Brusca &  Brusca, 

1990;;  Eerutsse el at., 1992; Meglitsch &  Schram, 
1991;;  Nielsen el al., 1996). Finally , Nielsen el al. 
(1996)) show that characters that do contradict the 
Trochaeaa Theory can, nonetheless, contribut e to 
resolvingg animal relationships (see also section 
II I . l ) . . 

(2)) Articulat a versus Eutrochozoa 

Lett  us examine a second illustratio n of how 
alternativee hypotheses of relationship are related, 
andd whether  it is possible to formulat e a firm 
conclusionn with regard to the validit y of the 
alternatives. . 

Onee dominant point of discussion in the recent 
literatur ee on invertebrate phylogeny is the relation-
shipp between Mollusca, Annelida and Arthropoda . 
Thee two classic alternative hypotheses for  their 
relationshipss are the Articulat a hypothesis and 
Eutrochozoaa hypothesis (named by Ghiseiin, 1988). 
Thee Articulat a hypothesis comprises the union of the 
Arthropod aa and Annelida exclusive of the Mollusca 
andd as such reflects the relations envisioned by 
Cuvierr  in the early 19th century. The Eutrochozoa 
hypothesiss comprises the union of Mollusca and 
Annelidaa exclusive of the Arthropoda . Thi s hy-
pothesiss approximately coincides with the 
'Trochophor ee Theory' proposed by Hatschek 
(1878)) grouping those taxa with a trochophore 
larvall  stage. Some recent morphological ctadistic 
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Fig.. 3. Original strict consensus representation of the results Rouse &  Fauchald (1995) (A), and the result of our  re-
analysiss f exhaustive search; see Rouse &  Fauchald for  additional variables) of their  data with one change in scoring 
lorr  cuticle composition (cuticle with chilin) in the Mollusca (B). 

analysess focused on this problem and tried to resolve 
thee issue. 

Thee analysis ofEernis.se el al. (1992) using 141 
characterss apparently supported the Eutrochozoa 
hypothesis.. After  incorporatin g a variety of 
publishedd and unpublished criticisms into a new-
analysis,, Eernisse (1997) claimed that the 
Eutrochozoaa hypothesis 'remained robust'. 
Unfortunately ,, neither  Eernisse's (1997) new analy-
sis,, nor  the data on which it was based was published. 
Theree are three purported synapomorphies for  the 
Eutrochozoaa cladc in Eernisse tt aL (1992): 
'prototroch' ,, 'telotroch' , and 'paired excretory 
organss and ducts open externally' . The prototroch 
mayy be the only useful synapomorphy (however, 
Entoproctaa was not included in the analysis but their 
larvaee do possess a prototroch) although some of the 
in-groupp taxa, namely Caudofoveata and Pogono-
phora,, were scored '? ' and Clitellat a actually 
exhibitss a reveraal. The second ('telotroch' ) and 
thir dd ('paired excretory organs and ducts open 
externally' )) Hiaracters are homoplasies, scored as 
presentt  in Phoronida, Rhabditophora, and 
Chordata,, Phoronida, Brachiopoda, Rhabdito-
phora,, Onychophora, Crustacea, Chelicerata and 
Kinorhyncha ,, respectively. Note that the thir d 
characterr  is also prevalent among arthropods! 

Jnn contrast, Rouse &  Fauchald (1995) provided 
supportt  for  the alternative Articulat a hypothesis 
usingg 13 characters iFig- 3A). They found un-
ambiguouss charafter  support from two characters 

forr  the clade with euarthropods, onychophorans, 
annelidss (clitellates and polychaetes as separate 
taxa),, and pogonophorans (including vestimenti-
ferans),, namely 'longitudina l muscles present as 
bands',, and 'segmentation by teloblastic growth' . 
However,, in reanalysing their  data set we found that 
thiss unambiguous support for  Articulat a crucially 
dependss on the scoring of a 'cuticl e with conchin', in 
thee molluscan ground-pattern. This ground-pattern 
reconstructionn results from using data primaril y 
obtainedd from gastropods. However, an alternative 
ground-patternn reconstruction is scoring the molluscs 
uss having a 'cuticl e with chitin '  based on data 
derivedd from aculiferan molluscs (e.g. see 
Haszprunar,, 1996). As an experiment, we adopted 
thiss latter  scoring and reanalysed the data from 
Rousee &  Fauchald (1995). The result (Fig. 3B) 
indicatedd that unambiguous support for  the clade 
Articulat aa disappeared. Only two unambiguous 
cladess remained: (Euarthropoda Onychophora) and 
(Pogonophoraa Vestimentifera). So the 'robust sup-
port **  for  Articulat a in this particular  analysis clearly 
dependss on the coding of that one cuticular 
character. . 

Thee cladistic analysis of Wheeler  et al. (1993) also 
yieldedd apparent support for  the Articulata . How-
ever,, we find that half of their  supposed articulat e 
synapomorphiess may be scored differentl y for 
molluscss (Haszprunar, 1996; Morse &  Reynolds, 
1996;;  Nielsen, 1995), namely 'double ventral so-
maticc nerve cord' , 'dorsal and ventral longitudinal 
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muscles',, 'coelomoducts, their  vestiges and deriva-
tives',, and 'dorsal blood vessel with forward-going 
peristalsis1.. Furthermore, if additional phyla had 
beenn considered, such as Sipunculida, Echiura and 
Nemertinea,, these four  characters would have been 
exposedd as symplesiomorphies at the level of the 
Articulat aa in this analysts. Rouse &  Fauchald (1995) 
criticizedd the remaining synapomorphies. The most 
reliablee of these characters was 'presence of telo-
blasticc segmentation', and this agrees with that 
foundd by Rouse &  Fauchald (1995). Moreover, 
Wheelerr  et al, (1993) incorrectly coded their  charac-
terr  14 on larval stages during ontogeny. Their 
codingg implied homology of the primar y larvae of 
molluscss and annelids and the secondary larvae of 
arthropods.. This is an a priori  denial of a potential 
synapomorphyy (trochophore larvae) for  Annelida 
andd Mollusca. Moreover, this character  was 
misscoredd for  Onychophora. 

Nielsenn (1995) and Nielsen et al. (1996) also 
apparentlyy found support for  the Articulat a hy-
pothesiss (here named Euarticulata). Euarticulata 
(Annelidaa Panarthropoda) was supported by ' telo-
blasticc segmentation*  of the body. This result 
actuallyy depended on the relative high weight 
assignedd to this character. In contrast, the character 
'larvaee or  adult with downstream-collecting ciliary 
bandss of compound cilia on multiciliat e cells'  that 
couldd tri p the balance in favour  of the alternative 
hypothesiss received a very low weight (see also Table 
3}.. Interestingly, the strict consensus tree of the 
equallyy weighted analysis did not show unambiguous 
supportt  for  the Euarticulata. 

Soo just which hypothesis is more robustly 
supported?? Rouse &  Fauchald (1995) and Wheeler 
etet al. (1993) found apparent support for  Articulata . 
However,, character  selection had a prominent effect 
onn these results. Rouse &  Fauchald (1995) did not 
includee larval characters in their  analysis, and the 
particularr  coding strategy of the larval character 
(characterr  14) in Wheeler  etal. (1993) a priori  denied 
possiblee support for  Eutrochozoa. Nielsen et al. 
(19%)) only found support for  Articulat a after 
successivee weighting. In contrast, the character 
supportt  for  Eutrochozoa in Eernisse et al. (1992) is 
weak. . 

Inn conclusion, we feel that conclusive support from 
cladisticc analyses of morphology for  either  one of the 
hypothesess (Articulata , Eutrochozoa) has not yet 
emerged.. Issues of character  choice, character 
coding,, character  weighting, scoring mistakes, re-
constructionn of ancestral states, and taxon choice 
differr  substantially between the different analyses, 

andd prevent any firm  conclusions at this time. 
Furthermore,, we believe that similar  considerations 
cann be extrapolated (o the analyses of the Metazoa 
ass a whole. We need a synthesis that assesses the 
effectss of different decisions that are made during the 
differentt  analyses. Only then will we be able to tell 
whetherr  we have pushed morphological arguments 
too their  limits. 

V.. CONVERGENCE 

AA potentially serious problem for  the reconstruction 
off  phytogenies in general is the phenomenon of 
convergence.. There is no room for  a detailed 
discussionn here, however, a few remarks on methodo-
logicall  issues are in order. 

Inn a series of papers, Willmcr  and colleagues 
contendedd that widespread convergence will frus-
tratee any attempt to arriv e at a phylogeny of the 
animall  phyla on the basis of comparative mor-
phologyy and embryology (Willmer , 1990, 1995; 
Wi!lmer &&  Holland, 1991; Moore &  Willmer , 1997). 
AA mixtur e of arguments is elaborated to show that 
convergencee is something that should be reckoned 
with::  (1) there are various kinds of constraints that 
willl  limi t the pathways to arriv e at, and the nature 
off  some, end points (e.g. a particular  morphology) in 
evolution;;  (2) there may be strong selective forces 
thatt  may lead to convergence; (3) convergence is 
documentedd in case studies. 

Wee feel that the concern about convergence is 
legitimatee and important . Indeed, when conver-
gencee is widespread, phylogenetic methods based 
uponn maximum parsimony criteri a may yield in-
correctt  phylogenetic hypotheses. However, although 
casess where the argument for  the prevalence of 
convergencee is built on the likelihood of the presence 
off  constraints or  strong selective forces (i.e. points 1 
andd 2 above) may be logically compelling, this is 
hardlyy a sound reason for  rejecting a particular 
characterr  from the analysis. However, cases where 
convergencee is actually documented should be 
carefullyy assessed. Interestingly, to document the 
presencee of convergence, a phylogenetic framework 
off  some kind is always needed. Thus, when analyzing 
thee prevalence of convergence, Moore &  Willmcr 
(1997)) argue from within existing phytogenies to 
buildd up their  argument. When this is realized, two 
optionss arise: either  one adopts a passive approach 
towardss morphology, and awaits the fuller  devel-
opmentt  of molecular  analyses and a greater  under-
standingg of the developmental underpinnings of 
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morphologicall  change, or one adopts a more 
pragmaticc approach in which morphological data 
aree used as a tool in order to shed light on the 
phylogenyy of the Metazoa, while openly acknowl-
edgingg and trying to deal with the potential problem. 
Wee prefer the latter. 

VI .. RULES AND STRATEGIES 

Leee & Doughty (1997) recently drew attention to 
thee relationship between evolutionary theory and 
phylogeneticc analysis. They argued that there are 
twoo extreme viewpoints that define the cndpoints of 
aa continuum of approaches for reconstructing phy-
logeny:: the 'pattern-oriented' approach and the 
'process-oriented'' approach. The first approach is 
exemplifiedd by cladistic analyses that involve a 
minimall  number of well-defined assumptions about 
thee evolutionary process. The second approach 
involvess incorporation of a maximum of biological 
informationn and evolutionary principles into phylo-
geneticc reconstruction (e.g. Gutmann, 1981). 
Initially ,, such analyses of pattern and process must 
bee performed separately so as to allow the testing of 
onee analysis in the light of the other. Consilience of 
independentt lines of evidence may then form a more 
robustt argument than any single line of evidence. 

However,, a middle ground also exists with 
approachess that combine elements from both the 
pattern-,, and process-oriented approaches. For 
example,, Christoffersen & Araüjo-de-Almeida 
(1994)) performed a phylogenetic analysis of some of 
thee animal phyla adopting the manual Hennigian 
approach.. This analysis was strongly based on 
evolutionaryy arguments, in particular a 'trans-
formationall  theory' that consisted of the a priori 
adoptionn of extended additive character state trans-
formationn series. Consequently, these a priori  con-
siderationss of evolutionary processes strongly pressed 
theirr mark on the final result of the analysis. The 
strengthh of the cladistic method is to recover patterns 
off  character distribution among taxa, and detailed 
assumptionss about character transformations (which 
aree often highly speculative, and based solely on the 
'plausibility'' of the assumptions) will interfere with 
thiss strength, and direct the outcome of the analysis 
alongg a linear pathway consistent with these a priori 
assumptions.. This introduces circularity into the 
procedure,, because the resulting cladogram topology 
wil ll  always be dictated by, and consistent with the 
processs assumptions introduced into the analysis. 
Thus,, although such detailed a priori  considerations 

off  evolutionary processes may indeed be valuable for 
tryingg to understand the course of evolution, they 
shouldd initially be kept separate from a cladistic 
analysis. . 

Somee critics regard cladistic methods as invalid 
forr elucidating phylogenetic relationships. For 
example,, Delle Cave, Insom & Simonetta (1998) 
andd Fryer (1996) deplore the lack of consideration of 
mechanismss of evolutionary change and functional 
continuityy in cladistics. Indeed, without compelling 
evidencee these considerations impede the efficiency 
off  cladistics. On the other hand, Kukalova-Peck 
(1997)) and Willmer (1995) argue against the rigour 
off  cladistics by claiming that the characters used are 
veryy unclear. This is not a specific shortcoming of 
cladisticc procedures, but of any procedure that deals 
withh morphological data. Moreover, they conflate 
thee methodological rigour of cladistics and the 
assessmentt of primary homology of the characters. 
Ass our evaluation has shown, primary character 
assessmentt deserves increased attention. 

VII .. CONCLUSIONS 

Conwayy Morris (1993) stated with regard to the 
'game'' of reconstructing the phylogeny of the 
Metazoaa that 'the strategic implications of such 
ruless as may exist have not been fully worked out'. 
Wee totally agree and believe it is time to consider the 
'ruless of the game', and to lay out some guidelines 
thatt may allow more rigorous conclusions to be 
drawnn from cladistic analyses of the animal phyla. 

(1)) One should cover as broad a range of organismat 
variationvariation as possible. Because the resulting topology of 
eachh phylogenetic analysis is heavily dependent 
uponn the amount of information used for its 
construction,, including the maximum amount of 
informationn in the analysis circumvents the problem 
off  biasing the outcome of the analysis due to selective 
dataa input. In this regard, more is definitely better. 

(2)) Characters must always be very carefully defined. A 
corollaryy to this is that the use and/or non-use of 
particularr taxa should be justified. 

(3)) Employing a range of alternative coding strategies is 
preferablepreferable over using only one option. This is necessary in 
orderr to assess the stability of the hypothesized 
relationships.. This effectively implies that phylo-
geneticc studies become more 'experimental'. There 
iss that old dictum of computer analysts: 'garbage in, 
garbagee out'. Certainly, just as chemists must be 
everr vigilant concerning the purity of their reagents, 
andd physicists mindful of the calibration of their 
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instruments,, phylogcncticists need to be knowl-
edgeablee about the data going into their  programs. 

(4)) The effects of different ancestral-stale or ground-
patternpattern reconstructions should be assessed as secondary 
derivatives.derivatives. This is a problem of particular  importance 
forr  higher  level phylogeny and rather  a fine point of 
distinction.. The ancestral character  states of a higher 
taxonn are inferred through consideration of the 
phylogenetkk relationships of its members, and these 
aree not necessarily obvious from the array of data 
thatt  wil l produce a series of cladograms. 

(5)) When differential weighting is used, it should always 
bebe accompanied by an equally weighted analysis. There is 
usuallyy not enough biological support to favour 
adoptionn of one differential weighting scheme over 
another.. Given this, equal weighting is preferable for 
itss interpretational clarity . An equally weighted 
analysiss is useful for  evaluating the relative merits of 
differentt  differential weighting schemes, and it in 
effectt  operates as a base-line calibration. Lik e 
parsimonyy itself, it is not a path to truth , only a 
logicall  first  step to establish a minimum level of 
assumptionss about pattern upon which later 
scenarioss about process can be deduced. 

(6)) Selection of of the in-group and out-group taxa should he 
approachedapproached with special care. This is especially pertinent 
too studies that deal with a subset of the higher  taxa. 
Unwarrantedd exclusion or  uncritical selection of 
taxaa may mask symplesiomorphies as synapo-
morphies.. Moreover, the maximum parsimony tree 
off  a set of all taxa may not correspond to the 
maximumm parsimony tree of a subset of these taxa. 
Consequently,, we believe analyses of the whole wil l 
havee to precede any meaningful analyses of subsets, 
iff  only to provide some kind of logical framework 
uponn which to assess results. 

(7)) The results of every analysis should be discussed in 
termsterms of the characters thai support the topology. Simply 
claimingg that a topology agrees with some previously 
publishedd topologies is of very limited value. Simi-
larit yy of topologies may conceal the fact that some 
cladess are only supported by homoplasies or  reversals 
inn one case, and tru e unique synapomorphies in 
another.. Similarly , analyses of constraint are only 
usefull  when discussed in terms of actual characters. 
Simplyy concluding that topologies differ  from the 
mostt  parsimonious topology in a certain number  of 
evolutionaryy steps is self-evident and uninformativ e 
sincee there is no obvious and biologically meaningful 
statisticall  criterio n by which to evaluate the signifi-
cancee of extra evolutionary steps. 

:8)) In the absence of convincing data, assumption of 
convergenceconvergence of a character should not lead to a prior i 

exclusionexclusion of that character from the analysis. Despite 
shortcomingss of the cladistic method in dealing with 
thee possibility of widespread convergence, there is no 
well-definedd alternative for  dealing with conver-
gence,, so that it is preferable to include the character 
inn the analysis and assess its worth through the 
methodd of character  congruence. Conclusions about 
convergencee should and must only derive from the 
analysiss of pattern. Convergences are a result of 
evolution,, not a sine qua non. 

(9)) A cladistic analysis will  only be maximally effective 
whenwhen extensive assumptions about the evolutionary evolutionary process are 
keptkept separate. Elaborate assumptions about evolution-
aryy transformations wil l introduce circularit y into 
thee cladistic analysis. We believe that there is stilt 
greatt  value in the dictum that cladograms are 
effectivelyy first-order  derivatives of the data, phylo-
gencticc trees proceed from there, and evolutionary 
scenarioss emerge only at a tertiar y level of derivation 
(e.g.. Eldredge &  Tattersall, 1975; Smith, 1994). 
Alternatively ,, cladogram construction should pro-
ceedd independently of the construction of complex 
evolutionaryy scenarios so that each can be tested in 
thee light of the other  (Lee &  Doughty, 1997}. 

(10)) Analysis of data quality and quantitative assessment 
ofof tree robustness will  help to better evaluate the strength of 
differentdifferent hypotheses. This includes performin g decay 
studies,, bootstrap analyses and various data-
randomizationn tests (e.g. Archie, 1989). 

Wee feel that the recent cladistic analyses of the 
Metazoaa are very valuable from a heuristic point of 
view.. They have been useful in pointing out the 
relativee worth of different phylogenetic hypotheses 
proposedd durin g the long history of the subject. 
However,, for  maximizing the heuristic value of 
cladisticc analyses of the animal phyla, a greater 
attentionn to various methodological issues is needed. 
Thee results of each analysis are heavily dependent on 
thee particular  data matri x used. Nevertheless, 
insufficientt  attention has been devoted to making 
explicitt  the decisions underlying its construction. We 
believee that following the guidelines discussed above 
iss absolutely necessary for  assessing the relative merit 
off  different cladistic studies. It wil l also increase the 
comparabilit yy of the different studies. Wit h so few 
uniquee synapomorphies for  supraphyletic groups, 
thee method for  organizing the available informatio n 
iss crucial. The issues and examples discussed in this 
paperr  were not raised to serve as points of criticism 
forr  particular  strategies taken by different authors. 
However,, we did diagnose important discrepancies 
betweenn different studies. These discrepancies have 
ledd us to evaluate issues that relate to methodology 
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andd not to criticize individual methods. These issues 
off  methodology must be more fully appreciated if wc 
wantt to be able to draw sensible conclusions about 
thee phylogeny of the animal phyla. 

Inn 1990, the late Colin Patterson stated that 'all 
thee morphological clues ha[ve] been pushed beyond 
theirr limits...'. However, this was before the first 
computer-assistedd cladistic analyses of metazoan 
morphologyy of a large scope were published. We feel 
itt is too early to draw the same conclusion with 
respectt to the cladistic analyses of the animal phyla. 
Thee recent cladistic treatments differ in too many 
respectss to be able to conclude now that we have 
exploredd all possibilities. It is therefore also too soon 
too proclaim that except for one's own view '[N]o 
sufficientlyy documented alternatives have been 
found'.. (Nielsen, 1997A). 

Moreover,, we have barely started to pull together 
dataa from different fields. Paleontology is yielding 
veryy interesting insights into the early evolution of 
thee Metazoa. Here again, different approaches are 
takenn to shed light on the phylogeny of the 
metazoans,, such as cladistic analyses (e.g. Schram, 
1991;; Waggoner, 1996), approaches centred on 
extensivee consideration of evolutionary processes 
(e.g.. Conway Morris & Peel, 1995), and more 
intuitivee approaches that consist of sticking fossil 
formss into a molecular phylogeny (e.g. Conway 
Morris,, 1993, 1994; Valentine, 1992). The field of 
evolutionaryy developmental biology also holds great 
promisee for resolving phylogenetic questions. De-
velopmentall  genetics can function as a source of 
phylogeneticc information per se, be used to shed light 
onn the nature of morphological characters, and can 
functionn to define possible pathways of evolutionary 
changee (see, for example, Abouhcif, 1997; 
Panganibann et al.t 1997; Gcrhart & Kirschner, 1997; 
Holland,, 1996; Raff, 1996). Integration of these 
diversee fields is a complex and challenging task. For 
uss morphologists, cleaning up our act is only the 
logicall  first step in this procedure. If done properly, 
wee may hope for a future consensus through a 
consiliencee of these different lines of evidence. The 
gamee is still in full play. 

VIII .. SUMMARY 

(1)) Special care must be taken in the selection of in-
groupp and out-group taxa during phylogenetic 
analysess of a set of the animal phyla. This will reduce 
thee risk of grouping taxa on the basis of 
symplesiomorphiess or homoplasies. 

(2)) A comprehensive set of characters should be 
consideredd simultaneously to avoid character selec-
tionn bias. The effect of different primary homology 
statementss should be assessed. 

(3)) Cladistic analyses of the animal phyla should 
becomee more experimental with increased attention 
too effects of character coding, character weighting, 
andd ground-pattern reconstruction. 

(4)) Corresponding cladogram topologies should 
bee evaluated in terms of their supporting characters. 

(5)) In thee absence of convincing data, assumption 
off  convergence of a character should not lead to a 
prioripriori  exclusion of that character from the analysis. 

(6)) Extensive assumptions of evolutionary pro-
cessess should be kept out of cladistic analyses. 
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Résumé.. - L'origin e des Hexapoda: une perspective crustacéenne. - II  y a eu 
récemmentt de nombreuses tentatives pour produire une phylogénie des Arthropodes a 
partirr de perpectives différentes. Beaucoup de ces analyses emploient des données 
issuess de sequences moléculaires et d'études de génétique du développement qui sou-
ventt sont contradictoires, de même que celles dérivées d'observations de la morpho-
logiee ou de la paleontologie. Les carcinologistes ont souvent un point de vue différent. 
Alorss que les molecules et la génétique peuvent suggérer une proche relation entre 
Hexapodess et Crustacés, la morphologie et la paleontologie invoquent une position 
basalee des Hexapodes et Myriapodes, avec une lignée schizopodienne séparée placant 
less Crustacés plus proches d'un clade Trilobites-Chélicérates. II n'est pas question de 
savoirr qui a raison et qui a tort. Il faut seulement dire que des precautions devraient 
prévaloirr dans I'interpretation de faits qui donnent trap d'importance è un type unique 
d'argument.. Néanmoins, la possibilité d'affinités entre les Crustacés et les Hexapodes 
peutt être tenue comme une hypothese parmi d'autres. Nous pourrions nous demander 
quelss groupes de Crustacés pourraient alors être les plus proches parents des 
Hexapodes.. Des analyses phylogénétiques actuelles de Crustacéomorphes indiquent 
quee nous devrions considérer cinq groupes a eet égard: 1) les troncs crustacéomorphes 
duu Cambrien, 2) les Rémipèdes. 3) les Maxillopodes, 4) les Phyllopodes. 5) les 
Malacostracés.. Chacun de ces groupes pose des problèmes particuliers dans une hypo-
thesee de groupe-frère des Hexapodes. Certains Crustacés sont manifestement de 
meilleurss candidats que d'autres. Néanmoins, nous pouvons proposer quels groupes 
pourraientt faire 1'objet d'investigations en matière d'accumulation de sequences molé-
culaires,, de planification d'études de génétique du développement ou de traits ultra-
structurauxx inédits, cc qui nous permettra plus tard de tester les nombreuses hypo-
thesess alternatives actuelles. 

Abstract.. - There have been many attempts recently, from many different perspec-
tives,, to produce a phylogeny of arthropods. Many of these analyses employ data from 
molecularr sequences and developmental genetic studies, and these often stand at odds 
withh each other as well as those derived from consideration of morphology and pale-
ontology.. Carcinologists often have a distinctive viewpoint. While molecules and 
geneticss can suggest a close hexapod-crustacean connection, morphology and paleon-
tologyy typically advocate a basal position for the hexapod-myriapods with a separate 
schizopodd lineage aligning crustaceans more closely with a trilobite-cheliceriform 
clade.. It is not a question of who is right or wrong. It is only that caution should pre-
vaill  when interpreting data that place undue emphasis on single types of evidence. 
Nevertheless,, the issue of possible hexapod-crustacean affinities could stand as a 
viablee alternative hypothesis among many. We could then ask just which groups of 
crustaceanss might be closely related to the hexapods? Current phylogenetic analyses 
off  crustaceomorphs indicate that we should consider five groups in this regard: 1) 

Proceedingss of the international Symposium on the Origin of the Hexapoda, Muséum national d'Hisloire naturelle, 
Paris,, France, 8-9 January 1999. 
SCHRAMM F. & JENNER R. A. (2001) The origin of Hexapoda: a crustacean perspective. In: Deuve T. (ed.). Origin 
ofof the Hexapoda, p. 243-264. - Annates de la Société entomologique de France (N. S.). 37 (I  -2). 304 p. 
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stem-groupp crusiaceomorphs from ihe Cambrian. 2) Remipedia. 3) maxillopodans, 4) 
phyllopodans.. and 5) Malacnstraca. Each of these groups presents distinctive problems 
uss well as possibilities as sister taxa to hexapods. Some crustaceans obviously make 
betterr candidates than others. Nevertheless, we can posit which groups we might fur-
therr explore in regard to accumulating molecule sequences, planning developmental 
geneticc studies, or uncovering ultrastructural data that will allow us to test current mul-
tiplee alternative hypotheses. 

"7Mvv is not to say that we are obsessed 
withwith 'thntth' in the sense of correspondence 
withwith the really real, but only in the sense 
thatthat thruth is the limit of scientific inquiry." 
(POPPER,, 1972: PUTNAM. 1973) 

Sincee the days of the great anatomist Robert Evans Snodgrass the concept of 
Mandibulataa has been firmly ensconced in the pantheon of arthropod higher taxa. The union of 
mandible-bearingg species into a single higher taxon seemed secure until the voluminous works 
off  that doyenne of uniramian functional morphologists, Sidnie Milana Manton, began to 
appear.. The hard-won independent status of crustaceans that grew out of her work is one that 
manyy carcinologists are loath to surrender easily. It is perhaps not coincidental that two such 
commandingg figures as Snodgrass and Manton, so deeply involved in the controversies about 
thiss subject, both functioned in an essentially evolutionary systematic, or phylistic, milieu 
(RASMTSYN.. 19%). 

Thee introduction of phylogenetic systematics, or cladistic techniques, with their pre-
sumedd more objective methods, was supposed to terminate the endless subjectively based argu-
mentss about animal phylogeny. Instead, it seems that cladistics has only intensified the vehe-
mencee of such arguments by proliferating the number or people who believe that their analy-
siss represents "the truth". Perhaps we should not be surprised at this; it is only a reflection of 
thee lack of consensus that exists within systematic zoology about matters of taxonomie nomen-
claturee and higher classifications. For example, S TYS & ZRZAVV( 1994) document that for the 
variouss combinations of the 10 commonly recognized higher taxa within the Arthropoda 69 (!) 
differentt names have been employed at one time or another (not including spelling variations). 

Thuss it has been interesting to witness within the last few years a resurrection of the 
conceptt Mandibulata. In this instance, however, it has taken a variant from the original sug-
gestionss of Snodgrass, who united myriapods. hexapods. and crustaceans into a single group. 
Thee new Mandibulata not only challenges the separate status of crustaceans, but also calls into 
questionn the supposed unity of the atelocerates, i.e., the myriapods and hexapods. The new 
Mandibulataa seeks to unite hexapods and crustaceans, and leaves myriapods to seek their own 
fate. . 

Wee propose here to review briefly some of the diverse evidence that has been put forth 
too unite hexapods and crustaceans. In this we seek only to outline some of the underlying issues 
involved.. The collections of papers in FORTEY & THOMAS (1997) and EDGECOMBE (1998) 
addresss these issues from various perspectives. We will examine whether hexapods and crus-
taceanss might bear some relationship to each other, and if so which groups of crustaceans, or 
crusiaceomorphs.. could serve best in this regard. 

I .. - HEXAPOD-CRUSTACEA N UNITY . 

Morphologicall  issues 
Schemess based on anatomy and functional morphology of living arthropods have pro-

ducedd through the years mono-, di-, and polyphyletic arrangements of arthropod groups (e.g.. 
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seee ANDERSON, 1973; MANTON , 1977; FRYER, 1997; BOWLER, 1996). Even when arthropods are 
viewedd as monophyletic, strikin g alternative schemes have emerged. Anatomical studies based 
onn Recent forms stand apart from studies that, while also employing anatomy, examine fossil 
formss as well. The most recent studies that employ fossils (fig. I) in a cladistic context are 
WILL SS et al. (1997) and EMERSON &  SCHRAM (1997). Although these efforts use different data-
basess with fundamentally different assumptions, they both uncovered a crustaceomorph/che-

AA B 

Fig.. I. arthropod relationships. - A. modified after  Wiu.s et al. (1998). - B. modified after  EMLKSO N &  SCHRAM 
(IW7) . . 

liceriform/trilobit ee clade. Atelocerata in both papers occupied a basal position in the arthropod 
treee but were either  monophyletic (WILL S et al., 1997), or  paraphyletic (EMERSON &  SCHRAM, 
1997).. However, the central points of both these research groups were that we risk serious error 
inn seeking to understand phylogenetic relationships without due consideration of the informa-
tionn derived from fossils. 

AA problem with all of the analyses that focus exclusively on Recent forms, whether  it 
iss derived from molecules or  anatomy, is that a great deal of potentially relevant and critical 
informationn from fossils is discarded. WALOSSEK &  MULLE R (1990, 1997) point out the impor-
tancee of stem-groups in elucidating pathways of arthropod evolution especially with regard to 
crustaceans.. This was confirmed with the cladistic analysis of all crustaceomorphs of SCHRAM 
&&  HOF (1998) and is certainly seen to be so for  the alt-arthropod cladistic analyses of WILL S et 
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al.al. (1998) and EMERSON &  SCHRAM (1997). Along these same lines, workers such as BUDD 
(1996,, 1997) pointed out the importance of Cambrian lobopods and anomalocarids as forming 
aa stem-group to the euarthropods. 

Admittedl yy some anatomical considerations have littl e chance of ever  having characters 
scoredd from fossils. In general, details from soft-anatomy or  development are seldom retrieved 
inn sufficient detail to allow comparison with Recent material (but for  exceptions see BUDD, 
1998).. However, such soft characters are often very important for  elucidating phylogenetic 
relationships.. For  example, several characters from sperm have been particularl y useful when 
tryin gg to discern patterns of evolution (e.g., JAMIESON, 1987, 1991). The inabilit y to score such 
featuress for  fossils can introduce difficultie s related to missing data (MADDISON , 1993; 
WILKINSON ,, 1995). In the analyses of SCHRAM &  HOF (1997) and WILL S et al. (1997) that 
includee fossils, missing data occur  frequently, and in the former  when efforts were made to 
mitigatee the missing data by deleting soft-anatomy characters, different patterns of relation-
shipss emerged in subsequent trees. These patterns were different from that seen in analyses of 
thee entire data set. 

However,, a priori  arguments based on the impossibility of convergent complexity 
appearr  to us as dangerous. It is too easy to conclude that convergent evolution of complex char-
acterss is unlikely, if the development and function of a feature are not sufficiently understood. 
Thiss was the downfall of Manton's arguments concerning arthropod polyphyly—locomotory 
statess of various arthropods were supposedly so complex and distinct that she could conceive 
noo intermediate stages to mark how one could be evolved from the other. Complexity can never 
bee invoked as an exclusive argument for  monophyly. For  example, an admittedly complex 
structuree such as the arthropod compound eye can be induced by the ectopic expression of a 
singlee control gene, eyeless, to appear  anywhere on the body of Drosophila: legs, wings, and 
antennaee (HALDE R et al., 1995). Our  point is, we do not understand what the complete genet-
icc control of complex structures such as compound eye formation entails. We do know, how-
ever,, that apparently simple changes like activating a single gene in a group of cells can in turn 
inducee other  genes to form the most incredibly complex structures. Consequently, what 
appearss upon first examination to be a structure that is too complex to be anything other  than 
aa synapomorphy (homology), in fact could be equally well explained as a single mutation of a 
regulatorr  gene in different phyletic lines to produce autapomorphic homoplasies. Moreover, no 
matterr  which phytogeny of arthropods is considered, convergence of "complex"  structures 
seemss to be widespread. Potential examples include the multipl e independent evolution of 
refractingg superposition eyes in various groups of insects and crustaceans (NILSSON &  OSORIO, 
1997),, tracheal systems in tracheates (DOHLE, 1997; KRAUS, 1997), and proventricular  mor-
phologyy in dicondylian hexapods and malacostracans (KLASS, 1998). 

Theree is mounting morphological data, in particular  concerning the development and 
anatomyy of the nervous and sensory system, that indicate strikin g similarities between insects 
andd crustaceans. However, these studies have typically focused on a few groups of arthropods, 
andd these data have not been assessed in the context of other  evidence, i.e., by a comprehen-
sivee cladistic analysis of all available data. Therefore one should be cautious in drawing phy-
logeneticc conclusions. 

WHITINGTO NN &  BACON (1997) reviewed the phylogenetic potential of the organization 
andd development of the ventral nerve cord in arthropods. They maintained that the pattern of 
motorr  neurons innervating the leg muscles, and the early pattern of axon growth suggest some 
detailedd similarities between crustaceans and insects. However, comparable studies on che-
Hceratess and myriapods are for  the most part lacking. Similarly , the presence of neuroblasts in 
malacostracann crustaceans and hexapods (see also DOHLE, 1997) might also be considered a 
unitin gg feature for  these groups, not shared with myriapods and non-malacostracan crus-
taceans.. At present there is too littl e data to accurately assess whether  the observed similarities 
aree symplesiomorphies, synapomorphies, or  even homoplasies. However, the most we can say 
iss that the data do seem to support that, at least, crustaceans and insects share a common 
groundd pattern for  the ventral nerve cord. 

Alongg these same lines, NILSSON &  OSORIO (1997) reviewed the phylogenetic informa-
tionn suggested by arthropod sensory processing mechanisms. They recorded a remarkable si-
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milarit yy of the compound eyes of crustaceans and insects. The insect and crustacean omma-
tidi aa have identical ground plans in terms of determinate cell numbers and cell types. 
Moreover,, common to all insects and crustaceans is the distinction between retinal photo-
receptorss that connect to either  the lamina or  medulla. In addition, the optic lobes of malaco-
stracann crustaceans and insects are similarly arranged: three optic ganglia separated by two 
antero-posteriorr  chiasmata. These similarities would seem to point to a close relationship 
betweenn malacostracan crustaceans and insects. However, lest we be tempted to push our  con-
clusionss too far, even NILSSON &  OSORIO (1997) stress the prevalence of parallel and conver-
gentt  evolution in arthropod visual systems. 

KLAS SS (1998) examined the anatomy of the proventricul i of a zygentoman hexapod and 
aa decapod crustacean. He found considerable similarities in both special structure and position 
off  the proventricular  elements in both groups, indicating possible homologies. However, when 
consideredd in the context of higher  level arthropod phytogeny, the probabilit y of homology 
diminishess considerably. The similarities in proventricular  anatomy are solely known from 
decapodd crustaceans and dicondylian hexapods. Consequently, there is a need for  further  study 
off  different groups of arthropods to test whether  this particular  proventricular  anatomy is part 
off  the mandibulate ground plan. 

Thee support for  a close relationship between insects and crustaceans (either  the 
Crustaceaa as a whole or  a particular  group of crustaceans) has to be evaluated against the evi-
dencee that suggests either  closer  relationship between insects and myriapods (e.g.. see Kraus 
orr  Kristensen, this volume) or  between arachnomorphs and crustaceomorphs. DOHLE (1997), 
KRAU SS (1997), and SHEAR (1997) criticall y examined current evidence in favor  of a mono-
phyleticc Atelocerata. In general, some characters are not particularl y convincing synapomor-
phiess by themselves, especially when posed outside the context of a particular  cladogram 
topology,, e.g., loss of appendage on tritocerebral segment, while other  features are in need of 
freshh attention, e.g., tracheae, and Malpighian tubules. Interestingly, recent data from develop-
mentall  genetics may suggest the need for  a reinterpretation of the presence of whole-limb 
mandibless as a synapomorphy for  the Tracheata (POPADIC et al.y 1998; SCHOLTZ etal., 1998) 
(seee discussion below under  "Developmental genetics", p. 250). 

Thee analyses of EMERSON &  SCHRAM (1997) and WILL S et al. (1997) agree in grouping 
arachnomorphs,, trilobites, and crustaceans into a schizoramian clade. One important character 
responsiblee for  this separation between chelicerates + crustaceans and myriapods + hexapods 
iss the supposed fundamental difference between the embryologica] fate maps, based on the 
workk of ANDERSON (1973, 1979). WHEELER et al. (1993) introduced this character  into com-
puter-assistedd analyses of arthropod relationships. However, they misinterpreted Anderson's 
data.. They scored as alternative character  states 'anterior  - stomodeum - midgut - mesoderm -
posterior''  versus 'anterior  - midgut - mesoderm - stomodeum - posterior'. However, the sec-
ondd character  state should read 'anterior  - stomodeum - mesoderm - midgut - posterior'. 
ANDERSONN (1973) found that in crustaceans the presumptive mesoderm anlage was positioned 
anterioranterior to the presumptive midgut anlage and not posterior. In coelomate protostomes such as 
annelidss and mollusks, and in onychophorans, myriapods, and hexapods the presumptive 
mesodermm anlagen are located posterior  to the midgut anlage. For  chelicerates the relative fate 
mapp positions of the anlagen could not be determined because the midgut anlage is formed 
insidee the yolkmass and not on the blastoderm surface. Consequently, ANDERSON considered 
thee fate map uninformativ e for  the phylogenetic position of the chelicerates. SCHRAM (1978) 
reviewedd the scanty literatur e on pycnogonid embryology and was inconclusive about the exact 
fatee map of pycnogonids. However, WHEELE R et al. (1993) mis-scored this character  for  the 
chelicerates.. pycnogonids, and molluscs. This mistake remained in later  analyses (e.g. 
WHEELER ,, 1998). Subsequently, WILL S et al. (1997) used this same character, citing ANDERSON 
(1973)) and SCHRAM (1978). However, Will s and colleagues recorded the exact same misinter-
pretationn of Anderson's data as WHEELE R et al. (1993), including the incorrect character  state 
andd resultant mis-scorings. Consequently, this fate map character's support for  a monophylet-
icc Schizoramia or  the union of arachnomorphs and crustaceans (ACCTRAN and DELTRAN , 
respectivelyy in WILL S et al., 1997) is suspect. In contrast, this fate map character  did not sup-
portt  a close relationship between arachnomorphs and crustaceans in the analysis of WHEELE R 
etui,etui, (1993). 
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Interestingly,, the current analyses of higher  level arthropod relationships chose as out-
groupss various spiralian phyla such as molluscs and annelids (e.g., WHEELE R et aL, 1993; ; 
WILL SS et ai, 1998). However, recent analyses of 18S rDNA sequences indicate that a more 
appropriatee outgroup of panarthropods may be various groups in the larger  clade of the 
Ecdysozoa,, such as nematodes or  kinorhynchs (ACUINALD O et ai. 1997: GIRIBE T &  RIBERA, 
1998).. Although the phytogenies based on molecules should not be taken as superior  to those 
derivedd from structural and developmental data, it would be interesting to explore the conse-
quencess of such a change in out-groups. The polarity of a variety of characters will then 
change,, such as the nature of the cuticle (with collagen or  chitin), the reduction or  absence of 
circularr  body wall muscles, location of the gonads, the interpretation of ecdysis, and the prim-
itiv ee position of the mouth among other  things that may affect the outcome of the analyses. 

/ / / / // / / / / / 

U U W W 

/ / / / // / / / / / / 

\y \y 
Fig.. 2, hypotheses of arthropod relationships based on molecular  sequence analyses and mitochondrial gene order. -

A,, based on 12S rRNA sequence (after  BAU.AR[> et aL 1992). - B, based on 18S and 28S rDNA sequences (after 
FRIEDRIC HH &  TAUTZ . l995).-C.basedonef-l alpha amino acid sequence (after  REOIER &  SHULTA I997).-D, 
basedd on mitochondrial gene arrangement (after  BOORE et aL 1998). 

DNAA base and amino acid sequences 
Phylogeneticc stridency is intense when only gross anatomy and fossils are considered. 

Now,, there is hardly a molecular  or  developmental genetic study published that does not 
advancee either  yet another  new "unique"  phylogeny of arthropods, or  postulate some startling 
sisterr  group relationship between long separated arthropods (fig. 2). 

BALLAR DD et at. (1992) proposed a tree (fig. 2A) based on analysis of 12S rRNA that 
indicatedd that onychophorans were well within the Arthropoda. This result has been fairl y 
widelyy rejected, however, on the basis of alternative sequence alignments of their  data (e.g., see 
WAGEL EE &  STANJEK, 1995). On the other  hand, ADOUTTE &  PHILIPPE (1993), employing 18S 
rDNA ,, suggested crustaceans as paraphyletic to crown group insects. However, this arrange-
mentt  had relatively low bootstrap support. Contrary to this, FRIEDRICH &  TAUTZ (1995), using 
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28SS rDNA as well as 18S rDNA, uncovered two major  clades (fig. 2B): a myriapod/chelicer-
atee clade, and a crustacean/insect clade. Finally, SPEARS &  ABELE (1997), while focusing main-
lyy on relationships within Crustacea based on 18S rDNA, also investigated kinship within 
arthropodss as a whole. They found a variety of patterns depending on the methods of analysis 
employedd (maximum parsimony versus neighbor  joining) and variant arrays of taxa (with and 
withoutt  inclusion of long-branched taxa). Their  patterns ranged from polyphyletic crustaceans 
andd polyphyletic atelocerates, to a hexapod/crustacean clade with a chelicerate/myriapod sis-
terr  group (mirrorin g the results of FRIEDRICH &  TAUTZ above). One consistent and fascinating 
linkk in the SPEARS &  ABELE analyses placed branchiopod crustaceans as a sister  group to 
collembolann hexapods. Interestingly, morphological support for  a close relationship between 
Collembolaa (and Protura) and the remaining hexapods remains controversial, yet conflicting 
morphologicall  characters uniting collembolans (and proturans) to other  non-hexapod taxa 
appearr  to be lacking (KRISTENSEN, 1991, 1997, contribution in this volume). 

Fig.. 3. alternative hypotheses of relationships between major  groups of arthropods based on the total evidence study 
off  WHEELE R el at. (1993). - A, most parsimonious cladogram of 1037 steps supporting a sister  group rela-
tionshipp between Arachnomorpha and Mandibular . - B. cladogram of 1038 steps supporting a sister 
groupp relationship between Atelocerata and Schizopoda. 

DNAA sequences are not the only molecular  sources of data. Aspects of the SPEARS & 
ABEL EE results were seconded by REGIER &  SHULTZ (1997), who turned their  attention to amino 
acidd sequences from nuclear  genes encoding for  elongation factor  l a and RNA polymerase II . 
Theyy also employed a variety of analytical techniques and obtained results (fig. 2C) indicating 
thatt  Crustacea could be viewed as polyphyletic. REGIER &  SHULTZ also found Malacostraca as 
aa sister  group to all other  arthropods, and Branchiopoda as a sister  group to either  the 
Hexapodaa alone, or  to all of the Atelocerata. It should be noted, however, that they do not con-
siderr  the evidence from elongation factor  I a against crustacean monophyly decisive because 
off  both limited sampling of non-arthropod out-group taxa and crustacean subtaxa, and poten-
tiall  long branch attraction of malacostracans to non-arthropod out-groups such as molluscs and 
annelidss (REGIER &  SHULTZ, 1998). Also, their  constraint for  crustacean monophyly only adds 
aboutt  1% to total tree length (REGIER &  SHULTZ, 1998). 

Genee arrangements 
Finally,, a new genetic source of phylogenetic hypotheses arises out of consideration of 

thee actual order  of genes in the genome, in particular  the mitochondrial genes. BOORE et at. 
(1995,, 1998) suggest that the sequence of genes on the mitochondria of insects and crustaceans 
aree so distinctive and out of the ordinary that they must be considered as unlikely to have inde-
pendentlyy evolved and therefore must be homologous (fig. 2D). However, MINDE L  etal. (1998) 
havee also taken up the issue of a similar  gene order  on the mitochondria of birds. They dis-
coveredd that, while the unusual gene sequences seen in Aves might be used to argue for  mono-
phylyy of certain groups, in fact another  alternative is possible, indeed likely probable. The most 
parsimoniouss distributio n of features when optimized on both DNA-DNA hybrid phylogenies 
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andd morphologically derived phytogenies of birds indicate that the supposedly unique and 
improbablyy homoplastic mitochondrial gene order characters are in fact quite clearly conver-
genttyy evolved. Current studies now reveal an often high degree of variation in mitochondrial 
genee rearrangements in various animal taxa, including crustaceans (e.g., ARNDT &  SMITH, 
1998;; CAMPBELL &  BARKER, 1998; CREASE, 1999; DOWTON, 1999; DOWTON &  AUSTIN, 1999). 

Totall  evidence 
Withh so many contending conclusions from morphological and molecular analyses, it is 

logicall  to put data together to see what kinds of patterns emerge from such combinations. One 
researchh group has attempted to undertake such a total evidence approach (see WHEELER et aL, 
1993;; WHEELER, 1997, 1998). The most recent results (which excluded trilobites) indicate a 
cladee Cheliceriformes as a sister group to an Atelocerata/Crustacea clade. Interestingly, 
WHEELERR et aL, (1993), when including trilobites, observed that a different tree, Atelocerata 
sisterr group to a Trilobite/Cheliceriformes/Crustacea clade, was only 1 step longer than a tree 
thatt was a total of 1037 steps in length (ftg. 3). 

ZRZAvYetZRZAvYet aL (1997) also utilized total evidence, using more molecules than the Wheeler 
groupp employed. They concluded that, while there was evidence for a hexapod/crustacean 
clade,, atelocerates as a whole were paraphyletic, and that cheliceriforms were also paraphyletic 
(separatee pycnogonid and c hel ice rate clades at the base of the tree). 

Developmentall  genetics 
Developmentall  genetic studies have begun to appear in the last few years and again 

seemm to promise a resolution of phylogenetic relationships. They may yet do so, but what has 
beenn published to date has so far been based on analysis of too few animals and too much spec-
ulation. . 

Forr example, AVEROF &  AKAM (1993, 1995a, b) and AKAM et aL (1994) suggested that 
thee pattern of expression of the Hox gene complex indicates crustaceans and hexapods share a 
commonn body plan. However, the Hox condition in myriapods, chelicerates, or the near-arthro-
podss was not then known. To judge the proposed relationship of two groups, one needs to 
assesss their position in reference to a third out-group. Subsequent work, in fact, has revealed 
thatt Hox genes are shared by all higher metazoans. This means that in cladistic terms the Hox 
geness in broad aspect are plesiomorphic features and thus tell us nothing about phylogenetic 
relationshipss within the groups that contain them, except on a very deep level of all "higher" 
metazoans. . 

Thee potential of developmental genes in a strict phylogenetic context is only beginning 
too be realized. The lack of abdA shared by cirripedes (MOUCHEL-VIELH et aL, 1998), which is 
correlatedd with the lack of an abdomen in adult "barnacles," bespeaks the monophyly of that 
group.. The multiple Hox genes of craniate chordates (2 clusters) and gnathostome vertebrates 
(44 clusters) (HOLLAND et aL, 1994; HOLLAND, 1998) argue in support of monophyly of these 
taxaa and even suggest that multiple duplications of the Hox gene complex contributed to the 
complexityy seen within the phylum Chordata. Examples such as these, where distinctive 
aspectss of Hox gene expression are shared among some groups of animals, can serve to unite 
taxaa as putative apomorphies. 

However,, care must be taken. CARTWRIGHT et aL (1993) uncovered multiple copies of 
thee Hox gene complex in Limulus and these displayed a resemblance to the Hox B sequence in 
thee mouse. The multiple Hox clusters in merostomes could be considered an autapomorphy of 
thee group. However, even though this is the only known occurrence of multiple Hox gene com-
plexess outside of the Chordata, no one is about to suggest a return to the old Arachnid Theory 
forr vertebrate origins—at least we hope not. 

Nevertheless,, individual aspects of Hox gene complexes can be used for assessing 
homologies.. For example, the potential power of developmental genes to contribute meaning-
full  information to phylogenetic analyses concerns the examination of Hox expression in che-
liceratess (DAMEN et at., 1998; TELFORD &  THOMAS, 1998). From this research, there now 
appearss clear evidence to indicate that the old suppositions about the lack of a deutocerebrum 
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inn chelicerates must be reconsidered. Patterns of Hox gene expression seem to indicate that the 
relevantt  "deutocerebral segment"  is in fact present in chelicerates. As a result, the chelicerae 
aree now suggested to be homologous to the hexapod antennae, and by extension the crustacean 
antennuless (first antennae). 

Interestingg as this conclusion is, however, the implications for  arthropod phylogeny are 
ratherr  counterintuitive. Part of the reason why cheliceriforms had been sorted as a sister  group 
too mandibulates was the distinctive autapomorphic condition of the brain. Mandibulates (ate-
loceratess and crustaceans) supposedly exhibit a plesiomorphic condition. Now, however, it 
appearss that probably all arthropods share the same condition. Thus brain structure tells us per-
hapss much less than we thought about arthropod relationships. 

Anotherr  example of the potential of developmental genes to sort out homologies is seen 
inn the studies of the expression pattern of the homeobox gene Distal-less (Dll)  (PANGANIBA N et 
al.,al., 1995; POPADIC et al., 1996; SCHOLTZ et at., 1998). The pattern of Dll  expression in the 
mandibularr  anlage of crustaceans and atelocerates reveals clearly that the ideas of Manton of 

myriapo dd hexapo d crustacea n trilobit e chetlcerat e 

Fig.. 4, comparison of Dll  expression (black filling ) across arthropod head regions, an: trilobit e antenna; anl: first 
antenna;;  ch: chelicera; an2: second antenna; ic: intercalary segment; />/»: pedipalp; md: mandible; L: leg. 

wholee limb versus gnathobasic mandibles are not justified. Dll  specifies the distal part of 
arthropodd appendages and in general patterns the proximo-distal axes of body wall outgrowths 
inn various protostome and deuterostome phyla (PANGANIBA N et al., 1997). Dll  appeared to be 
expressedd in the mandibles of the branchiopod nauplius larva, amphipod and mysid jaws, and 
millipedee mandibles, but not in the mandibles of the isopod and thysanuran insect. However, 
thee cells expressing Dll  in the nauplius larva do not contribute to the adult mandible. POPADIC 
etet al. (1996) initiall y concluded that the millipede (and by extrapolation myriapod) mandibles 
aree composed of whole limbs and that during evolution mandibles changed to a limb base only, 
ass seen in insects and crustaceans. They considered these results as direct evidence supporting 
aa sister  group relationship between insects and crustaceans. However, POPADIC et al. (1998) 
additionallyy studied Dll  expression in a chelicerate, a marine isopod, and a mysid and recon-
sideredd their  earlier  findings for  the millipede. They now concluded that only chelicerate pro-
somall  appendages are of a whole-limb type. Adult hexapod, myriapod, and crustacean 
mandibless were considered to be derived from limb bases. 

Althoughh the phylogenetic implications of Dll  expression and the Hox gene homologies 
havee yet to be full y realized in comprehensive analyses of arthropod phylogeny, some things 
seemm clear  (fig. 4). We can only say at this point that we now recognize two basic types of 
arthropodd "heads", the mandibulate cephalon with a single gnathobasic jaw that may or  may 
nott  have a distal palp (that may express Dll), and an arachnomorph "cephalon"  with several 
whole-limbb type appendages. As to which of these conditions might be apomorphic and which 
plesiomorphicc we cannot say at this point. If the arachnomorph plan is an apomorphic condi-
tionn and the mandibulate plesiomorphic, then Dll  expression and Hox genes, while providing 
aa synapomorphy for  arachnomorphs, tell us nothing about the possible relationship between 
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ateloceratess and crustaceans. However, if both conditions are apomorphic vis-a-vis some third, 
ass yet unrecognized, more plesiomorphic state, then we might yet have a synapomorphy for a 
discretee mandibulate clade. We cannot say more than this at this time. 

AA great deal of valuable information is now. and will continue, emerging from the field 
off  developmental genetics. However, it would appear at this point that at present developmen-
tall  geneticists as a whole, when making statements about phytogeny, largely function within 
ann evolutionary systematic, or phylistic, paradigm (RASNITSYN, 1996) rather than a phyloge-
neticc systematic, or cladistic, one. This is to say that these workers seem prone to postulate a 
phylogeneticc relationship based merely on whether a pattern is shared (JENNER, 1999). They 
havee up to now made littl e attempt to determine whether the pattern is apomorphic or ple-
siomorphic,, which is absolutely crucial if meaningful phylogenies are to result. 

II .. - HEXAPODS AND INDIVIDUA L CRUSTACEAN GROUPS. 

Ass mentioned above, to date, only two analyses have attempted to analyze all crus-
taceann higher taxa, fossil and Recent, with single comprehensive data bases (WILLS, 1997; 
SCHRAMM & HOF, 1998). They differ with regard to the details of rooting, the characters scored, 
andd the taxa included (fig. 5). WILL S performed an analysis with remipedes transferred to the 
out-group,, while SCHRAM & HOF rooted to a variety of atelocerates. Some differences in char-
acterr use and definition occur. The last point is probably the most distinctive, in that SCHRAM 
&&  HOF also included a variety of stem-group, Cambrian crustaceomorphs in their analysis. 
Evenn so, the results are remarkably similar. Both analyses recognize a monophyletic clade of 
Eumalacostracaa and Hoplocarida. Remipedia occur as a distinct group within the Eucrustacea. 
Thee coherence of Maxillopoda emerges from both papers (although WILL S finds a mono-
phyleticc Maxillopoda, while SCHRAM & HOF detect the possibility of paraphyly of this group). 
Inn both articles, a clustering of phyllopods occurs (either paraphyletically in WILLS, or mono-
phyletically,, but only under some circumstances, in SCHRAM & HOF). Since the class level 
groupingss of both these papers are not widely at odds with the molecular analyses of SPEARS 
&&  ABELE (1997), we think that for our purposes here we can focus on these "classes" of crus-
taceomorphss (Remipedia, maxillopodans, phyllopodans, Malacostraca, and stem-group crus-
taceans).. We prefer to assess the possible hexapod origins from these larger taxa rather than 
attemptt to consider each and every order within the Crustacea. 

However,, any consideration of crustacean relationships to hexapods must deal with the 
veryy distinct nature of the different ground patterns between the two groups. Hexapods are very 
uniformm in regard to ground pattern, but crustaceans are very diverse with several distinctive 
groundd patterns within the subphylum, and none of these particularly resemble that of hexa-
pods.. Crustaceans bear a number of anatomical autapomorphies (fig. 6) that are not easy to re-
concilee with any ideas of a close relationship with hexapods, more so even if we are to recon-
cilee the suggested malacostracan-hexapod linkage. Within the context of comprehensive 
cladisticc analyses (WILLS, 1997; SCHRAM & HOF, 1998) crown-group crustaceans can be cha-
racterizedd by a series of co-occurring features. These include biramous set of antennules, pre-
sencee of a pair of second antennae, a distinctive nauplius larva or egg nauplius stage, and dis-
tinctlyy different origins for what is called the labium from that seen in hexapods. Furthermore, 
theree are differences with regard to the expressions of Hox genes between the subphyla, at least 
basedd on the information available from the limited number of model systems investigated, 
viz.,, Drosophila for hexapods and Anemia for crustaceans. This is especially so in that bran-
chiopods,, rather than being primitive crustaceans, actually emerge in the analyses of WILL S et 
al.al. (1998), WILL S (1997), EMERSON & SCHRAM (1997), and SCHRAM & HOF (1998) as highly 
derivedd forms. Furthermore, Dmsophila is among the most highly derived dipterans 
(OOSTERBROEKK & COURTNEY, 1995) of the most highly derived of hexapod orders. 

Malacostraca a 
Inn many respecLs, the Malacostraca might seem to present a strong possibility from 

whichh to derive Hexapoda from within the Crustacea (see under "Morphological issues", p. 
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244).. This is especially so when one focuses on those malacostracans that do not bear  a cara-
pace,, such as the syncarids, isopods, and amphipods. Both the Malacostraca and Hexapoda 
bearr  robust trunk limbs with well-developed telopods for  walking, digging, or  swimming. Both 
groupss have important terrestrial radiations, which in Hexapoda is the major  expression of the 
entiree group, while in Malacostraca only certain groups have exploited terrestrial habitats (viz., 
bathynellaceans,, isopods, amphipods, and some crabs). The robust telopod among the terres-
tria ll  Malacostraca can even exist as a uniramous limb and in this respect especially resembles 

AA B 
Fig.. S, phylogenetic relationships of major  crustacean groups. - A, according to SCHRAM  &. HOF (1998). - B. accor-

dingg to WILL S (1997). 

thatt  seen in Hexapoda. The general habitus of both groups are similar, with the trunk divided 
intoo an anterior  thorax and a posterior  abdomen. These trunk regions, however, should not be 
consideredd strictly homologous since the thorax of Hexapoda consists of only three segments 
whilee that of Malacostraca consists of eight (although the anterior  one to five of these thoracic 
segmentss can actually be incorporated into an enlarged cephalon as maxillipedal segments). 
Wee can add to these resemblances the striking, complex intertwinin g of the neural chiasmata 
alreadyy discussed above. The issues here are extremely complex and beyond the scope of this 
paperr  (e.g., see AVEROF &  AKAM , 1995a, b and WALOSSEK &  MULLER , 1997, for  more back-
ground). . 
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However,, once these similarities are outlined, we encounter some distinct differences 
thatt compel us to pause in considering a close relationship between hexapods and malacostra-
cans.. The body plans are distinctly different (fig. 7). Aside from the short 3-segment thorax, 
hexapodss bear their gonopores at the end of the abdomen in a distinctly different area than do 
thee malacostracans. These latter bear their gonopods mid-body on the posterior segments of the 
thorax.. Although both regions are marked by expression of the Hox gene Abdominal B, the 
positionall  homologies (MINELL I & SCHRAM, 1994) are not alike. 

Fig.. 6, important morphological crustacean autapomorphies. - A, biramous first antenna. - B, second antenna. - C, 
naupliuss larva (or egg nauplius stage). 

Inn addition, malacostracans have a distinct tendency towards a head with at least 6 seg-
ments,, that is, there is at least one pair of maxillipedes added to the cephalic limb series, and 
thiss number can include up to five, as in the Stomatopoda. If we examine the habitus of just 
thee most terrestrial of crustacean groups, the oniscoidean isopods, the body plan similarities 
aree not so much to hexapods as it is rather to millipede myriapods, such as glomerids or poly-
desmids.. Finally, there is the matter of the presence of a second antenna, which most authori-
tiess agree is on a segment whose homology lies with the limbless intercalary segment in hexa-
podss and myriapods. However, these isopods are not the most primitive members of this group, 
andd it is obvious they are derived from earlier evolved marine groups (BRUSCA & WILSON, 
1991). . 

Nevertheless,, one could conceive of ways to explain all these discrepancies. The issue 
off  a three- versus eight-segment thorax is a case in point. SCHRAM (1982) pointed out the 
importancee of progenetic paedomorphosis in the evolution of variant crustacean body plans. 
Onee could postulate such a phenomenon as having given rise to hexapods. This is especially 
soo when considering extremely paedomorphic malacostracans such as the bathynellacean, 
HexabathynellaHexabathynella halophila (fig. 8). It would not take much to visualize a progenetic "reduction" 
off  the thorax from eight limb bearing segments to three. 
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Fig.. 7. comparison of malacostracan and hexapod morphological and genetic (Hox gene) body plans. Position of 
gonoporess indicated by filled black circles. - A. male mysid crustacean with Ubx and abdA expression domains 
(afterr AVEROF & PATEL. 1997) and AbtIB expression domain (N.H. Patel. pers. comm.). - B. generalized ptery-
gotee hexapod with Amp. Ubx, abdA and AbdB expression domains (modified after various sources). 

Fig.. 8, comparison of body plans of a paedomorphic malacostracan with an entognathan hexapod. - A. bathynella-
ceann crustacean (after SCHRAM, 1986). - B. dipluran hexapod (after RUPPERT & BARNES. 1994). 

Bee that as it may, it would appear that the other body plan differences would really 
arguee for the unlikelihood of any sister group relationship between hexapods and malacostra-
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cans.. Despite problems with some of the analyses, comprehensive morphological phylogenet-
icc studies indicate the likelihood of a crustacean, not hexapod, as sister group to malacostra-
cans(e.g.,, WHEELER, \991;Z*ZAvYetal., 1997; WILL S et al, 1998). 

Phyllopodans s 
Att first glance, there would seem to be littl e that would warrant comparison of the phyl-

lopodanss to the Hexapoda. The differences in body plan are striking. Phyllopodans are a 
diversee group with three constituent taxa: Branchiopoda, Brachypoda (or Cephalocarida), and 
Phyllocarida.. WILL S (1997) subsumes these three groups as a paraphyletic series just above the 
Remipediaa but below the Maxillopoda. Both WILL S (1997), and SCHRAM & HOF (1998) agree 
thatt Branchiopoda and Brachypoda belong within the phyllopods. However, SCHRAM & HOF 
concludee that whether Phyllocarida belong here or within the Malacostraca sensu lata, and 
whetherr Phyllopoda insert high or low in the tree depends on whether or not fossil taxa and 
softt anatomy are included in the analysts. Thus the taxonomie constitution as well as the phy-
logeneticc position of phyllopodans is very unstable. Nevertheless, as has already been men-
tionedd above (e.g., REGIER & SHULTZ, 1997; SPEARS & ABELE, 1997), there are unexpected 
linkss that keep appearing in the molecular data between certain of the phyllopods and certain 
hexapods. . 

Thee Branchiopoda have gonopores in the mid-body, but posterior to the node typical of 
mostt crustaceans, while the phyllocarids and cephalocarids have their gonopores on segments 
66 to 8 of the thorax. There are great variations on the phyllopod body plan. For example, an 
extremee phyllopod type can be seen among the cladocerans with a very reduced, oligomerized 
body.. Many phyllopods have a carapace, whereas anostracans lack one. In these respects, they 
aree quite distinctive from most other crustaceans, but they frequently appear in molecular 
analysess since they are easy to obtain and keep in the laboratory. 

Thee nature of the thoracic limbs of phyllopods is quite unlike anything that we 
encounterr in hexapods. The multi-lobed, thin, leaf-like appendages are typically specialized for 
detrituss or filter feeding. In the branchiopods, this limb is further modified to lack all traces of 
limbb segmentation. The resultant "corm" has been characterized by FRYER (e.g., see FRYER, 
1997)) as indicating the extremely primitive position of the branchiopods in the scheme of crus-
taceann phytogeny. However, it is clear from the phylogenetic analyses of EMERSON & SCHRAM 
(1997)) and SCHRAM & HOF (1998) that this feature, rather than being a plesiomorphy, is in fact 
ann autapomorphy of Branchiopoda. This conclusion would appear to have some support from 
emergingg evidence concerning the genetic control of limb differentiation in branchiopods (e.g., 
seee WILLIAMS , 1998, 1999; WILLIAM S & MULLER, 1996). No other arthropod group shares this 
feature. . 

So,, despite the fact that developmental comparisons are frequently made between anos-
tracann Anemia and Drosophila (AVEROF & AKAM , 1993; AKA M et a!., 1994), and that bran-
chiopodss can occur as a sister group to collembolans in sequence analyses (SPEARS & ABELE, 
1997),, there are solid morphological and phylogenetic grounds that argue against a close rela-
tionshipp of any of the phyllopod taxa with Hexapoda. 

Maxillopodans s 
Muchh the same can be said about maxillopodans and hexapods as about phyllopodans. 

However,, maxillopodans are characterized by widespread manifestations of body reduction 
andd ground pattern alteration linked to parasitic modes of existence and sessile filter feeding 
lif ee styles. They are an extremely diverse assemblage of crustaceans. While some authorities 
believee them to be a monophyletic group (e.g.. WILLS, 1997), other evidence seems to indicate 
thatt they may be a paraphyletic taxon in some position on the crustacean tree between the remi-
pedess below and the malacostracans above (SCHRAM & HOF, 1998). It is the very specialized 
modess of existence of this group that probably preclude their having any direct relationship to 
Hexapoda.. In addition to their specialized feeding types already mentioned, they are almost all 
marinee forms (with only a few freshwater types). 

Furthermore,, the comparisons of body plans are all askew as well. Maxillopodans have 
eitherr gonopores in the mid-body node typical of many crustaceans, or on the anterior aspect 
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off  the thorax. Furthermore, the body length is greatly truncated relative to hexapods. This 
shorteningg can be extreme: ranging from oligomerous (ostracodes, reduced to littl e more than 
thee equivalent of a head), extremely reduced (the interstitial mystacocarids). or lacking an 
abdomenn (cirripedes, linked with the absence of expression of abdominal A). 

Thuss there it would appear that littl e could be learned about possible hexapod origins 
fromm consideration of Maxillopoda. 

Remipedia a 
Thee remipedes have emerged as one of the singularly most interesting of crustacean 

classes.. Soon after their discovery and description, SCHRAM (1982) suggested that they occu-
piedd a crucial position near the base of crustacean phytogeny. Although this elicited a fair 
amountt of controversy vis-a-vis the old cephalocarid hypothesis, nevertheless, in cladistic 
analysess of all crustaceans (BRUSCA & BRUSCA, 1990; SCHRAM, 1986; SCHRAM & HOF, 1998; 
WILLS,, 1997; WILL S et al. 1998; Ax, 1999), remipedes come to occupy repeatedly a basal posi-
tion.. It should be noted, though, that in these analyses the basal position of the remipedes was 
effectedd by characterizing the remaining crustaceans by the possession of post-cephalic tag-
mosis,, reduction in segment numbers, loss of homonomy of internal organs and trunk limbs, 
andd sometimes possession of a nauplius. In contrast, MOURA & CHRISTOFFERSEN (1996) pro-
posedd a sister group relationship between remipedes and tracheates. The discrepancy between 
thee outcome of this study and the other cladistic studies can be attributed to the effects of cha-
racterr selection, coding, and method of character state polarization. For example, one of the 
fourr synapomorphies uniting remipedes and tracheates in MOURA & CHRISTOFFERSEN (1996) is 
internalizationn of the mandible, a character unique to their study. MOURA & CHRISTOFFERSEN 
(1996)) employed a priori, scenario driven transformation series to polarize their character 
states,, whereas the other cladistic studies rely primarily on out-group comparisons. This led 
MOURAA & CHRISTOFFERSEN (1996) to score various key features in the stem-series leading up 
too the remipedes that are purely hypothetical, i.e., not present or known in the remipedes. 
Exampless of these are presence of a typical nauplius larva, and possession of specialized com-
poundd eyes with associated neural wiring (chiasmata between optical ganglia). Similarly, one 
off  the four synapomorphies of remipedes + tracheates, gonopores primarily on last body seg-
ment,, is not observed in remipedes. 

Despitee its importance for crustacean evolutionary discussions, the Remipedia presents 
distinctt difficulties when seeking comparisons to Hexapoda. Such similarities as there are to 
ateloceraless at all, are to centipedes! Indeed those who have seen cine-film of living remipedes 
orr who have collected them in their native cave habitats are struck by superficial similarities to 
myriapods.. Yager (pers. comm.) used to refer to remipedes after they were first discovered as 
likee aquatic centipedes. The long body, lacking as it does trunk tagmata, and bearing a fang-
likee appendage among the mouth parts are features that indeed evoke centipedes. However, the 
presencee of the well-developed second antennae, the location of the female gonopores, and the 
presencee of frontal filaments bespeak the crustacean affinities of the Remipedia. 

However,, remipede morphology is fraught with ambiguity. In at least some of the trees 
off  EMERSON & SCHRAM (1997), Remipedia emerged at some distance from the other crus-
taceomorphs.. implying the possibility of polyphyly of Crustacea. BOXSHALL (1997), however, 
dreww comparisons between remipedes and certain maxillopodans. Thus there seems to be lit-
tlee of relevance for hexapod origins to be drawn from further consideration of remipedes. 

Stem-groupp crustaceans 
Thiss brings us to the last group within our consideration, which encompasses an ama-

zingg array of Cambrian forms, largely from the Swedish 'Orsten*. The potential importance of 
stem-groupp crustaceans for crustacean phytogeny was first advanced by WALOSSEK & MULLER 
(1990),, further elaborated in WAIXJSSEK & MULLER (1997, 1998), and confirmed with the 
cladisticc analyses of SCHRAM & HOF (1998). In such a sequential unfolding of crustaceomorph 
apomorphicc features leading to the crown-group Crustacea, there are two points at which we 
couldd envision a lineage of hexapods splitting off: 1) at a point before a second antenna appears 
amongg crustaceomorphs; or 2) at a point where mandibles, maxillules, and maxillae develop. 
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AA third alternative is possible, viz., hexapods simply lost the second antenna. However, such a 
hypothesiss is based on functionally driven ecological considerations and not from a rigorous 
studyy of comprehensive character distributions. 

Thee basal-most taxa are exemplified by very strange arthropods, e.g., Cambrocaris, 
Cambmpachycope,Cambmpachycope, and Martinssoniajfig. 9), which lack any second antenna. Whether the 
appendagee located just behind the antenna of these forms is in fact the homolog of a second 
antennaa is impossible to evaluate at this time. That particular limb appears to be well devel-
opedd from what littl e can be seen on the fossils, but appears to be littl e differentiated from any 
off  the limbs that follow. However, the entire mouth field and associated limbs are often incom-

ing.. 9. sonic Cambrian slem-group crustaceomorphs. - A. Cambmpachycope clurksoni (from WALOUEK & MULLER, 
1992).. - B. Manimsonia elmigaia (from WALOSSEK & MULLER, 1992). - C: Cambrocaris balrica (from 
WALOSSEKK & SZANIAWSKI. 15)91». 
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pletelyy preserved on these animals. Among the crustaceomorphs that appear  "higher "  on the 
cladogram,, e.g., animals such as Branchiocaris, Marella> or  Canadaspis* a second antenna 
clearlyy is developed. Thus from the perspective of the evolution of the second antenna, it would 
appearr  that hexapods would have had to have arisen earlier, and that mandibles and associated 
mouthh parts might in that case have arisen independently. 

Anotherr  significant branching point with regard to hexapod origins would occur  at the 
stagee where mandibles, maxillules, and maxillae appeared [all occurring together  in the analy-
siss of SCHRAM &  HOF (1998) and thus the point at which they would recognize a crown-group 
Crustacea].. If hexapods had arisen at that point as well, that would necessarily imply that the 
secondd antennae was lost in their  lineage and perhaps somehow converted into the hexapod 
labium. . 

// / / / 

Fig.. 10. some features that could represent synupomorphies for  hexapods and crustaceans in two contexts. - A, a very 
restrictedd (pruned) phytogeny derived from the narrativ e treatments in various papers cited below. - B. a more 
comprehensivee phytogeny derived from combining the results of papers like WILL S et al. (1998) and SCHRAM 
&&  HOK (1998) with the concerned characters mapped for  their  occurrence. 1: neural chiasmata (after  NILSSON 
&&  OSORIO. 1997); 2: pattern of axon growth (after  WHITINOTO N &  BACON, 1997); 3: mitochondrial gene order 
(afterr  BOORE et al., 1998); 4: ommaiidia composition (after  NILSSON &  OSORIO. 1997): 5: neuroblasts (after 
Dotu.1-.. 1997; WHITINGTO N &  BACON, 1997). 

Inn fairness, the issue is not quite so simple as is portrayed here. SCHRAM &  HOF (1998) 
rootedd their  analyses in three out-groups: centipedes, apterygotes, and euthycarcinoids. In 
effect,, they constrained the output of their  analyses because of this. However, the trees they 
obtainedd might just as well be rooted among the stem-group taxa such as Cambrvcaris, 
Goricaris,Goricaris, and Henningsmoenicaris, in which case a separate centipede/apterygote clade 
wouldd have emerged from among the Cambrian 'Orsten*  taxa. Thus we might construe an ori-
ginn of hexapods (if not atelocerates as a whole) before the development of the second antenna. 
However,, SCHRAM &  HOF (1998) only focused on determining relationships among crustaceo-
morphs.. To adequately assess the relationship of hexapods and crustaceans, a more compre-
hensivee database should be used. 

Nevertheless,, morphologic analyses (EMERSON &  SCHRAM, 1997; WILL S et al., 1998) 
thatt  employ a wide array of fossil species repeatedly come up with either  a monophyletic or 
paraphyleticc atelocerate assemblage immediately above the point where we define Arthropoda. 
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DISCUSSION N 

Clearly,, the issue of a relationship between crustaceans and hexapods is not an easy one 
too resolve and certainly cannot be done here. However, certain things are clear, and these are 
relatedd the issues of methodology. 

Continuingg to base phylogenetic hypotheses on a few model organisms, no matter  how 
robustt  they may appear, can no longer  be justified. To focus on too few taxa. or  too few cha-
racters,, derived from species easy to manipulate in a laboratory, produce only seriously pruned 
orr  pared trees. The consequences of this are dire. For  example, several of the features reviewed 
abovee appear  to provide strong support for  uniting hexapods with crustaceans, and even spe-
cificc groups within crustaceans (see fig. 10A). However, the potential array of taxa employed 
inn an analysis, such as we commonly encounter  in the literature, involves only a fraction of the 
taxaa that are relevant to discussions of arthropod relationships. Consequently, if we add even a 
feww of these other  groups (fig 10B), the issues involved are cast into a totally different light. 
Hypotheses,, and even conclusions, that appear  to be highly corroborated (and would lead us to 
believee we have arrived at some supposed "truth" ) can be seen to be not so. Rather, such pat-
ternss should be viewed as only one of several alternative hypotheses, each of which needs to 
bee considered within a larger  context. 

However,, we need to be forewarned that comprehensive treatments of characters sel-
domm result in clear  and unambiguous patterns of relationships. Experience seems to teach us 
thatt  characters seldom behave the way we want them to. In part, this is related to the nature of 
thee characters themselves. However, in part this is also related to scoring characters for  an array 
off  taxa that is itself severely limited. The character/taxon matrix (Table 1) would yield a com-
pletee resolved tree. There is no doubt about the relationships in such a scheme. 

Tabicc I . -A n ideal, hypothetical matrix of data that produces a single, shortest, completely resolved tree of 5 taxa. 

Taxa a 

A A 
B B 
C C 
D D 
E E 

char.. 1 

1 1 
1 1 
1 1 
1 1 
1 1 

char.. 2 

0 0 
1 1 
I I 
1 1 
1 1 

char.. 3 

0 0 
0 0 
1 1 
1 1 
1 1 

char.. 4 

0 0 
0 0 
0 0 
1 1 
1 1 

char.. 5 

0 0 
0 0 
0 0 
0 0 
1 1 

Moree common is the situation that we are tryin g to deal with here (fig. 11). We have 
reviewedd a series of characters (fig. 10) that are in the current literatur e and that could serve as 
apomorphiess for  uniting Hexapoda and Crustacea within a modified higher  taxon Mandibulata. 
Equallyy effective, however, is another  list of characters (see KLASS &  KRISTENSEN, 2001, as 
welll  as KRAUS. 2001. this volume) that can act as apomorphies for  uniting Myriapoda and 
Hexapodaa within the higher  taxon Atelocerata. The usual response to this dilemma is to look 
att  the trees and ask, "which tree is the true tree?"  This implies that there has to be some "truth " 
thatt  must correspond to a "past reality."  And well there may. However, rather  than look at the 
trees,, we should look at the data, rather  than focus on the taxa we should focus on the charac-
ters.. This would then allow us to realize that we could equally and validly view this situation 
ass alternative patterns of organization. The information content of the data is capable of alter-
nativee interpretations. We can then ask whether  the character  distribution s could mirro r  homo-
pii  asy rather  than homology, or  the higher  taxonomie clustering might actually reflect para-
phylyy (or  even polyphyly) rather  than monophyly. 

Thiss cuts to the heart of our  science. Do we focus on trees and "truth "  and have no real 
wayy of ever  knowing whether  the tree really is true? Or  do we focus on organizing informa-
tion,, be satisfied with a relative level of uncertainty, but hold out the hope that we might at least 
sett  some probabilities on the likelihood of emergent pattern? This dilemma essentially was the 
coree of the Phylogenetic Uncertainty Principle of SCHRAM (1983). We can either  group taxa 
andd be unsure of their  degree of proximit y (the inherent insufficiency of paraphyly as a met-
ric);ric);  or  we can postulate ground plans to unite clades and be uncertain as to whether  these cor-
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respondedd to some reality from out the past (the relativity of homoplasy versus homology). 
Thiss is relatively frustrating to be sure—more so because of the paradox that grows out of the 
phenomenonn of the pruned tree (JENNER. 1999). The more we find out either about specific 
taxa,, or particular characters the less we seem to know vis-a-vis the entire information content 
off  a matrix. In other words, more knowledge about specifics seems to generate more uncer-
taintyy about the whole. 

ATELOCERATA A 

AA MYRIAPODA <\ 

»r »r 

\ \ 

HEXAPODA A 

CRUSTACEA A 

J' J' 

/ / 

"MANDIBULATA" " 
Fig.. 11, two hypotheses (monophylctic Atclocerata versus monophyletic new "Mandibulata") for the phytogeny of 

majorr arthropod groups that represent equally viahle alternative patterns of organized data. 

Thee above discussion shows the necessity of a more active dialogue between the 
detailedd study of the organisms and the phylogenetic context in which it takes place. The study 
off  KLASS (1998) is an especially clear illustration of this. Considering apparently very striking 
anatomicall  similarities between restricted groups of hexapods and crustaceans in the context 
off  a complete arthropod phylogeny yields a different and necessary perspective. Apparently 
strongg anatomical homologies may in fact be more profitably seen as homoplasies, inviting 
detailedd study of a more comprehensive group of taxa. 

Wee opt for the position of relativity. As a consequence we would not choose between 
eitherr option in figure 11, but rather would treat them as alternative hypotheses to be explored 
furtherr in the light of more information yet to be gathered. 
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DAT AA QUALITY , DATA RECYCLING , AND 
DATAA MATRI X COMPILATIO N 

Thee vitalit y of systematic biology as a sci-
encee depends on our  invested efforts to en-
suree the quality of the input data of our  anal-
yses.. When insufficient attention is directed 
towardss the construction of the data matrix , 
properr  interpretation of the results of cladis-
ticc analyses becomes impossible. Neverthe-
less,, some systematists have argued that 
modemm systematics is increasingly charac-
terizedd by a shift of emphasis from observa-
tionn as the source of the data matrix to what 
cann be inferred from the data matrix after  its 
constructionn (e.g., see Patterson and Johnson, 
1997;;  Grande and Bemis, 1998; Rieppel and 
Zaher,, 2000). The current availability of an 
unprecedentedd amount of comparative data 
andd ever-increasing computing powers may 
havee largely fostered such a shift. 

Itt  may therefore not be unexpected to 
discernn a tendency among recent phylo-
geneticc studies of higher-level animal re-
lationshipss (both morphological and total 
evidencee approaches) to use morphologi-
call  characters garnered from character  lists 
previouslyy compiled by different authors as 
raww data for  new phylogenetic studies. A 
partiall  list might include Eemisse et al. 
(1992),, strongly relying on Brusca and Brusca 
(1990)) and Meglitsch and Schram (1991); 
Kimm et al. (1996), relying principall y on 
dataa from Brusca and Brusca (1990), Eemisse 
ett  al. (1992), and Wheeler  et al. (1993); Sund-
bergg et al. (1998), relying on Brusca and 
Bruscaa (1990); Zrzav^ et al. (1998), chiefly 
relyingg on data derived from Meglitsch 
andd Schram (1991), Schram (1991), Eemisse 
ett  al. (1992), Backeljau et al. (1993), Schram 
andd Ellis (1994), Nielsen (1995), Rouse and 
Fauchaldd (1995), Nielsen et al. (1996), Ax 
(1996),, Haszprunar  (1996a, b), Wallace et al. 
(1996),, and Gilbert and Raunio (1997); Giribet 
(1999)) and Giribet et al. (2000), which are ex-

clusivelyy based on the morphological data of 
Zrzavyy et al. (1998); and Sorensen et al. 
(2000),, adopting a modified version of the 
dataa set of Nielsen et al. (1996). Indeed, 
observingg that previously compiled data 
setss are recognized as valuable sources of 
phylogeneticc information is encouraging 
andd could signify the continual refinement 
andd consolidation of an increasingly ma-
turin gg morphological data set. However, 
severall  critical comments are in order. 

Inevitably,, any morphological phyloge-
neticc analysis of higher-level animal taxa 
hass to rely largely on information assembled 
fromm the published literature. One should be 
cautious,, however, in extracting character  in-
formationn from the literature, especially from 
dataa sets previously compiled by different 
authors.. Yet, the recent phylogenetic analy-
sess listed above did not always attempt to 
explicitlyy and criticall y evaluate or  reevalu-
atee the recycled data matrices. Of course, a 
practicall  problem is apparent. The vastness 
off  the ever-expanding field of invertebrate 
zoologyy makes it increasingly difficul t and 
timee consuming to obtain a complete first-
handd overview and appreciation of compar-
ativee data for  higher-level phylogenetic stud-
iess of the Metazoa. Nevertheless, insufficient 
attentionn to the quality of the data set may 
stronglyy impair  the quality of the resulting 
phylogenies. . 

Thee morphological matrix of Zrzavy et al. 
(1998;;  ZEA) is especially important , compris-
ingg 276 characters and representing the most 
comprehensivee morphological data matrix 
forr  the Metazoa compiled to date. Their  mor-
phologicall  data set has been incorporated 
intoo several new phylogenetic studies of the 
Metazoaa (Giribet, 1999; Giribet et al. 2000), 
andd the phylogenetic results of this latter 
often-citedd study have already been used as 
aa framework for  interpretin g different as-
pectss of animal evolution (de Queiroz, 1999; 
Vermeijj  and Lindberg, 2000). Determining 
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thee quality of this matrix thus becomes criti -
cal.. Below I will demonstrate legitimate rea-
sonss for  questioning the quality of this ma-
tri xx and show that its uncritical recycling se-
riouslyy compromises several important re-
sultss from the latest phylogenetic analysis of 
bilateriann relationships (Giribet et al., 2000; 
GEA),, recently published in this journal . I 
wil ll  refer  to particular  characters from the 
matri xx of ZEA as ZX, where X is the number 
off  the character  in the matrix of ZEA. 

Insufficientt  attention to data matrix con-
structionn and uncritical use of data matrices s 
off  other  authors is especially problematic for 
phylogeneticc analyses of higher-level taxa. 
Browerr  (2000:15) writes about "characters as 
observations""  to highlight the link between 
dataa matrix entry and its empirical support in 
phylogeneticc analyses. However, for  phylo-
geneticc studies of higher-level taxa, to equate 
characterss with observations is an oversim-
plification .. Observations on characters are fil -
teredd through multipl e layers, often implicit , 
off  interpretation in their  transformation to a 
definitiv ee data matrix entry. The scoring of 
aa single 0 or  1 for  a given supraspecific ter-
minall  taxon in the matrix may encapsulate 
aa variety of information and interpretation, 
includingg synopses of the extent and impor-
tancee of character  variation within terminal 
taxa,, the internal phylogenetic relationships 
withi nn the terminals along with their  bearing 
onn the reconstructed ground patterns that are 
scoredd in the matrix, the density and relia-
bilit yy of original observations for  the termi-
nall  units (e.g., recent or  old literature), the 
adoptedd strategy for  character  selection, and 
thee many difficul t decisions of character  cod-
ingg of complex features that may be function-
allyy and structurall y linked. Recycling of any 
morphologicall  data matrix for  use in a new 
studyy would supposedly logically imply a 
fulll  agreement with all the decisions that fed 
intoo construction of the matrix. When these 
issuess are not explicitly confronted, however, 
thee data matrix is reduced to a black box. If 
ourr  goal is to deepen our  understanding of 
thee evolution of metazoan morphology and 
phytogeny,, we need to scrutinize the many 
facetss of data matrix construction (Jenner  and 
Schram,, 1999). 

PROBLEMSS WITH THE MORPHOLOGICA L 
DATAA MATRI X OF ZEA 

Althoughh ZEA's data matrix unites dis-
paratee information, the lack of any attempt 

att  integration or  quality assessment of pri -
maryy homologies hinders the discrimina-
tionn of valuable and problematic data. The 
matri xx is chiefly based on syntheses, espe-
ciallyy other  phylogenetic analyses and text-
bookss (see listing above). It is impossible to 
tracee the exact source of character  informa-
tionn in the matrix, and none of the charac-
terr  definitions are discussed. ZEA (p. 251) 
write,, "Th e original data were not reanalyzed 
priorr  to analysis...."  This is a problem be-
causee various authors have shown that sev-
erall  of the sources of the matrix suffer  from 
aa range of difficultie s (e.g., see Rouse and 
Fauchald,, 1995; Nielsen et al., 1996; Jenner 
andd Schram, 1999). Nevertheless, ZEA's ma-
tri xx was adopted without change by Giribet 
(1999)) and GEA. 

Givenn the impossibility of assessing the 
qualityy of a morphological matrix by ap-
pealingg to general principles, I will offer  a 
broadd range of examples for  diverse taxa and 
characters.. Nevertheless, I wil l propose sev-
erall  general and related categories of prob-
lemss associated with this large morpholog-
icall  data matrix, the recognition of which 
wil ll  be essential for  a proper  evaluation of 
thee phylogenetic results of ZEA and GEA. 
II  wil l specifically illustrat e the problems in-
volvedd by briefly discussing several of the 
majorr  conclusions from the recent study 
off  GEA. 

Theory-DrivenTheory-Driven Scoring Without 
EmpiricalEmpirical Support 

Thesee problems refer  to data matrix en-
triess that are largely or  wholly determined 
byy a prior i assumptions of character  evolu-
tion.. For  example, among the taxa scored 
presentt  for  Z93 (tripartit e body and coelom) 
aree the chordates. The trimeric , archimeric, 
orr  oligomeric organization of the ances-
trall  deuterostome has played an important 
rolee in hypotheses about the evolution of 
thee chordate body plan (e.g., Nielsen, 1995; 
Presleyy et al., 1996). However, the scoring 
off  chordates for  possession of a trimeri c 
organizationn is not rooted in observations, 
butt  represents an evolutionary inference 
contingentt  upon the nesting of chordates 
withi nn a dade of arguably trimeri c nonchor-
datee invertebrates: Brachiopoda, Phoronida, 
Pterobranchia,, Enteropneusta, and Echin-
odermata.. Neither  ontogeny nor  morpho-
logyy illustrates the trimeri c nature of the 
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bodyy in Urochordata, Cephalochordata, and 
Vertebrata.. Rather, cephalochordates and 
vertebratess elaborate a metamericbody plan, 
whereass even the presence of coeloms in uro-
chordatess awaits confirmation (Welsch, 1995; 
Presleyy et al., 1996; Burighel and Cloney, 
1997).. The scoring of trimer y in the matrix of 
ZEAA in these taxa is therefore without any 
empiricall  support. Consequently, the opti-
mizationn of this character  as the only po-
tentiallyy unique synapomorphy for  a clade 
off  (Phoronida Brachiopoda Hemichordata 
Echinodermataa Chordata) (Bryozoa is scored 
"?" )) in the morphological and total evidence 
analysess of ZEA should be reevaluated. 
Otherr  recent studies exemplify similar  errors. 
Thee characters are often easily diagnosed by 
thee adjective "modified,"  or  something simi-
lar,, and such identifying statements of "mod-
ifiedd spiral cleavage"  for  crustaceans (Valen-
tine,, 1997:8001), cleavage of the "distorted 
spirall  type"  in acanthocephalans (Cromp-
ton,, 1989:254), or  "modified enterocoely"  in 
phoronidss (William s et al., 1996) should in-
stilll  caution in the interpretation of the evo-
lutionaryy significance of these features. 

DataData Matrix Inconsistency 
Morphologicall  data matrices may include 

conflictingg characters for  two distinct rea-
sons::  (1) homoplasy, that is, meaningful 
andd properly scored potential synapomor-
phiess refuted by character  congruence, and 
(2)) poorly identified and scored characters. 
Therefore,, the most potent method for  iden-
tifyin gg careless data matrix construction is to 
scann it for  characters that actively contradict 
eachh other. Here I discuss three examples of 
this. . 

Thee first involves two characters and at 
leastt  three independently incorrectly scored 
taxa.. Z38 codes the presence of a heart with 
aa coelomk pericardium, and Z42 codes the 
presencee of a hemal system with an ax-
iall  complex. A hemal system with an axial 
complexx refers to a blood vascular  system 
thatt  is structurall y and functionally linked to 
aa set of coelomk spaces, together  termed 
thee axial complex (Nielsen, 1995). One of 
thee fundamental components of this com-
plexx structure is a heart surrounded by a 
coelomk::  pericardium, and the axial complex 
iss uniquely present in enteropneusts, pter-
obranchs,, and echinoderms. ZEA correctly 
scoree this complex character  as present in 

thesee three taxa. However, when we con-
siderr  the scoring of Z38, a strikin g incon-
gruencee is revealed. The broad scoring of 
Z388 in ZEA across Protostomia (molluscs, 
annelids,, onychophorans, arthropods) and 
Deuterostomiaa (urochordates, vertebrates) 
justifiess a broad character  definition— 
aa definition that would encompass both 
anatomicallyy restricted hearts with a special-
izedd pericardium, such as in molluscs, and 
muscularr  longitudinal blood vessels referred 
too as hearts with a relatively nonspecialized 
"pericardium,' ''  that is, composed of the lin-
ingg of the body coelom, such as found in 
polychaetes.. In view of this broad definition, 
thee scoring for  various other  taxa remains 
unexplained,, especially echinoderms, ptero-
branchs,, and enteropneusts, which are incor-
rectlyy scored in ZEA as lacking a heart with 
aa coelomk pericardium. 

AA second instance of data matrix incon-
sistencyy concerns characters Z43 (podocytes) 
andd Z57 (ultrafiltratio n through podocytes), 
incidentallyy involving the same terminal 
taxa.. Pterobranchs and echinoderms are both 
scoredd as possessing ultrafiltratio n through 
podocytess and also as lacking podocytes. 

Third ,, urochordates are scored as possess-
ingg longitudinal muscles along the chorda 
andd undulatory movement of the finned tail 
(Z83),, but scored as "?"  for  a chorda (Z78). 

ImpreciseImprecise Character Definitions and 
InsufficientInsufficient  Attention to Primary Homology 
Ann important flaw of the morphological 

matri xx of ZEA is the absence of explicit char-
acterr  definitions. The only information is 
thee name given to the character. This makes 
itt  virtuall y impossible to assess the merit 
off  the primar y homology assessments that 
constitutee the data matrix. Although some 
characterss are not a problem, for  example, 
protonephridiaa (Z48), the precise meaning 
off  many other  characters cannot be eval-
uated.. Two particularl y clear  examples of 
lackk of attention to primar y homology are as 
follows. . 

Evenn the scoring of a character  with an os-
tensiblyy straightforwar d definition such as 
positionn of the anus as anterior/dorsal or 
posteriorr  (Z73) can mask many difficultie s 
off  interpretation. Although explicit specifi-
cationn is lacking, the scoring indicates that 
thee character  refers to adult morphology. 
Suchh broad-scale comparison of adult anus 
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positionn across the Bilateria is complicated 
byy the changing body axis orientation during 
thee ontogeny of many of the scored taxa (or 
evenn the complete loss of the larval anus dur-
ingg metamorphosis). This can be illustrated 
byy addressing the difficult y of substantiat-
ingg the primar y homology of an anterior/ 
dorsall  anus even for  the most closely related 
taxaa that share this feature, the two sister 
groupp pairings in the morphological anal-
ysiss of ZEA: (Brachiopoda Phoronida) and 
(Cycliophoraa Entoprocta). 

Nielsenn (1991) drew attention to the 
factt  that the anterior/dorsal anuses of Bra-
chiopodaa (Inarticulata ) and Phoronida arriv e 
att  their  adult position through very different 
ontogeneticc pathways, providing littl e basis 
forr  proposing primar y homology of adult 
anuss position. Brachiopod metamorphosis 
(exemplifiedd by Crania anomala) involves the 
shorteningg of the ventral side of the body, 
whereass in phoronids the dorsal side is ex-
tremelyy shortened. The scoring in ZEA to-
tallyy ignores the change in position of the 
anuss with respect to the larval body axes in 
phoronidss and brachiopods. Second, scoring 
off  the sister  taxa Cycliophora and Entoprocta 
forr  anterior/dorsal anus may seem at first 
glancee more defensible, based on the super-
ficiall  morphologies of the adults, but com-
plexx problems remain. The anterior/dorsal 
anuss of the entoproct adult directly corre-
spondss to the posterior  position of the anus 
inn the larva before metamorphosis (Nielsen, 
1971),, but the anteroposterior  axis of the cy-
cliophorann feeding stage (adult) is developed 
diametricallyy opposite to the anteroposterior 
axiss of the pandora larva in which it devel-
opss in the asexual part of the life cycle (Funch 
andd Kristensen, 1997). Any relationship of 
bodyy axes between the adult feeding stage 
andd the chordoid larva from which it devel-
opss in the sexual part of the life cycle is ob-
scuredd by the degeneration of the chordoid 
larvaa after  it settles on a host Moreover, none 
off  the cycliophoran free-living stages devel-
opss a digestive system. A meaningful com-
parisonn of adult anus position without at-
tentionn to ontogenetic changes is obviously 
nott  straightforward . Furthermore, relating 
thee presence of broadly U-shaped guts with 
considerationss of ecology and functional 
morphologyy in different taxa would only 
lessenn the probabilit y for  scoring anterior/ 
dorsall  anus as a primar y homology across 
Bilateria. . 

Becausee the analysis of GEA is specifically 
aimedd at resolving the phylogenetic place-
mentt  of acoelomates and aschelminth taxa, 
includingg the recently discovered phylum 
Cycliophora,, the exertion of special care in 
thee scoring of characters for  these taxa is 
critical ,, especially those features pertaining 
too body cavity organization. Yet, a pseudo-
coelomm (Z34) is still coded as a diagnosable 
character.. The definitional problems associ-
atedd with this character  do not justify its 
codingg as a separate character  (see discus-
sionss in Ruppert, 1991a; Ahlrichs, 1995; Ax, 
1995).. Ultrastructurally , there is no sharp dis-
tinctionn between the acoelomate and pseu-
docoelomatee organizations, which constitute 
differentt  points along a continuum of non-
coelomatee organization. Both can be desig-
natedd as primar y body cavities lined by ex-
tracellularr  matrix. A primar y body cavity 
mayy range from a virtual absence of any 
cavityy (so-called acoelomate organization), 
suchh as the very narrow interstitia l spaces 
inn gnathostomulids, to a more spacious cav-
ityy such as found in priapulid s (pseudo-
coelom).. Even according to these graded dis-
tinctions,, cycliophorans and kinorhynchs are 
misscoredd in ZEA as possessing a pseudo-
coell  (see Kristensen and Higgins [1991] for 
kinorhynchs;;  Funch and Kristensen [1995, 
1997]]  for  cycliophorans). These consider-
ationss necessitate the rescoring of other 
noncoelomatess in the matrix of ZEA; more-
over,, in view of larval body cavities in coelo-
matess (see below) and the presence of a spa-
ciouss primar y body cavity in various adult 
coelomatess such as the molluscan hemocoel 
(Salvini-Plawenn and Bartolomaeus, 1995), 
mostt  of the Bilateria would have to be 
rescored. . 

Otherr  characters with very unclear  defi-
nitionss include terminal differentiation, Z2; 
regularr  metagenesis, Z130 (coding urochor-
datess and cycliophorans despite the lack of 
anyy developmental and morphological sim-
ilarities);;  prevalence of the left body side, 
Z84;;  specific type of cnidocyte morphogene-
sis,, Z213; eutely, Z10 (organs or  organisms?); 
bipartit ee body, Z86 (scored for  such dis-
tinctl yy differently organized animals as the 
noncoelomatee kinorhynchs and coelomate 
chaetognaths);;  mono- and biphasic life cy-
cles,, Z131 (character  states in the literatur e 
havee been variously defined on the basis 
off  ecological, morphological, or  functional 
criteria ,, creating substantial confusion in 
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studiess of metazoan life cycle evolution 
[McEdwardd and Janies, 1993]); primar y 
larvaee Z133 (see Jenner, 2000; and be-
low);;  and dipleurula larvae, Z143 (known 
ass a hypothetical ancestral deuterostome 
larvall  type that is misscored for  Ptero-
branchiaa if an explicit character  definition 
iss adopted [Nielsen, 1995; Salvini-Plawen, 
1998J). . 

LifeLife  Cycle Stages and Character Coding 
Thiss subject deserves more attention by 

workerss on metazoan phylogeny. It relates 
too how the phylogenetic significance of mor-
phologicall  characters depends on which part 
off  the life cycle is used for  comparison. An 
ingrainedd concept of phylogenetic systemat-
icss is that only "comparable semaphoronts" 
(definingg a semaphoront as an organism at 
aa particular  stage in the life cycle) should 
bee compared (Wiley, 1981:119). Although 
thiss idea has a pedigree going back to 
Hennig'ss original conceptualizations of phy-
logeneticc systematics, that does not make 
itt  well-founded, at least not for  all phylo-
geneticc levels. A consideration of the em-
piricall  evidence marshalled in support of 
thiss premise by Hennig (1966) makes strik-
inglyy clear  that the relevance of this con-
ceptt  for  higher-level animal phylogenetics 
iss far  from obvious. The concept is usu-
allyy illustrated by examples from animals 
withh relatively simple life cycles (tradition -
allyy characterized as direct development), es-
peciallyy arthropods (insects) and vertebrates 
(Hennig,, 1966). These examples deal with 
relativelyy closely related species in which 
thee correspondence of life cycle stages (lar-
vae,, juveniles, adults) is relatively clear-cut. 
Thee situation is much more complicated for 
higher-levell  animal taxa, there being no gen-
erallyy accepted theory of life cycle evolution. 
Suchh a theory is necessary for  a proper  un-
derstandingg of the correspondence of life cy-
clee stages across the Metazoa. Until we de-
velopp such a theory, evaluating the value of 
thee prescription that "larva e can only be com-
paredd with larvae and adults with adults" 
(Bartolomaeuss and Ruhberg, 1999:172) will 
remainn very difficul t when comparing ani-
malss with diverse life cycles, such as the di-
rectlyy developing arthropods and the indi-
rectlyy developing polychaetes. What is clear, 
however,, is that different decisions about 
comparabilityy of life cycle stages will have 

differentt  effects on the outcome of a phy-
logeneticc analysis. The prevailing tendency 
iss to score adults and larvae as separate 
lif ee cycle stages. When no life cycle stage is 
specified,, one has to guess from the charac-
terr  scoring what life cycle stages are being 
compared. . 

Forr  example, some characters apparently 
codee only the adult stage. Z270 codes the life 
habitt  (free-living or  ecto- or  endoparasitic) 
off  the taxa, scoring exclusively ectopara-
sitismm for  Myzostomida, which nevertheless 
possesss free swimming larvae. Z247 scores 
thee presence of a basi-epithelial nervous 
system,, mainly for  deuterostomes and 
lophophorates.. First, there are misscorings 
off  the adult stage, such as Chaetognatha 
(Salvini-Plawen,, 1988; Shinn, 1997), 
Loricifer aa (Kristensen, 1991), and Priapulida 
(Storch,, 1991). Moreover, the scoring of 
Z2477 ignores the observations of the basi-
epitheliall  position of many regions of the 
centrall  nervous system in many proto-
stomes,, particularl y during earlier  stages 
off  ontogeny (Nielsen, 1995). Z34 codes the 
presencee of a pseudocoel and scores a 
restrictedd set of noncoelomate taxa such 
ass kinorhynchs, loriciferans, and rotifers. 
Ignoringg the problems of definition of 
thiss character  for  the moment (see above), 
whenn entire life cycles are being consid-
ered,, this feature should also be scored as 
presentt  in coelomates, where it is observed 
inn the larvae before they develop their 
coeloms. . 

Forr  these three characters the implici t as-
sumptionn is to score adults only, although 
aa viable alternative would call for  scoring 
acrosss the entire life cycle. The choice should 
bee explicitly justified, because it directly de-
terminess the phylogenetic significance of the 
characterss involved: Scoring the character 
acrosss all life cycle stages would result in po-
tentiall  synapomorphies for  a more encom-
passingg set of taxa man that obtained when 
onlyy adults are scored. Other  characters ap-
parentlyy do score across the entire life cy-
cle,, such as Z48, which records the pres-
encee of protonephridia. The current scoring 
recordss both taxa where protonephridia can 
bee argued to be present in the adult ground 
patternn (e.g., Priapulida, Kinorhyncha, En-
toprocta)) and taxa where published reports 
providee support only for  their  presence in 
thee larval ground pattern (e.g., actinotro-
chh larva of phoronida, trochophora of 
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Molluscaa and Echiura, and chordoid larva of 
Cycliophora). . 

AA satisfactory hypothesis of the relation-
shipp between the nature of metazoan life 
cycless and cladistic character  coding for 
higher-levell  phylogenetic analyses has not 
yett  been developed. Such a hypothesis, 
however,, is necessary to justify our  choice 
off  semaphoronts for  coding characters for 
cladisticc analyses. For  example, if we fol-
loww the recent hypothesis that all ecdyso-
zoanss (moulting protostomes) have secon-
daril yy lost their  larval forms (Peterson et al., 
2000),, than the recent claim justifyin g the 
comparisonn of "larval "  arthropods and an-
nelidd larvae (Bartolomaeus and Ruhberg, 
1999)) has to be questioned. Therefore, it 
wouldd be instructive to study whether  the 
choicee of semaphoronts in recent phyloge-
neticc analyses of the Metazoa is consistent 
withh our  current understanding off  metazoan 
lif ee cycles. 

GroundGround Patterns o/Higlter Taxa and 
CharacterCharacter Variation 

Onee of the most important but difficul t as-
pectss of using higher-level taxa as terminals 
inn a phylogenetic analysis is related to decid-
ingg to code either  ground patterns or  exem-
plarr  species (e.g., seee Yeates, 1995; Bininda-
Emondss et ah, 1998; Wiens, 2000; see also 
Dayratt  and Tillier , 2000, for  an especially 
strikin gg case study). The ground pattern is 
thee set of characters primitivel y present in a 
clade,, irrespective of its phylogenetic level. 
Thesee characters may include both ances-
trall yy inherited plesiomorphies and newly 
evolvedd apomorphies for  that clade. When 
codingg ground patterns, these have to be 
deducedd or  assumed for  all characters for 
alll  terminals before performing phylogenetic 
analysis.. Interestingly, inattention to meth-
odss of ground pattern reconstruction may 
liee at the heart of conflicting phylogenetic 
hypothesess (Jenner  and Schram, 1999). The 
matrixx of ZEA exhibits strictly unambigu-
ouss data entries, that is, no scored poly-
morphismss (distinct from the ?'s), and ZEA 
(p.. 252) explain that character  information 
iss extrapolated to "whol e 'phyla' if counter-
evidencee is absent."  However, using the un-
ambiguouss scorings to instill confidence in 
thee robustness of the data entries would be 
misleading.. A few examples will illustrat e 
this. . 

ZEAA scored Nemertea for  two charac-
terss associated with the presence of stato-
cystss (Z252, Z253). This necessarily implies 
thee presence of statocysts in the ground 
patternn of Nemertea, which proves to be 
aa very questionable assumption. Tradition -
ally,, Nemertea is divided into two groups, 
thee Anopla and Enopla. However, we cur-
rentlyy lack a cladistically framed phytogeny 
off  tri e Nemertea, which makes it very dif-
ficultt  to deduce the presence of statocysts 
inn the nemertean ground pattern from their 
occurrencee in only two interstitia l genera 
off  hoplonemerteans (Enopla) (Otonemertes 
andd Ototyphhnemertes) (Turbeville, 1996). Al-
thoughh it is not uncommon to extrapolate 
characterss present in any of the members of a 
higherr  taxon to be part of the ground pattern 
off  that higher  taxon, that strategy can be jus-
tifiedd only in the absence of conflicting data. 
Here,, the choice for  two hoplonemerteans as 
representativess of the nemertean ground pat-
ternn is at the very least completely arbitrary . 
Scoringg nemerteans as absent (accepting the 
evolutionn of statocysts within the Nemertea) 
orr  polymorphic (reflecting absence of stato-
cystss in virtuall y all nemerteans) are viable 
alternativee character  scorings. 

Inn contrast, the scoring of various lar-
vall  characters for  nemerteans such as pro-
totrochh developed as ciliated lobes (Z139) is 
basedd on controversial information from het-
eronemerteann pilidiu m larvae (Anopla; see, 
e.g.,, Nielsen, 1998; Rouse, 1999). Another 
examplee is the scoring of compound cilia 
forr  Nemertea (Z186). So far, compound cilia 
havee been described only from pilidiu m lar-
vaee (Nielsen, 1987), which are not considered 
too be present in the nemertean ground pat-
ternn (Ax, 1995; Nielsen, 1995). 

AA final illustratio n of arbitrar y character 
scoringg relates to the cytology of muscles, 
eitherr  smooth or  striated (Z261). This is a 
highlyy variable character  both within and 
betweenn higher-level taxa and is difficul t to 
scoree this character  without polymorphisms 
inn the absence of explicit justification. For 
example,, the unambiguous scoring of stri-
atedd muscle for  polychaetes in the matrix of 
ZEAA ignores the common presence of smooth 
muscless in polychaetes (Gardiner, 1992). 

MiscellaneousMiscellaneous Misscorings 
Althoughh a variety of dubious or  incor-

rectt  data matrix entries can be understood 
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ass manifestations of a few general classes of 
problems,, a hotchpotch of problematic char-
acterr  codings and scorings remains. A selec-
tionn of examples from diverse taxa and char-
acterss will provide final illustration s of the 
manyy pitfall s involved. 

Radiall  cleavage in ctenophores, Z5 (cteno-
phoree cleavage is very distinct from radial 
cleavagee [Martindal e and Henry, 1997]); 
presencee of a mixocoel in molluscs, Z36 
(durin gg mollusc ontogeny there is no conflu-
encee of coelomic and primar y body cavity 
spacess [Raven, 1966; Salvini-Plawen and 
Bartolomaeus,, 1995]); presence of a postanal 
taill  in enteropneusts, Z85 (the anus is located 
att  the posterior  tip of the body [Benito and 
Pardos,, 1997]); gametes passing through 
coelomm and metanephridia in gastrotrichs 
andd Lobatocerebromorpha, Z109 (both taxa 
lackk coeloms and metanephridia [Rieger, 
1980;;  Ruppert, 1991b]); lack of podocytes 
inn various taxa such as onychophorans, 
arthropods,, echinoderms, pterobranchs, 
andd vertebrates, Z43 (Ruppert and Smith, 
1988;;  Storch and Ruhberg, 1993; Hessler  and 
Elofsson,, 1995; Nielsen, 1995; Benito and Par-
dos,, 1997); serially repeated nephridiopores 
inn kinorhynchs, Z51 (kinorhynchs possess 
aa single pair  of protonephridia [Kristensen 
andd Higgins, 1991]); larval planktotrophy in 
cycliophorans,, Z135 (cycliophoran chordoid 
larvaee completely lack endodermal cells, 
lett  alone a mouth and anus [Funch, 1996; 
Funchh and Kristensen, 1997]); absence of 
epidermall  microvill i in bryozoans and "?" 
inn entoprocts and cycliophorans, Z184 (these 
taxaa do possess epidermal microvilli , and 
ZEAA do not address why taxa such as arthro-
pods,, onychophorans, and chaetognaths are 
scoredd as lacking epidermal microvilli ; the 
microvill ii  are present and play an important 
rolee during cuticle formation [Minelli , 
1993;;  Storch and Ruhberg, 1993; Funch and 
Kristensen,, 1997; Mukai et al„  1997; Nielsen 
andd Jespersen, 1997; Shinn, 1997; Schmidt-
Rhaesaa et al., 1998]); presence of epidermis 
withh intracellular  skeletal lamina in urochor-
dates,, Z189 (Burighel and Cloney, 1997); and 
locomotionn in adult ctenophores muscular 
ratherr  than ciliary, Z258 (Hernandez-Nicaise, 
1991). . 

Thee above examples reveal only part of 
thee problems inherent in the morphological 
matri xx of ZEA. More generally, the above 
listingg presents a cross-section of the intri -
catee difficultie s associated with character  in-

terpretationss in recent phylogenetic studies 
off  the Metazoa (Jenner  and Schram, 1999; 
andd in prep.). Many of these issues are not 
uniquee to the matrix of ZEA, but it is es-
sentiall  to make them explicit if we want to 
usee morphological data to produce robust 
andd reliable phylogenetic analyses. Admit -
tedly,, publishing a matrix that is completely 
freee of accidental mistakes seems hardly pos-
sible;;  however, the above discussion shows 
thatt  the information in the data matrix of 
ZEAA should be treated with appropriate 
caution. . 

MORPHOLOG YY AND TOTAL EVIDENCE 
INGE A A 

Althoughh the study of GEA is a total evi-
dencee approach to determining bilaterian re-
lationships,, the treatment of morphological 
dataa is rather  limited and minimally trans-
parent.. It provides neither  an explicit list of 
includedd characters nor  a data matrix illus-
tratin gg the distributio n of characters among 
taxaa (although a reference to the paper  of 
ZEAA is included). This makes it virtuall y 
impossiblee to evaluate GEA's morphologi-
call  and total evidence trees. Although GEA 
claimm to use 276 morphological characters 
forr  their  analysis, 69 characters are uniform 
forr  Bilateria and therefore uninformativ e for 
sortingg their  relationships (this excludes vari-
ablee characters that are autapomorphies, at 
leastt  in the morphological analysis, for  sin-
glee terminals), and 27 of these are exclu-
sivelyy scored for  cnidarians, which were not 
includedd in the analysis. In addition to un-
criticall yy recycling the problematic matrix of 
ZEA,, the phylogenetic significance of none 
off  the morphological characters is discussed 
explicitly.. GEA merely provided a few sim-
plee lists of synapomorphies for  some of the 
majorr  clades found by their  analysis. Nev-
ertheless,, we may still be tempted to con-
cludee that the poor  quality of the morpho-
logicall  matrix did not directly affect the main 
phylogeneticc conclusions of GEA's total ev-
idencee analysis. Unfortunately, ZEA's prob-
lemss are directly manifested in scoring er-
rorss for  the morphological synapomorphies 
proposedd to support the major  bilaterian 
cladess in GEA. I will illustrat e this for  the 
cladess Trochozoa and Platyzoa, for  which 
nonee of the proposed synapomorphies of 
GEAA is free of flaws of character  coding and 
scoring. . 
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Thee total evidence analysis of GEA found 
(largelyy molecular) support for  a mono-
phyleticc Platyzoa, a clade of noncoelomates 
definedd by Cavalier-Smith (1998) on the ba-
sissis of a largely intuitiv e narrativ e assessment 
off  phylogenetic data. GEA writ e (p. 551), 
"Th ee absence of coelom (as defined histo-
logically)) is the only morphological syrtapo-
morphyy that might define Platyzoa, although 
itss optimization is ambiguous (this character 
statee is also present in Entoprocta, Nemer-
todermatida,, Kinorhyncha, Nematoda, and 
Nematomorpha;;  it is coded as unknown for 
Syndermata).""  Three problems are apparent 
withh this. 

First,, ZEA scored the presence of a coelom 
inn Priapulida. Although the nature of the 
priapuli dd body cavity has been the subject 
off  some debate over  the past few decades, 
applicationn of electron microscopy indicates 
thatt  a spacious primar y body cavity rep-
resentss the likely priapuli d ground pattern 
(Storch,, 1991; Neuhaus, 1994; Ahlrichs, 1995; 
Schmidt-Rhaesa,, 1996) and GEA claim to 
scoree ground pattern features for  the mor-
phologicall  terminals. A genuine coelomic 
cavityy that answers to a histological defini-
tionn occurs in only 1 of the 18 currently de-
scribedd extant species of priapulid s (Shirley 
andd Storch, 1999). The small coelomic cav-
itiess surrounding the mouth cone (in addi-
tionn to the spacious noncoelomic major  body 
cavity)) of the meiobenthic priapuli d Meiopri-
(ipuhtsfijiensis(ipuhtsfijiensis represent a peculiarity within 
priapulid ss (Storch, 1991). In addition, Meio-
priapuluspriapulus may be one of the mostevolutionar-
ilyy derived extant priapulid s (Adrianov and 
Malakhov,, 1996;but see also Wills, 1998). This 
suggestss the absence of a coelom is likely to 
bee primitiv e for  Priapulida, which would ne-
cessitatee rescoring this feature. 

Second,, the scoring of syndermates (Ro-
tifera,, Acanthocephala, and Seison) as "un -
known""  for  presence of a coelom is inaccu-
rate.. All syndermates unambiguously lack a 
histologicallyy defined coelom (Clément and 
Wurdak,, 1991; Dunagan and Miller , 1991; 
Ahlrichs,, 1995). 

Third ,, on a more interpretational level, the 
absencee of a coelom would be applicable for 
aa much broader  range of bilaterians if entire 
lif ee cycles, including larvae, were considered 
(seee discussion above). This would mean that 
absencee of a coelom is a symplesiomorphy 
ratherr  than a synapomorphy in GEA's analy-
sis.sis. Although the exclusion of nonbilaterians 

iss understandable as a method to avoid po-
tentiall  problems of rooting with distant out-
groups,, including the noncoelomate nonbila-
terianss into the analysis would be necessary 
forr  a proper  optimization of coelom charac-
terss (and other  characters that can in princi -
plee be scored for  nonbilaterians) at the base 
off  the Bilateria. 

Thee scoring of all three proposed synapo-
morphiess for  Trochozoa (respiratory pig-
ments,, hemal system, and primar y larvae) 
inn GEA is likewise fraught with problems. 
First,, Z44 codes for  the presence of res-
pirator yy pigments. The broad scoring of 
taxaa indicates that this character  at least 
unitess hemoglobins and hemerythrins. How-
ever,, that does not explain the scoring 
notedd for  several taxa, such as echinoderms, 
gastrotrichs,, and entoprocts. Hemoglobin 
hass been found in some echinoderms and 
gastrotrichss (Ruppert, 1991b; Byrne, 1994; 
Smiley,, 1994; Terwilliger , 1998), but respi-
ratoryy pigments have not been found in 
anyy entoprocts (Terwilliger , 1998; C Nielsen, 
pers.. comm.). More importantly , there is no 
molecularr  support for  the purported ho-
mologyy of the different types of respiratory 
proteins,, hemoglobins, hemerythrins, and 
hemocyaninss that would validate their  inclu-
sionn within a single character. 

Second,, five taxa are misscored for  the 
hemall  system (Z35: circulatory system), and 
thee scoring of one taxon should have been 
explicitlyy justified in view of a viable alter-
nativee interpretation. Outside the Trochozoa 
thee hemal system is scored as present in 
deuterostomess and panarthropods and as re-
ducedd in nemerteans. However, ZEA incor-
rectlyy scored hemal system in vertebrates 
ass "unknown."  The vertebrate hemal sys-
temm is directly comparable to that of other 
coelomates,, apart from the secondarily at-
tainedd (both ontogenetically and phyloge-
netically)) endothelium (Ruppert and Carle, 
1983).. Furthermore, chaetognaths also pos-
sesss a hemal system (Shinn, 1997). The cor-
rectt  scoring of this information is essential 
forr  the proper  phylogenetic placement of 
chaetognaths.. For  example, when chaetog-
nathss are rescored for  presence of a hemal 
systemm in the original matrix of Nielsen 
ett  al. (1996), they shift from within the pro-
tostomess to a sister  group position to the 
deuterostomes.. This illustrates that chang-
ingg only a tiny fraction of a data matrix 
(0.05%%  of the total information content in this 
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case)) may have nontrivia l consequences for 
thee results. Because GEA identified chaetog-
nathss as one of the most phylogenetically 
problematicc bilaterians that group among 
protostomess in their  morphological analysis, 
thiss crucial information could bear  on their 
conclusions.. Further  notable misscorings are 
sipunculidss and entoprocts, which both lack 
aa hemal system (Ruppert and Carle, 1983; 
Nielsen,, 1995), and nemerteans, which do 
nott  possess a reduced hemal system. Struc-
turall  and developmental data (Turbeville, 
1986)) indicate that the nemertean circula-
toryy system is coelomic and not homolo-
gouss to the hemal system of other  bilateri -
anss (in contrast to the claim by GEA, the 
morphologicall  matrix of ZEA simply scores 
absencee of hemal system for  nemerteans). 
Finally,, the scoring of Bryozoa (Ectoprocta) 
ass lacking a hemal system clearly should 
bee defended, because available morpho-
logicall  data allows the alternative scor-
ingg based on the proposed homology of 
thee bryozoan funiculus and hemal system 
(Carlee and Ruppert, 1983; Ruppert and Carle, 
1983). . 

Third ,, the scoring of primar y larvae (Z133) 
iss even more problematic because no clear 
morphologicall  definition is at present avail-
able.. Primary larvae commonly appear  to be 
interpretedd as ciliated (free swimming) lar-
vae,, a rather  imprecise definition. Adopt-
ingg such a definition leaves unexplained 
why,, for  example, catenulid platyhelminths 
aree not scored as possessing primar y lar-
vae.. Catenulids do possess a ciliated larva 
knownn as a Luther' s larva (Ruppert, 1978), 
whichh has been considered as a primar y larva 
(Gallenii  and Gremigni, 1989). Lack of a pre-
cisee morphological definition might also ex-
plainn the apparent conflict between the scor-
ingg of some taxa for  the presence of a primar y 
larvaa and for  the presence of a monophasic or 
biphasicc life cycle (Z131). Abiphasiclife cycle 
iss commonly defined as including a primar y 
larva,, while a monophasic life cycle is said 
too lack a primar y larva. However, urochor-
datess are scored as possessing a biphasic life 
cyclee but lacking a primar y larva. Currently , 
thee concept of primar y larvae must be re-
gardedd as being largely phylogenetic rather 
thann structural (Jenner, 2000). Obviously, that 
makess meaningful discussions on character 
scoringg very problematic at this time. 

AA final comment concerns the reliabilit y 
off  GEA's (and ZEA's) results as a balanced 

representationn of all pertinent information. 
Includingg all applicable data would be espe-
ciallyy relevant tor  the highly unstable taxa 
inn the analyses, for which variable analysis 
parameterss yield inconsistent phylogenetic 
placements.. For  example, GEA cannot confi-
dentlyy place the Nemertodermatida. In their 
summaryy dadogram, GEA place nemerto-
dermatidss (together  with chaetognaths) at 
thee base of the Protostomia, far  removed 
fromm the other  platyhelminths. The difficult y 
off  placing the nemertodermatids in the to-
tall  evidence analysis may be largely caused 
byy GEA's recognition of the sequence of Ne-
mertinoidesmertinoides elongates as a sequence artifact. 
However,, equally important , ZEA's morpho-
logicall  matrix did not include all pertinent 
characters.. The complex pattern of inter-
connectingg epidermal ciliary rootlets (dis-
tinctt  from the terminal axoneme structure) 
inn acoelomorph (Acoela and Nemertoder-
matida)) platyhelminths is not included in 
thee matrix, although this distinctive char-
acterr  has been widely regarded as one of 
thee few synapomorphies of Acoelomorpha 
(e.g.,, Smith et al., 1986; Ax, 1995; Haszprunar, 
1996b;;  Rieger, 1996; Littlewood et al., 1999). 
Similarly ,, although ZEA's and GEA's anal-
ysess found no support for  a close relation-
shipp between annelids and arthropods, they 
didd not include one potentially important 
synapomorphyy that yielded a close relation-
shipp between these taxa in previous stud-
ies::  longitudinal body musculature orga-
nizedd into bands (Rouse and Fauchald, 1995, 
1997).. Thus, despite the comprehensiveness 
off  the morphological data matrix , the ob-
jectivit yy of the analyses could be enhanced 
byy including an explicit character  selection 
protocol,, which is conspicuously lacking in 
manyy phylogenetic analyses (Poe and Wiens, 
2000).. Notably, explicating unacknowledged 
differencess in character  selection plays a piv-
otall  role in understanding current conflicting 
phylogeneticc hypotheses of the animal king-
domm (Jenner  and Schram, 1999, and in prep). 

MORPHOLOG YY AND METAZOA N 
PHYLOGENETIC S S 

GEA'ss study is impressive in its scope, its 
incorporationn of newly sequenced taxa, and 
itss use of sensitivity analyses and charac-
terr  congruence tests to yield the most ro-
bustlyy supported and maximally congru-
entt  phylogenetic hypothesis. Unfortunately, 
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GEAA also inherited the greatest weakness of 
ZEA::  an uncriticall y assembled morpholog-
icall  data matrix. Introducin g a poorly con-
structedd morphological matrix into a total ev-
idencee approach of the Bilateria can scarcely 
bee expected to add weight to the analy-
sissis or  to infuse confidence in the espoused 
clades. . 

Naturally ,, the performance of a new anal-
ysiss with a properly adjusted morphological 
matrixx will be imperative to ascertain the full 
effectss of the many problems involved (a vo-
luminouss task that lies outside the scope of 
thiss paper). Moreover, the analysis wil l have 
too take place in the context of a detailed dis-
cussionn of the results of other  phylogenetic 
studies.. In their  concluding paragraph, GEA 
pointt  out that their  results may be subject to 
revisionn on the basis of increased taxon sam-
plingg and the inclusion of diploblast taxa. Al-
thoughh these recommendations are certainly 
valuable,, the above discussion shows there is 
ann even more urgent need for  improving the 
qualityy of the morphological data set used in 
ZEAA and GEA. 

Thee phylogenetic data sets assembled in 
previouss studies provide a valuable foun-
dationn available for  further  refinement and 
extension.. The continual evaluation and 
revaluationn of pertinent phylogenetic data 
wil ll  have to play a central role in fu-
turee studies. Although molecular  data are 
playingg an increasingly important role in 
metazoann phylogenetics, our  understand-
ingg of animal evolution is, and always will 
be,, criticall y dependent on morphological 
dataa as well, including total evidence anal-
yses.. Therefore, molecular  and morpholog-
icall  data deserve to be treated with equal 
care. . 
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TOWARD SS A PHYLOGENY OF THE ANIMA L KINGDOM . I. A N 
EVALUATIO NN OF MORPHOLOGICA L CHARACTE R SUPPORT FOR 

ALTERNATIV EE PHYLOGENETI C POSITIONS OF THE 'ACOELOMATE ' 
WORMS::  PLATYHELMINTHES , NEMERTEA , AND GNATHOSTOMUUD A 

ABSTRACT T 

Thiss paper  presents a critical assessment of all morphological cladistic 
analysess of the Metazoa that were published during the last decade. 
Thiss study focuses on evaluating alternative phylogenetic positions of 
thee 'acoelomate' worms: Platyhelminthes, Nemertea, and 
Gnathostomulida.. All proposed sister  groups of these phyla are 
discussedd and the character  supports of the sister  groupings evaluated. 
Conflictingg phylogenetic hypotheses are compared in terms of several 
criteria ::  1) taxon sampling and the fulfillmen t of domain of definition 
forr  each character; 2) character  sampling; 3) character  coding; 4) 
characterr  scoring and quality of primar y homology; 5) quality of the 
proposedd diagnostic synapomorphies as secondary homologies. 
Becausee the phylogenetic significance of many of the discussed 
characterss will not be confined to Platyhelminthes, Nemertea, and 
Gnathostomulida,, this study has a broader  relevance for  metazoan 
phylogenetics.. On the basis of this study it is concluded that neither 
morphologicall  data, nor  molecular  sequence data, or  total evidence 
analysess have unambiguously established a sister  group of 
Platyhelminthes.. In contrast, a clade Neotrochozoa (Mollusca, 
Sipuncula,, Echiura, Annelida) is suggested as the most likely sister 
groupp of Nemertea on the basis of morphological data, a conclusion 
supportedd by total evidence analyses. However, this result is probably 
mainlyy determined by the morphological signal because molecular 
phylogeneticss has as yet not indicated a reliable nemertean sister  group. 
Itt  is concluded that morphological data currrentl y favors a sister  group 
relationshipp of Gnathostomulida and Syndermata and probably also 
Micrognathozoa.. In contrast, molecular  or  total evidence analyses have 
nott  identified a reliable sister  group of Gnathostomulida. I conclude 
thatt  further  progress in our  understanding of metazóan phylogeny 
cruciallyy depends on a reassessment of the quality of currently adopted 
morphologicall  cladistic data matrices. Finally, increased attention to 
dataa matrix compilation is necessary if the unique strength of cladistics 
too arbitrat e between competing phylogenetic hypotheses is to be full y 
exploited. . 
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INTRODUCTIO N N 

Thee literatur e on the evolutionary relationships of the Metazoa is 
immensee and furnishes a plethora of alternative phylogenetic scenarios 
andd an impressive flux of ideas. The advent of computer  assisted 
cladisticss in this field has provided a marked improvement in the 
repeatabilityy and testability of phylogenetic analyses, and it has 
providedd a means to evaluate and test the many largely narrativ e 
attemptss to reconstruct the genealogy of the animal kingdom that have 
dominatedd the field until about a decade ago. However, despite these 
developmentss a rigorous morphology-based consensus of animal 
relationshipss is not yet apparent (e.g., compare Nielsen et al., 1996; 
Zrzavyy et al., 1998, 2001; Giribet et al., 2000; Nielsen, 2001; Peterson & 
Eernisse,, 2001; Jenner  &  Schram, 1999, 2002). This contribution is an 
attemptt  to further  our  progress towards constructing such a synthesis 
byy criticall y assessing the empirical and interpretational basis of 
recentlyy proposed phylogenetic hypotheses. A new cladistic analysis is 
nott  attempted here, because I feel that further  progress in our 
understandingg of metazoan phylogeny currently pivots around the 
comprehensivee explication and testing of the many existing alternative 
hypothesess (Jenner  &  Schram, 1999; Jenner, 2001a, b). 

Thee often profound discrepancies between recently published 
morphologicall  cladistic analyses of metazoan phylogeny are in need of 
ann explanation. By explicitly analyzing aspects of methodology, we 
previouslyy attempted to locate an important source of these 
discordancess in differences of data matrix construction, including 
characterr  selection and coding, character  scoring and weighting, ground 
patternn reconstruction, and taxon selection (Jenner  &  Schram, 1999; 
Jenner,, 2000). Although a few selected examples were treated rather 
briefl yy in these papers, the work herein is intended as the first in a 
seriess of papers that together  will provide a comprehensive evaluation 
off  contemporary competing phylogenetic hypotheses of higher  level 
metazoann taxa. This paper  focuses on the phylogenetic placements of 
thee 'acoelomate' worms: Platyhelminthes, Nemertea, and 
Gnathostomulida. . 

Too place this work in the context of recent studies of metazoan 
cladistics,, the following section wil l provide a sketch of the 
developmentss in comparative invertebrate zoology that have coalesced 
too form the impetus of this paper. These are 1) the observation of the 
lackk of consensus among recently published cladistic analyses of 
metazoann morphology, and the importance of cladistics for  hypothesis 
testing;;  2) the frequency of non-transparent, and sometimes downright 
misleadingg statements on metazoan relationships due to mere focus on 
cladogramm topologies; 3) a serious concern about the lack of attention to 
dataa matrix compilation and data quality in several recent cladistic 
studiess of metazoan morphology; 4) the invigoration of the field of 
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metazoann phylogenetics by the developing "new view"  of animal 
relationshipss emanating from molecular  systematic studies. 

Howw to construct an effective cladistic test of competing phylogenetic 
hypotheses? ? 

Acknowledgingg the existence of an overwhelming array of alternative 
hypothesess of animal relationships, it is strikin g how many recent 
cladisticc analyses have been chiefly concerned with the proposal of 
'new''  hypotheses, rather  than the rigorous and comprehensive testing 
off  the myriad existing alternatives. Naturally , one cannot draw a sharp 
linee between performing a new phylogenetic analysis and testing an 
existingg hypothesis, because any independent analysis can in principl e 
bee interpreted as a test of any other  analysis. However, it is critical to 
understandd the importance of careful attention to the key ingredients 
thatt  will determine the testing power  of a cladistic analysis, namely the 
selectionn of taxa and characters, and the coding and scoring of 
characters. . 

AA cladistic test subjects primar y homology propositions to a 
characterr  congruence test that has the potential to separate corroborated 
(secondary)) homologies, and refuted homologies, i.e. homoplasies. I 
wouldd argue that the congruence test represents the primar y advance of 
cladisticss over  traditional phylogenetic studies that restricted the 
analysiss to tests of anatomical similarit y (Patterson, 1982, 1988). The 
addedd value of a phylogenetic analysis based on a congruence test 
residess in the potential to refute or  corroborate alternative hypotheses 
off  homology and relationships by allowing the selection of a hypothesis 
thatt  maximizes character  congruence and thus minimizes the need for 
adad hoc explanations of the data. However, it is misleading to think that 
alll  results of a cladistic study have necessarily been directly subjected to 
aa character  congruence test. 

"Refutatio nn (falsification) [of a cladistic hypothesis] resides in 
incongruentt  synapomorphies..."  (Kluge, 1997a: 86), and "th e strongest 
testt  of a hypothesis is the acquisition and incorporation of more data. 
Specifically,, more taxa or  more characters"  (Siddall &  Whiting, 1999: 
21).. Incorporation of all relevant data constitutes the most "severe"  test 
off  a phylogenetic hypothesis. It can lead to provisional acceptance of 
thee most corroborated hypothesis which embodies maximal 
explanatoryy power  (Kluge, 1997a). A cladistic study will only operate as 
ann effective test when the input data in principl e allows the refutation 
off  either  a particular  phylogenetic hypothesis, or  primar y homology 
proposition.. If the information in the data matrix cannot in principl e 
vindicatee all relevant alternative hypotheses, then the analysis could 
inspiree false confidence in its results (based on circular  reasoning; Lee, 
1998a,, 1999). In other  words, if the input data is biased a priori  towards 
acceptingg a particular  phylogenetic hypothesis, for  example through 
restrictivee character  or  taxon sampling, then the outcome of a cladistic 
studyy may be decided prior  to the congruence analysis, and 
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consequentlyy the pattern of relationships that emerges from such a 
studyy may in fact be an assumption, not a new conclusion. This 
importantt  distinction generally has not received attention in the current 
literatur ee on higher-level animal relationships, even in those studies 
thatt  employ the most comprehensive data matrices compiled to date 
(thiss study and Jenner, 2001a). This is so despite the importance of being 
ablee to recognize the value of distinguishing between a cladistic 
analysiss as an effective test of conflicting hypotheses, or  as a mere 
summaryy of uncontested data. 

Onee example from the recent literatur e wil l illustrat e how 
proposedd phylogenetic hypotheses on the basis of a cladistic analysis 
mayy not be the corroborated results of a congruence test, but necessarily 
resultt  from biased (not necessarily unjustified) data input. Further 
exampless and a general discussion of hypothesis testing in 
contemporaryy metazoan cladistics is provided in Jenner  (in prep.). In 
theirr  comprehensive morphological phylogenetic analysis of the 
Metazoa,, Nielsen et al. (1996) evaluated the relationships of Cnidaria 
andd Ctenophora. Classically, these taxa are united as Coelenterata, a 
hypothesiss that still finds support in some recent works (Ax, 1989; 
Ruppertt  &  Barnes, 1994), although it has been largely abandoned in 
mostt  other  recent phylogenetic studies. Nielsen et al. (1996: 397) report 
withh respect to their  own analysis that "... the sister  group status of the 
twoo phyla is not supported by any of the computer  generated 
analyses...""  Consequently, the conclusion that the Coelenterata 
hypothesiss failed a proper  character  congruence test would appear  to be 
justified.. Yet, this would be a misleading conclusion. The data matrix of 
Nielsenn et al. (1996) did not include any of the potential 
synapomorphiess of Cnidaria and Ctenophora, such as 1) polar  bodies 
formedd at the blastoporal pole, 2) unipolar  first  cleavage running from 
thee blastoporal pole towards the aboral pole, or  3) a medusa with 
tetraradiall  symmetry (Ax, 1989; Martindal e &  Henry, 1998; Goldstein & 
Freeman,, 1997). So, unsurprisingly, no support for  the Coelenterata 
hypothesiss was uncovered. Although the rationale (based on 
comparativee morphology) of Nielsen et al. (1996) for  excluding these 
potentiall  synapomorphies may have been entirely valid, it would be 
incorrectt  to claim that the Coelenterata hypothesis has been subjected 
to,, and subsequently been rejected on the basis of, a character 
congruencee or  cladistic parsimony test. In this case, the cladistic 
analysiss has not contributed any extra information in addition to data 
selectionn to bear  on the problem of alternative relationships of 
cnidarianss and ctenophores. 

Evaluatingg phylogenetic consensus: analyzing topologies or 
characters? ? 

"Researchh in phylogenetic systematics is necessarily cyclic, and the place where the 
positivee shift in understanding occurs is subsequent to discovering the most 
parsimoniouss cladogram(s)." - Kluge (1997b: 349). 
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Topologicall  congruence between phytogenies derived from different 
dataa sets is generally considered as one of the strongest supports for 
phylogeneticc relationships, and topological congruence is the logical 
foundationn for all consensus methods widely used in systematic biology 
(Cunningham,, 1997). Accordingly, it is perfectly understandable that 
discussionss of progress in metazoan phylogenetics focus on topological 
congruencee in virtually all published cladistic analyses. A focus on tree 
topologyy allows the results of each new study to be concisely 
summarizedd and compared, and to be communicated in a 
straightforwardd manner. However, I think that the prevailing and 
extremee focus on topological congruence has lead to a misleading 
picturee of the current consensus in this field, and has in fact stymied 
truee progress in understanding metazoan relationships. The locus for a 
positivee shift in understanding is not tree topology, rather the 
assessmentt of the underlying characters. A failure to evaluate these 
characterss leaves the most important goal of performing cladistic 
studiess unfulfilled: attempting to understand why analyses agree or 
disagreee in their results, so that workers can profitably use this data for 
planningg further research. 

Forr example, many comprehensive morphological cladistic 
analysess published during the last decade have yielded apparent 
supportt for a monophyletic Plathelminthomorpha (Platyhelminthes + 
Gnathostomulida)) (e.g., Schram, 1991; Eernisse et al., 1992; Zzravy et al., 
1998;; Giribet et a l, 2000; Peterson & Eernisse, 2001). Judging purely on 
thee basis of this topological congruence and the sheer number of 
proposedd diagnostic synapomorphies, this appears to be a robust 
hypothesis.. However, as wil l be shown in this paper, scrutiny of all 
proposedd synapomorphies across all these studies, combined with in 
depthh study of all proposed alternative hypotheses, leads to a very 
differentt perspective. Clearly, the study of topological congruence is a 
necessaryy ingredient of metazoan phylogenetics, but it is not sufficient 
inn and of itself. 

Thee cladistic paradox: observation, interpretation , and data matri x 
construction n 

"Unfortunately,, no one can be told what the matrix is. You have to see it for 
yourself.""  - Morpheus in The Matrix (1999) by A. Wachowski & L. Wachowski. 

Inn their inimitable comprehensive phylogenetic study of amiid fishes 
Grandee & Bemis (1998: ix) give a critical perspective on what they 
perceivedd as a deplorable general trend in phylogenetic morphological 
studies: : 

"Wheree at one time authoritarianism in systematic biology or paleontology took the 
formm of arbitrary designation of an ancestor, or of an a priori  assumption of 
"primitiveness""  for a character state, today it sometimes takes the form of a data 
matrixx rilled with ambiguous, undocumented, or incorrect character information." 
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Thiss important comment proves to be relevant for  some of the most 
recentlyy published studies of higher  level animal relationships. Jenner 
(2001a)) has shown that there is legitimate reason for  concern with 
regardss to the quality of morphological data matrices in several of the 
mostt  recent comprehensive studies of metazoan phylogeny. The main 
problemm is a less than critical attitude towards using other  author's data 
sets.. This applies in particular  to the recently published morphological 
andd total evidence analyses of Zrzavy et al. (1998) and Giribet et al. 
(2000).. Although these studies have attempted to maximize taxon and 
characterr  sampling, it can be shown that this goal has been attained at 
thee expense of attention directed towards insuring the quality of the 
dataa matrix. The interpretation of cladistic analyses in terms of both 
proposedd relationships and implied character  transformations is 
stronglyy impaired when insufficient attention is directed towards the 
constructionn of the data matrix. It is crucial to recognize phylogenetic 
researchh as an iterative process, where published data matrices provide 
thee opportunity for  restudy and re-evaluation of the included data, and 
thee critical comments offered in this paper  should accordingly be 
interpretedd as constructive rather  than dissenting. In this context, it is 
noteworthyy that serious concerns about the quality of cladistic data 
matricess traverse a broad spectrum of taxa (e.g., parasitic flatworms: 
Rohde,, 1996; hydrozoans: Marques, 1996; crustaceans: Watling, 1999; 
Fryer,, 1999, 2001; Olesen, 2000; arthropods: Shultz &  Regier, 2000; 
Schramm &  Jenner, 2001; reptiles: Lee, 1995; Rieppel &  Reisz, 1999; 
Rieppell  &  Zaher, 2000; fishes: Patterson &  Johnson, 1997; Grande & 
Bemis,, 1998; metazoans: Nielsen, 1998b; Jenner  &  Schram, 1999; Jenner, 
2001a).. Doubts about the quality of cladistic data matrices have inspired 
somee of these authors to espouse depreciative conclusions about the 
objectivityy of cladistic analyses, and some of our  own work (Jenner  & 
Schram,, 1999) has been taken to support ''th e subjectivity of such 
studies""  (Salvini-Plawen, 2000: 142). This necessitates some brief 
commentss on subjectivity and objectivity in cladistic analyses. 

Biologistss unanimously agree that organisms are to be 
understoodd as integrated wholes. This realization creates a problem for 
phylogeneticistss who wish to perform a cladistic analysis of organismic 
morphology,, since this requires the subdivision of the organism into a 
sett  of well-demarcated and independent variables known as characters. 
Thee difficult y of precisely delineating 'a character', in the face of 
characterr  correlations dictated by functional and structural interactions 
amongg body parts makes character  coding one of the most critical and 
contentiouss steps in any cladistic study. If we deal with complex 
characterss there may be several ways in which the observed organismic 
variationn can be partitioned into cladistic characters. This opens a large 
rangee of coding possibilities that will have their  own specific effects on 
thee outcomes of phylogenetic analyses. See for  example the differential 
effectss of binary vs. multistate character  coding for  the same data in 
Rousee &  Fauchald (1997) and Donoghue et al. (2000), or  the effect of 
codingg one or  more characters to represent a certain amount of 
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organismall  variation in gnathiferans as reported in this paper under 
Gnathostomulida.. The choice of a particular coding method is 
necessarilyy subjective, and this realization has resulted in a limited but 
veryy important literature that deals specifically with the relative 
strengthss and weaknesses of different coding strategies (e.g., Poque & 
Mickevich,, 1990; Pleijel, 1995; Wilkinson, 1995; Hawkins et alv 1997; Lee 
&&  Bryant, 1999; Strong and Lipscomb, 1999; Hawkins, 2000; Forey & 
Kitching,, 2000). The implications of these studies largely remain to be 
assessedd for higher level metazoan phylogenetics (see Jenner & Schram, 
19999 for a first tentative attempt), but the importance of these studies is 
obvious.. Despite the undeniable subjectivity of any statement or 
decisionn made by a single person, the objectivity of cladistic knowledge-
claimss is based on the explicitness and transparency of cladistic data 
matricess and the possibility of testing cladistic hypotheses by bringing 
neww empirical data to bear on the problems at hand (Kluge, 1997a, b; 
Ax,, 1999). This potential to corroborate or refute a cladistic hypothesis 
fullyy justifies the objectivity of cladistic analyses. One of the important 
conclusionss of studies on character coding strategies is that an objective 
conclusionn about the relative merits of coding techniques is possible, 
evenn though the answers may not always by unambiguous (but this can 
neverr be a requirement of objective science). 

Thiss creates what might be referred to as the inescapable 'cladistic 
paradox,'' i.e., acquiring a highly explicit, objective, and repeatable 
methodd of phylogeny reconstruction through an interpreter-dependent 
mediumm of character construction (see also Schram's uncertainty 
principle:: Schram, 1983). This is especially true when dealing with 
higherr level taxa, since character observations are filtered through 
multiplee layers of, often tacit, interpretation to produce the definitive 
matrixx (see Jenner, 2001a). 

Lett me provide one example of the cladistic paradox to expose 
thee elaborate and often concealed interaction between empirical 
evidencee and theory to precipitate a 'simple' data matrix entry with a 
specificc phylogenetic significance. This reveals that the traditional 
anecdotalismm of many untested or untestable historical scenarios can 
sometimess still be discerned as a hidden aspect of character 
constructionn in contemporary cladistic studies. Wheeler et al. (1993) 
analyzedd the phylogenetic relationships of the Mollusca, Annelida, 
Onychophora,, and Arthropoda using a combination of morphological 
andd molecular sequence data. Their character 68 reads "reduction of 
coelomm - haemocoel and circulating system with dorsal blood vessel 
withh paired ostia and pericardial sinus." Their phylogenetic analyses 
supportedd this character as a synapomorphy for a clade (Onychophora 
Arthropoda).. In a subsequent study that included this character, 
however,, Wheeler (1998) introduced the tardigrades, now interpreting 
thiss character as a synapomorphy for (Tardigrada Onychophora 
Arthropoda)) (incorrectly, since tardigrades do not possess a blood 
vascularr system with a heart and pericardium) and thus exposing this 
featuree as an uninformative symplesiomorphy for (Onychophora 
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Arthropoda)) in the previous analysis. Such a necessary change in the 
phylogeneticc value of a character  concomitant with an increased 
samplingg of taxa, can be observed especially in various cladistic studies 
thatt  analyze only a restricted set of taxa Qenner  &  Schram, 1999; Dayrat 
&Tillier,2000) . . 

Lesss obvious is the down-line effect of the adopted coding for  this 
character.. The definition of this feature embodies an a priori  assumption 
aboutt  the evolutionary history of body organization in the taxa scored, 
whichh introduces the danger  of circular  reasoning. The coding is 
dependentt  upon the assumption that the ancestor  of the panarthropods 
possessedd an elaborate coelom that subsequently became reduced. The 
outcomee of the morphological analysis of Wheeler  et al. (1993) appeared 
too support this assumption, placing the annelids, which possess 
spaciouss body coeloms in their  ground pattern, as a sister  group to the 
panarthropods.. However, the Mollusca emerged as a sister  taxon to the 
cladee (Annelida Panarthropoda), and molluscs likely possess a more 
restrictedd coelom in their  ground pattern (see discussion on body 
cavitiess below), certainly nothing comparable to the spacious coeloms 
foundd in annelids. Since no additional metazoan taxa were included in 
thee analyses of Wheeler  et al. (1993) and Wheeler  (1998), this could 
meann that a restricted coelom is plesiomorphic for  all taxa, with the 
annelidss secondarily elaborating their  coelom. Alternatively , the 
reducedd coelom in panarthropods and molluscs may represent a 
convergence,, which cannot be adequately assessed with the limited 
taxonn sampling of these studies. Wheeler  et al. (1993) circumvented a 
properr  evaluation of these alternatives by coding an entirely separate 
characterr  (character  1) specifying the condition in molluscs as 
"reductio nn of coelom and development of an open haemocoelic 
circulatoryy system,"  similarly exhibiting an a priori  assumption of 
characterr  change. With this strategy of character  coding and taxon 
samplingg one could not hope to shed additional light on the 
evolutionaryy and phylogenetic significance of restricted coeloms (either 
primitively ,, or  secondarily reduced) in molluscs and panarthropods by 
aa cladistic analysis. The nature of the character  transformations are 
alreadyy predefined in the adopted character  coding. Interestingly, 
recentt  molecular  phylogenetic analyses of 18S rDNA data indicate that 
panarthropodss may be nested within a clade (Ecdysozoa) of primaril y 
non-coelomatee bilaterians (Aguinaldo et al., 1997; Eernisse, 1997; 
Littiewoodd et al. 1998a; Giribet &  Ribera, 1998; Giribet &  Wheeler, 1999). 
Suchh a placement suggests the intriguin g possibility that the 
panarthropodd coelom may not be secondarily reduced, but instead 
representss an instance of multipl e convergence of body cavities. 

Inn summary, the character  coding in the analyses of Wheeler  et al. 
(1993)) and Wheeler  (1998) embodies an implici t direction of 
evolutionaryy change in body cavity organization in molluscs and 
arthropods.. It presupposes a coelomic reduction from an ancestral 
situationn with more elaborate coeloms such as annelids, whereas 
variouss morphological and molecular  phylogenetic studies do suggest 

167 7 



viablee alternatives. Interestingly, annelids have frequently constrained 
thinkingg about the evolution of protostome body plans by having 
attainedd the axiomatic status of 'typical' coelomate protostome. This 
influencee can be clearly seen in hypothetical scenarios explaining the 
evolutionn of the mollusc body plan from Lankester (1893) to Ghiselin 
(1988)) and Scheltema (1993). In this case, the cladistic analysis does not 
constitutee any real test of the assumed evolutionary pathway. The 
incorporationn of a priori  knowledge or unsupported assumptions of 
ancestryy into cladistic character definitions is more widespread in 
recentt analyses (see under Gonocoel, Larva with stronly reduced 
hyposphere,, and Anus in this paper and Jenner, 2001a). The fact that 
authorss currently fruitfull y debate the quality of cladistic data matrices 
shouldd therefore be seen as a major success of cladistics, granted by the 
transparencyy of the method. 

Molecularr phylogenetics and the new view of animal relationships 

Phylogeneticc analyses of 18S rRNA/DNA sequences have yielded a 
vieww of animal evolution alternative to the various morphology-based 
hypothesess (e.g., Aguinaldo et al. 1997; Aguinaldo and Lake 1998; 
Balavoinee 1998; Balavoine and Adoutte 1998; Maley and Marshall 1998; 
McHughh 1998; Garey and Schmidt-Rhaesa 1998; Halanych 1998; 
Winnepenninckxx et al. 1998; Adoutte et al. 1999,2000; Knoll and Carroll 
1999).. The two large protostomian clades Ecdysozoa and 
Lophotrochozoaa have almost instantly become household names and 
flagg bearers for this new view of animal evolution. Although even the 
mostt comprehensively sampled molecular phytogenies show a lot of 
unresolvedd relationships, especially within the Bilateria, the emerging 
picturee of animal evolution necessitates some striking re-examinations 
off  'received wisdoms' based on comparative morphology. For example, 
thee molecular view suggests convergent evolution in body plan features 
thatt have been traditionally imbued with great phylogenetic 
significancee such as larval forms, body cavities, body segmentation, and 
excretoryy systems. Although these re-evaluations do not go 
unchallengedd (Lüter & Bartolomaeus, 1997; WSgele et al., 1999; Jenner, 
1999,, 2000), molecular systematics has at the very least provided a new 
sett of hypotheses that encourage a detailed restudy of morphological 
characters.. On the other hand, the lack of detailed resolution in the 
molecularr view of animal relationships retains a central role for careful 
morphologicall  cladistic studies. 
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GOAL SS AND LIMITATION S OF THI S STUDY 

Thiss contribution is divided into two parts. Part I: Comparing 
Alternativ ee Phylogenetic Hypotheses adopts a narrow focus. It is 
strictl yy concerned with the value of the character  supports for 
competingg phylogenetic hypotheses for  placing Platyhelminthes, 
Nemertea,, and Gnathostomulida within the Metazoa. Part II : Character 
Evaluationss adopts a broader  focus. It compares the treatment of the 
characterss discussed in Part I across different cladistic analyses, and 
therebyy assesses their  broader  phylogenetic significance across the 
Metazoa. . 

Inn summary, the goals of this study are: 

1.. to provide a comprehensive evaluation of competing phylogenetic 
hypothesess for  Platyhelminthes, Nemertea, and Gnathostomulida by 
focusingg on the quality of supporting data 

2.. to provide a guide for  futur e morphological cladistic analyses by 
identifyin gg and, where possible, resolving conflicts in character 
codingg and scoring between different analyses 

3.. to identify characters on which more research is needed for  a better 
evaluationn of their  phylogenetic significance 

4.. to provide a method for  comparative biologists in search of a 
phylogeneticc framework, or  a morphological data set to study 
animall  body plan evolution 

Thiss study is preliminar y because: 

1.. it is the first in a projected series of papers that wil l evaluate the 
phylogeneticc positions of all animal phyla on the basis of 
morphologicall  cladistic analyses 

2.. it is only the first necessary step towards a foundation for  a novel 
cladisticc study that will incorporate all points of discussion 

3.. it is restricted to morphological cladistic analyses, and only those 
characterss that have been proposed as immediate synapomorphies 
forr  particular  sister  group relationships have received attention. 
Thosee characters that are responsible for  the topology of the overall 
backbonee of the cladograms are not treated here 

4.. discussion is restricted to cases of scoring conflict between different 
studies,, identified misscorings, or  instances of special 
interpretationall  difficulties. No attempt was made to check every 
identifiablee data matrix entry 
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ABBREVIATION SS AND SOURCE TREES SERVING AS THE BASIS FOR THE 
DISCUSSIONSS IN THIS PAPER 

AXX :: character XX in Ahlrichs (1995) (manual cladistic analysis, 
numberedd apomorphy sets on his fig. 92) 
AhXX:: character XX in Ahlrichs (1997) (manual cladistic analysis, fig. 6) 
BXX:: character XX in Brusca & Brusca (1990) (computer-assisted 
cladisticc analysis, fig. 1, chapter 24) 
BaXX:: character XX in Bartolomaeus (1993a) (manual cladistic analysis, 
thee only printed cladogram) 
CXX:: character XX in Christoffersen & Araujo-de-Almeida (1994) 
(manuall  cladistic analysis, fig. 2) 
CaXX:: character XX in Carlson (1995) (computer-assisted cladistic 
analysis,, fig. 3, single MPT) 
EXX:: character XX in Eernisse et al. (1992) (computer-assisted cladistic 
analysis,, fig. 4, strict consensus, + appendix 2) 
EsXX:: character XX in Ehlers & Sopott-Ehlers (1997) (manual cladistic 
analysis,, fig. 1) 
GXX:: character XX in Garey et al. (1998) (manual analysis, fig. 6) 
HXX:: character XX in Haszprunar (1996a) (computer-assisted cladistic 
analysis,, fig. LIB , preferred MPT after unequally weighting) 
HaXX:: character XX in Haszprunar (1996b) (manual cladistic analysis, 
ng.. 2) 
KXX:: character XX in Kristensen & Funch (2000) (manual cladistic 
analysis,, fig. 47) 
LXX :: character XX in Littlewood et al. (1999a) (computer-assisted 
cladisticc analysis, fig. 2a, strict consensus) 
MXX :: character XX in Meglitsch & Schram (1991) (computer-assisted 
cladisticc analysis, fig. 38.2, single MPT) 
MeXX:: character XX in Melone et al. (1998) (computer-assisted cladistic 
analysis,, fig. lsingle MPT) 
NXX:: character XX in Nielsen et al. (1996) (computer-assisted cladistic 
analysis,, fig. 2, preferred MPT) 
NIXX :: character XX in Nielsen (2001) (computer-assisted cladistic 
analysis,, fig. 56.1, strict consensus) 
PXX:: character XX in Peterson & Eernisse (2001) (computer-assisted 
cladisticc analysis, fig. 1, strict consensus) 
RXX:: character XX in Rouse (1999) (computer-assisted cladistic analysis, 
fig.. 3b, strict consensus after successive app. weighting) 
RIXX:: character XX in Rouse & Fauchald (1995) (computer-assisted 
cladisticc analysis, fig. 3, strict consensus) 
SXX:: character XX in S0rensen et al. (2000) (computer-assisted cladistic 
analysis,, fig. 2, preferred MPT) 
WXX:: character XX in Wheeler et al. (1993) (computer-assisted cladistic 
analysis,, fig. 5, strict consensus) 
WaXX:: character XX in Wallace et al. (1996) (computer-assisted cladistic 
analysis,, fig. 1, strict consensus) 
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ZXX:: character XX in Zrzavy et al. (1998) (computer-assisted cladistic 
analysis,, fig. 1, strict consensus after successive approximations 
weighting) ) 
ZIXX :: character XX in Zrzavy et al. (2001) (computer-assisted cladistic 
analysis,, fig. la, strict consensus) 

a/p:: absence/presence 
MPT:: most parsimonious tree 
TBR:: tree bisection and reconnection branch swapping (heurstic search) 
ACCTRAN:: accelerated transformation (favors reversals over 
convergencee in optimizing characters on a cladogram) 

Thee recent morphological cladistic analyses of Giribet (1999) and Giribet 
ett al. (2000) yielded identical results, and both studies used the 
morphologicall  data matrix compiled by Zrzavy et al. (1998). 
Accordingly,, all comments on the morphological analysis of Zrzavy et 
al.. (1998) are applicable to these two studies. Similarly, all comments on 
thee analysis of Meglitsch & Schram (1991) are applicable to the studies 
thatt reanalyzed their data matrix: Eernisse et al. (1992), Rouse & 
Fauchaldd (1995), Backeljau et al. (1993), and Wallace et al. (1996). 
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H I G H E RR LEVE L TAX A A N D PHYL A 

Althoughh the logic implici t in cladistics does not support rank 
equivalencee of traditional higher  level Linnaean categories that bear  the 
samee label, such as phyla, classes, and genera, I will continue to use the 
termm phylum as a general descriptor  of higher  level taxa without any 
Linnaeann rank connotations. 

Thee phylogenetic literatur e of the Metazoa is strewn with a 
confusingg multitud e of taxonomie names for  higher  level clades. The 
lackk of agreement on the precise delimitations of these supraphyletic 
groupss between authors often defies any straightforwar d identification 
off  members in often used taxa such as Spiralia and Deuterostomia. 
Therefore,, I find there is merit in providing here a synopsis of 
frequentlyy used supraphyletic taxa to facilitate easy and precise 
referencee throughout this paper. The following list is neither  complete, 
norr  do the definitions adopted here necessarily correspond to those 
favoredd by most authors. Because suprafamilial taxa are not subject to 
thee International Code for  Zoological Nomenclature, and in view of the 
recentt  flux of ideas on the desirability of substituting the traditional 
Linnaeann nomenclature by a phylogenetic nomenclature (Cantino et al., 
1999),, I have chosen to design the following supraphyletic taxa for 
maximall  utilit y in the discussions in this paper  without attention to the 
historicall  source, the exact nature of the original definitions, or  the 
monophylyy of the taxa, but never  departing far  from their  original and 
mostt  familiar  meanings. 

Acrosomata::  Ctenophora, Bilateria 
Ambulacraria ::  Echmodermata, Hemichordata 
Articulata ::  Annelida, Echiura, Panarthropoda 
Aschelminthes::  Nemathelminthes, Rotifera (incl. Seison), 
Acanthocephala,, Micrognathozoa (Limnognathia maerski), Chaetognatha 
Bilateria::  Protostomia, Deuterostomia 
Cephalorhynchaa (Scalidophora): Priapulida, Kinorhyncha, Loricifer a 
Coelomataa (Eucoelomata): Deuterostomia, Chaetognatha, Eutrochozoa, 
Onychophora,, Arthropod a 
Coelomopora::  see Ambulacrari a 
Cycloneuralia::  Gastrotricha, Nematoda, Nematomorpha, Kinorhyncha, 
Loricifera ,, Priapulida 
Deuterostomia::  Chordata, Hemichordata (Enteropneusta, 
Pterobranchia),, Echmodermata 
Diploblasticaa (Coelenterata, Radiata): Cnidaria, Ctenophora 
Ecdysozoa::  Panarthropoda, Introvert a 
Epineuralia::  Deuterostomia, Lophophorata, Chaetognatha 
Epitheliozoa::  Placozoa, Eumetazoa 
Eumetazoaa (Gastraeozoa, Histozoa): Cnidaria, Ctenophora, Bilateria 
Euspiralia::  Spiralia excluding Plamelminthomorpha 
Eutrochozoa::  Nemertea, Mollusca, Sipuncula, Echiura, Annelida 
Gastroneuralia::  Spiralia, Aschelminthes 
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Gnathifera:: Syndermata, Gnathostomulida, Micrognathozoa 
(Limnognathia(Limnognathia maerski) 
Hemichordata:: Enteropneusta, Pterobranchia 
Heteroneural iaa (Oligomera, Archicoelomata): Lophophorata, 
Coelomopora a 
Introverta ::  Nematoda, Nematomorpha, Kinorhyncha, Loricifera, 
Priapulida a 
Lophophorataa (Tentaculata): Phoronida, Brachiopoda, Ectoprocta 
Lophotrochozoa::  Spiralia, Gastrotricha, Lophophorata 
Nemathelminthes::  see Cycloneuralia 
Nematoida::  Nematoda, Nematomorpha 
Neotrochozoa::  Sipuncula, Echiura, Annelida, Mollusca 
Notoneuralia:: Chordata 
Panarthropoda::  Arthropoda, Tardigrada, Onychophora 
Plathelminthomorpha::  Platyhekninthes, Gnathostomulida 
Platyzoa:: Gnathostomulida, Cycliophora, Syndermata, Gastrotricha, 
Platyhelminthes s 
Protostomia:: Bilateria minus Deuterostomia 
Schizocoelia:: see Teloblastica 
Spiralia:: Annelida, Echiura, Sipuncula, Gnathostomulida, Mollusca, 
Nemertea,, Entoprocta, Platyhelminthes, Panarthropoda 
Scalidophora:: see Cephalorhyncha. 
Syndermata:: Rotifera (incl. Seison), Acanthocephala 
Teloblastica:: Sipuncula, Mollusca, Annelida, Echiura, Onychophora, 
Arthropoda,, Tardigrada 
Trochozoa:: Sipuncula, Echiura, Annelida, Mollusca, Entoprocta 
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PARTT I: COMPARIN G ALTERNATIV E PHYLOGENETI C HYPOTHESES 

II  have devised a set of explicit criteri a that are used as guidelines in the 
evaluationn of competing sister  group hypotheses: 

1.. taxon sampling and fulfillmen t of domain of definition of each 
character.. Is the range of selected terminal taxa broad enough to test 
alll  pertinent alternative hypotheses? (I  adopt a slightly modified 
versionn of the domain of definition as proposed by Dayrat &  Tillier 
(2000)::  the complete set of terminal taxa for  which an included 
characterr  is in principl e applicable, irrespective of whether  that 
characterr  is uniforml y present within all terminal taxa. A failur e to 
fulfil ll  the domain of definition of a character, i.e. restrictive taxon 
sampling,, compromises the reliabilit y of the phylogenetic 
significancee ascribed to that character, so that it may be a 
symplesiomorphyy or  homoplasy rather  than a unique 
synapomorphy). . 

2.. character  sampling across studies. 
3.. character  coding. Are the adopted character  states proper  (natural) 

alternativess that cover  the entire range of organismic variation, i.e. 
doo the character  states show a clear  complement relation (Patterson, 
1982,1988)? ? 

4.. quality of primar y homology and character  scoring. Are primar y 
homologiess properly identified, i.e. rooted in careful morphological 
analysis?? Are the characters scored appropriately according to the 
adoptedd character  definition? Is there consensus on the 
interpretationn of the characters? 

5.. quality of proposed diagnostic synapomorphies as secondary 
homologies.. Are the proposed synapomorphies unique or 
homoplastic,, reversals or  convergences, losses or  gains? 

Thee combined consideration of the above criteri a wil l provide an 
estimatee of the relative quality of proposed hypotheses of metazoan 
phylogeny.. The first four  criteri a represent the chief ingredients of all 
morphologicall  cladistic analyses, and their  combined input wil l 
determinee the outcome of a cladistic analysis. The study of these 
ingredientss wil l therefore allow one to infer  the cause(s) of conflicting 
phylogeneticc hypotheses, and to understand whether  phylogenetic 
conclusionss are the corroborated results of the balanced treatment of all 
pertinentt  information, or  whether  the results are unjustifiabl y biased. 
Thiss information can serve as a basis for  deciding which phytogenies 
mayy be dropped from consideration, and which hypotheses could 
profitabl yy be explored in future studies. 
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Alternativ ee Phylogenetic Hypotheses for  Platyhelminthes 

Manyy different phylogenetic placements have been proposed for  the 
platyhelminthss throughout the last century (see Tyler, 2001 for  brief 
review),, and the origin of their  body plan has attracted recent attention 
inn connection with the emergence of hypotheses for  their  placement on 
thee basis of molecular  sequence data (Balavoine, 1997, 1998; Jenner, 
2000).. Interestingly, 18S rDNA data suggest that Acoela and 
Nemertodermatidaa (Ruiz-Trill o et al., 1999; Bagufta et alv 2001) are not 
inn fact platyhelminths, but the earliest branching crown group 
bilaterians.. Apparent morphological support for  this hypothesis was 
providedd by Haszprunar  (1996a, b), but all comprehensive 
morphologicall  cladistic analyses instead supported a position of 
platyhelminthss nested within the protostomes, either  as a sister  group 
too Nemertea, Gnathostomulida, or  a larger  clade of protostomes of 
variablee membership. Several more restricted studies instead united 
platyhelminthss with gnathiferans. The following section evaluates the 
evidencee for  these competing hypotheses. 

(Platyhelminthess Gnathifera) 

Proposedd synapomorphies: Ahlrich s (1995) (followed by Garey et al., 
1998);;  Melone et al. (1998). 

Ahlrichss (1995) (A13) 
-- internal sperm deposition and internal fertilization 

noo mitosis in somatic cells 
filifor mm sperm 
lackk of accessory centriole in sperm 

Comments Comments 

Internall  sperm deposition accompanied by internal fertilizatio n is not a 
compellingg synapomorphy of platyhelminths and gnathiferans. The 
restrictedd taxon sampling of Ahlrich s (1995) does not allow the proper 
assessmentt  of the phylogenetic significance of mode of sperm transfer 
andd fertilizatio n withi n the Metazoa, because these features 
(particularl yy internal fertilization ) have a much wider  distributio n 
withi nn the Bilateria than just pktyhelminths and gnathiferans. A further 
complicationn is introduced by the manual approach to cladogram 
constructionn adopted by Ah95. Application of the principl e of 
parsimonyy leads to ambiguous results on Ahlrichs' cladogram. His 
cladogramm is equally compatible with alternative hypotheses of 
characterr  evolution, either  interpretin g internal insemination and 
fertilizatio nn as a gastroneuralian apomorphy (and hence a 
symplesiomorphyy for  platyhelminths and gnathiferans), or  as a 
convergencee between Platyhelminthes + Gnathifera and Cycloneuralia. 
Forr  further  details on these characters see the relevant sections below 
underr  Reproduction and sexes. 
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Thee lack of mitosis in differentiated somatic cells may be a valid 
characterr that should be tested through the study of a wide range of 
metazoans.. Indeed, other phyla that are thought to be eutelic or to 
possess a fixed number of differentiated somatic cells such as nematodes 
shouldd be closely studied (see below also under Lack of mitosis in 
somaticc or epidermal cells [eutely]). 

Possessionn of filifor m sperm has also been suggested as an 
autapomorphyy of Plathelminthomorpha by Ax (1985, 1989, 1995), 
Eernissee et al. (1992), and Zrzavy et al. (1998). However, the 
phylogeneticc significance of this character in none of these studies is 
compellingg (see discussion under Filiform sperm for details). First, 
Ahlrichss (1995) did not perform a numerical cladistic analysis, and 
consequentlyy did not try to find the globally most parsimonious 
solution.. Filiform sperm can be observed in various other phyla, where 
i tt represents a commonly evolved convergence within different 
monophyleticc taxa (see discussion under Filiform sperm for further 
details).. Furthermore, the domain of definition of filifor m sperm is 
clearlyy not fulfilled. Various taxa that are characterized by possession of 
filifor mm sperm such as entoprocts (Nielsen, 1971; Mariscal, 1975; Nielsen 
&&  Jespersen, 1997) and cycliophorans (Funch & Kristensen, 1997), are 
nott included in the analysis of Ahlrichs (1995). When one considers the 
taxaa included in Ahlrichs' analysis, a form of filifor m sperm, which 
wouldd clearly fall within his broad definition, is also present in 
Gastrotr icha,, which may be very closely re lated to 
plathelminthomorphanss and syndermates (Zrzavy et al., 1998; Giribet et 
al.,2000). . 

Likewise,, the lack of an accessory centriole in sperm cells is an 
equallyy unconvincing synapomorphy. Both gastrotrichs and 
kinorhynchss possess ciliated sperm that lack an accessory centriole 
(Ahlrichs,, 1995). Moreover, lack of an accessory centriole in sperm is 
probablyy correlated with the evolution of modified or filifor m sperm, 
andd this does not warrant the coding of an independent character. For 
example,, the meiobenthic priapulid genus Tubiluchus possesses filifor m 
spermm that probably evolved within the Priapulida (Storch et al., 2000), 
andd it too is accompanied by the loss of an accessory centriole. 

Inn conclusion, in order to approximate a globally most 
parsimoniouss solution, the distribution of Ahlrichs' characters would 
havee to be re-assessed through a computer-assisted cladistic study of an 
expandedd set of taxa. 

Meloneetal.(1998) ) 
-- statocysts present (Me60) 

Comments Comments 

Thee use of statocysts as a synapomorphy for Platyhelminthes and 
Gnathiferaa is unconvincing. Curiously, Melone et al. (1998: 107) state 
thatt statocysts are primarily absent in Platyhelminthes. However, they 
aree commonly found in the basal platyhelminth taxa such as Acoela, 
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Nemertodermatidaa and Catenulida (Rieger et al., 1991b). Statocysts are 
widespreadd within the Metazoa, and for a proper fulfillment of the 
domainn of definition more taxa have to be included in the analysis. 
Moree problematic, however, are the positive scorings for statocysts for 
gnathiferans.. So far, no unambiguous statocysts have been identified in 
anyy of these phyla (see under Statocysts). Expectedly, the sister group 
pairingg of platyhelminths and gnathiferans in Melone et al. (1998) is a 
defaultt result given the selection of platyhelminths as an outgroup in a 
studyy that was primarily aimed at resolving phylogenetic relationships 
withinn Rotifera. 

(Platyhelminthess Gnathostomulida) 

Thiss clade is known as Plathelminthomorpha. Proposed 
synapomorphies:: Ax, 1985, 1989 (followed by Bartolomaeus, 1993a), 
1995;; Meglitsch and Schram, 1991; Eernisse et al. (1992); Schram and 
Ellis,, 1994; Zrzavy et al., 1998; Giribet et al. (2000); Peterson & Eernisse 
(2001). . 

Axx (1985,1989,1995) 

directt sperm transfer and internal fertilization 
filifor mm sperm 

-- no mitosis in somatic cells (Ax, 1995) 
hermaphroditism m 

Comments Comments 

Interestingly,, the first three of these characters are also used by Ahlrichs 
(1995)) to support an alternative sister group relationship between 
Platyhelminthess and Gnathifera (see above). This discrepancy in 
phylogeneticc significance attributed to the same characters in Ahlrichs 
(1995)) and Ax (1995) is easily explained by the observation that the 
manuall  cladistic analyses used in both studies focused on restricted sets 
off  taxa (differing between the two studies), a method that tends to favor 
locall  over global parsimony. Consequently, although both studies use 
parsimonyy as their central principle, the most globally parsimonious 
solutionn for the characters in question can only result from a 
comprehensivee study that includes all pertinent taxa at the same time 
(especiallyy true for the first two characters dealing with reproductive 
modess and sperm morphology). This conclusion also applies to the last 
synapomorphyy proposed by Ax: hermaphroditism. Hermaphroditism is 
widespreadd within the Metazoa (see discussion under Sexes), and 
clearlyy the domain of definition of this character is not fulfilled in the 
variouss manual cladistic analyses by Ax. The study of Zrzavy et al. 
(1998)) suggested multiple cases of convergent evolution of 
hermaphroditism,, even though various taxa were misscored for the 
relevantt character (Z126; see discussion below). Moreover, the value of 
hermaphroditismm as a plamelminthomorphan autapomorphy is highly 
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sensitivee to cladogram topology. It may either be a highly homoplastic 
characterr between phyla (already well established within phyla, see 
underr Sexes), or hermaphroditism may be a plesiomorphy for 
plathelminthomorphanss inherited from the last common ancestor of the 
Bilateriaa and the hermaphroditic ctenophores (sister taxa making up a 
monophyleticc Acrosomata in the scheme of Ax, 1995). Rieger & Tyler 
(1995),, Haszprunar (1996b), and Kristensen & Funch (2000) also argued 
againstt the plausibility of a monophyletic Plathelminthomorpha, 
principallyy by emphasizing the likelihood of convergence or 
plesiomorphyy of the reproductive apomorphies. 

Meglitschh & Schram (1991) 
noo anus (M16) 

-- no special muscle cells (M6) 
protonephridiaa (M31) 

Comments Comments 

Thee secondary loss of an anus as a plathelminthomorphan 
autapomorphyy is also found in Eernisse et al. (1992), Zrzavy et al. 
(1998),, and Giribet et al. (2000). In contrast, Peterson & Eernisse (2001) 
andd Nielsen (2001) performed comprehensive cladistic studies that did 
nott find this plathelminthomorphan support. Both these analyses 
consideredd an anus to be unambiguously present in gnathostomulids. 
Thee presence of a true anus in gnathostomulids homologous to those of 
otherr bilaterians is a contentious issue. Recent ultrastructural data 
(Sterrerr et al., 1986; Lammert, 1991) indicate a functional anus at the 
posteriorr end of the gut that consists of a tissue connection between 
dorsomediall  epidermal cells and gut cells without a separating basal 
lamina.. This morphology has at least been observed both in some 
filospermoideann and bursovaginoidean gnathostomulids. However, the 
phylogeneticc significance of the singular morphology of this "anal pore" 
remainss undecided. Recent phylogenetic analyses have divergently 
suggestedd that gnathostomulids either 1) unambiguously possess a 
complete,, unidirectional gut with an anus homologous across Bilateria 
(Haszprunar,, 1996b), 2) possess an autapomorphic anus (Haszprunar 
(1996a):: H l l ; Zrzavy et a l, 1998: Z72), 3) lack an anus either primitively 
(Ax,, 1995), or 4) secondarily (Meglitsch & Schram, 1991: M16; Wallace et 
al.,, 1996: Wa21), or 5) are polymorphic or uncertain for a complete gut 
(Littlewoodd et al., 1999a: L54; Melone et al., 1998: Me31). Interestingly, 
thee recently described micrognathozoan Limnognathia maerski exhibits a 
veryy similar differentiation of the terminal end of the intestine, with 
interdigitatingg rectal and epidermal cells without an intervening basal 
laminaa (Kristensen & Funch, 2000, fig. 33). 

Thee last two of the three characters found by Meglitsch & Schram 
(1991)) to support a monophyletic Plathelminthomorpha are 
problematic.. The secondary loss of muscle cells in platyhelminths and 
gnathostomulidss is a spurious synapomorphy based on the misscoring 
off  both taxa (in addition to gastrotrichs) for the absence of muscle cells. 
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Furthermore,, the character coding of M6 directly conflicts with the 
codingg of the related character M13 so that taxa without muscle cells are 
nonethelesss coded for either ectodermal or subepidermal muscles. 

Thee presence of protonephridia is not a convincing 
plathelminthomorphann autapomorphy. First, protonephridia are 
widespreadd within the Metazoa, and they behave highly 
homoplasticallyy in recent comprehensive phylogenetic studies (Nielsen 
ett al., 1996; Zrzavy et al., 1998; Sorensen et al., 2000). Moreover, any 
speciall  similarity in protonephridial ultrastructure that could support 
monophylyy of Plathelminthomorpha is lacking. Rather, 
gnathostomulidss share some similarities of protonephridial 
ultrastructuree with several other phyla, including potentially closely 
relatedd taxa, such as monociliate terminal cells with gastrotrichs and 
Micrognathozoaa (Ruppert, 1991b; Kristensen & Fundi, 2000). Second, 
althoughh the presence of protonephridia in the platyhelminth ground 
plann is generally accepted, it should be noted that this determination 
hingess upon the phylogenetic position of the acoelomorphs (Acoela, 
Nemertodermatida)) within Platyhelminthes, and of the Platyhelminthes 
withinn the Metazoa. The usual interpretation of the lack of 
protonephridiaa in acoelomorphs as a secondary loss (Rieger et al., 
1991b;; Ax, 1995), is largely dictated by the placement of acoelomorphs 
withinn a clade of platyhelminths that otherwise all possess 
protonephridia.. Interestingly, at least one study, the morphological 
analysiss of Littlewood et al. (1999a) (their figure 2b), placed 
acoelomorphss as the sister group to the remaining platyhelminths, thus 
makingg the interpretation of the evolutionary significance of the lack of 
protonephridiaa in acoelomorphs dependent upon outgroup 
comparison.. In striking contrast, Haszprunar (1996a) and Haszprunar 
(1996b)) placed the acoelomorphs as the earliest branch of the 
bilaterians,, consequently implying the lack of protonephridia as a 
plesiomorphy.. However, since Haszprunar's phylogenetic analyses 
excludedd various protostomes and all deuterostomes, his results should 
bee regarded with caution. 

Inn conclusion, Meglitsch & Schram (1991) have not provided 
unambiguouss support for the monophyly of Plathelminthomorpha, and 
theirr placement of platyhelminths and gnathostomulids together within 
thee Metazoa should therefore be regarded with due caution. 

Eernisseetal.(1992) ) 
-- lack of anus with proctodeum (complete unidirectional alimentary canal) (E96) 
-- hermaphroditism (E117) 
-- filifor m sperm (E118) 
-- direct internal fertilization (El 19) 

Comments Comments 

Thee computer-assisted analysis of Eernisse et al. (1992) appears to 
confirmm the relevance of some of the features that were proposed to be 
importantt plathelminthomorphan autapomorphies by Ax (1985,1989, 
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1995)) and Meglitsch & Schram (1991). However, do the results of 
Eernissee et al. (1992) really support plathelminthomorphan monophyly? 

Thee secondary loss of an anus is also supported as a 
plathelminthomorphann autapomorphy by Meglitsch & Schram (1991), 
Zrzavyy et al. (1998), and Giribet et al. (2000), and it may indeed be a 
validd apomorphy when plathelminthomorphans are nested deeply 
withinn the Bilateria (see discussion above for more details). Including 
thee proctodeum into the character definition is unnecessarily 
complicating.. Gastrotrichs and Micrognathozoa, for example, also lack 
aa defined hindgut or proctodeum, although the gastrotrich ground 
patternn cannot be identified unambiguously (Ruppert, 1991b; 
Kristensenn & Funch, 2000), while many gastrotrichs and Limnognathia 
maerskimaerski also lack well-defined anuses. 

Forr the last three characters Eernisse et al. (1992) did not fulfil l the 
domainss of definition. These characters apply to a range of excluded 
taxaa as well. Eernisse et al. (1992) justified the scoring of presence of 
hermaphroditismm when it was found in more than single isolated 
species.. This would necessitate a change in their scoring for phoronids 
andd nematodes, certainly when it is observed that Eernisse et al. (1992) 
didd score nemerteans and conchiferan molluscs polymorphic for 
hermaphroditism.. The scoring of Solenogastres as gonochoristic is 
erroneous,, since they are without exception simultaneous 
hermaphroditess (Scheltema et al., 1994). Equally important, apart from 
variouss excluded gonochoristic taxa, several hermaphroditic phyla that 
aree either potentially closely related to plamelminthomorphans, such as 
gastrotrichss and chaetognaths, or more distantly related, such as 
ectoproctss and ctenophores, were excluded from the analysis of 
Eernissee et al. (1992). Clearly, increased taxon sampling is necessary for 
aa better estimation of the phylogenetic significance of hermaphroditism. 

Ass noted earlier, filifor m sperm can be scored for a host of taxa 
nott included in Eernisse et al. (1992) (see section under Filiform sperm), 
andd several of the included taxa should be rescored, among others 
Solenogastress (Buckland-Nicks & Scheltema, 1995), pogonophorans 
includingg vestimentiferans (Gardiner & Jones, 1993; Southward, 1993, 
2000),, clitellates (Jamieson, 1992; Fernéndez et al., 1992), and 
onychophoranss (Storch & Ruhberg, 1993). 

Severall  problems are apparent with the character direct internal 
fertilization.. It combines two logically separate variables, namely mode 
off  sperm transfer, here direct sperm transfer, hence clire<;t internal 
fertilization,, and mode of fertilization. Ax (1995) also listed both direct 
spermm transfer and internal fertilization as plathelminthomorphan 
autapomorphiess (as did Ahlrichs, 1995 for his clade of Platyhelminthes 
++ Gnathifera). However, mode of sperm transfer and fertilization 
exhibitt no strict correlation (although a certain correlation cannot be 
altogetherr denied, see under Mode of sperm transfer and mode of 
fertilization),, and could therefore be coded as separate characters. 
Moreover,, the scoring observed in Eernisse et al. (1992) illustrates a 
ratherr subtle but important misunderstanding of the relation between 
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modee of sperm transfer  and fertilization , and between different modes 
off  sperm transfer. The coding of El 19 exhibits no complement relation, 
i.e.. the alternative character  states do not cover  the entire range of 
organismicc variation, making misscorings inevitable. The coding 
assumess that internal fertilizatio n is always accompanied by direct 
spermm transfer. However, in view of the difference between indirect and 
directt  sperm transfer  (sperm deposited on outside of body or  inside, 
respectively;;  see discussion under  Mode of sperm deposition and mode 
off  fertilization) , various taxa have to be rescored, in particular  the 
arthropods,, which were subdivided into Crustacea, Uniramia 
(myriapodss and insects), and Chelicerata. At least uniramians and 
cheliceratess should be reassessed for  their  scoring of direct internal 
fertilization .. External fertilizatio n may be primitiv e for  chelicerates in 
vieww of the frequently supported basal positions of pycnogonids and 
xiphosuranss (Weygoldt, 1996; Ax, 1999) within the chelicerate clade. 
However,, the exact phylogenetic placements of these taxa within the 
Arthropod aa remains a contentious issue (Edgecombe et al., 2000; Giribet 
&&  Ribera, 2000; Giribet et al., 2001). Nevertheless, indirect sperm 
transferr  is widespread withi n the remaining chelicerates, and 
copulationn (direct sperm transfer) has evolved multipl e times 
convergentlyy (Schaller, 1979; Proctor, 1998). Similarly , withi n the 
uniramianss (atelocerates), myriapods and apterygote hexapods (insects) 
chieflyy exhibit indirect sperm transfer, with copulation evolving at the 
basee of the pterygotes. It is therefore likely that indirect sperm transfer 
iss primitiv e for  myriapods and hexapods (Ax, 1999). However, a 
satisfactoryy understanding of the evolutionary changes in modes of 
spermm transfer  within the Arthropod a will have to await the resolution 
off  the continually perplexing problem of arthropod relationships (see 
Forteyy &  Thomas, 1997). Interestingly, and with immediate importance 
forr  the value of direct sperm transfer  in uniting gnathostomufids with 
platyhelminthss (Eernisse et al., 1992, Ax, 1985, 1989, 1995), or 
platyhelminthss and syndermates (Ahlrichs, 1995), currently available 
evidencee on the distributio n of reproductive modes withi n 
Gnathostomulidaa strongly suggests that they possess indirect sperm 
transferr  through hypodermic impregnation, rather  than direct sperm 
transferr  (Sterrer, 1972; Mainitz , 1989) (see under  Mode of sperm 
depositionn and mode of fertilizatio n for  a discussion of these features). 

Finally,, even if we allow a least restrictive character  definition for 
Ell  19 that retains the intended contrast between internal and external 
fertilizatio nn without distinguishing between direct and indirect sperm 
transfer,, several misscorings for  E119 remain. These include: Phoronida 
(characterizedd by internal fertilizatio n in contrast to common opinion: 
Emig,, 1990; Zimmer, 1991; 1997); Pogonophora (internal fertilizatio n is 
indicatedd for  pogonophorans, and suggested for  at least one species of 
vestimentiferan::  Southward, 1999), Solenogastres (possess internal 
fertilization ::  Buckland-Nicks &  Scheltema, 1995), and Clitellata. Despite 
thee fact that many clitellates transfer  sperm to their  partner  in 
copulation,, in oligochaetes the fertilizatio n nevertheless takes place 
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outsidee the body in the secreted cocoon (Needham, 1989; Westheide, 
1996).. Evolutionary changes to internal fertilizatio n have independently 
occurredd in one family of oligochaetes (Eudrilidae, nested deeply within 
Oligochaeta::  Jamieson, 1988), and in hirudineans (Jamieson, 1992; 
Fernandezz etal., 1992). 

Zrzavyetal.(1998) ) 
filiformfiliform  sperm (Z117) 
absencee epidermal mitosis (Z191) 
lackk of coeloblastula (Zl 1) 

-- lack of anus (Z72) 
sacularr  asacular gonads (Z110) 

-- monoflagellate -*> biflagellate sperm (Z115) 
lackk of compact acrosome (Z120) 
hermaphroditismm (Z126) 
rare/absentt  dominant asexual reproduction (Z128) 
twoo layered -  simple cuticle (Z193) 

-- adult locomotion muscular -+> ciliary (Z258) 

Comments Comments 

Thee phylogenetic analysis of Zrzavy et al. (1998) yielded 11 
apomorphiess in support of a monophyletic Plathelminthomorpha. 
However,, closer  inspection reveals that none of these are compelling, 
andd most of the characters are misscored for  various taxa. 

Althoughh filifor m sperm is an unambiguous unique 
autapomorphyy of Plathelminthomorpha in the morphological analysis 
off  ZEA, its unambiguous or  polymorphic presence can be scored for  the 
groundd patterns of various additional taxa (see detailed discussions 
underr  Eernisse et al. (1992) in this section and under  Filifor m sperm). 
Zrzavyy et al. (1998) score this feature in a way that can only be 
explainedd by assuming that they uncriticall y adopted the scoring of Ax 
(1995),, a study that aimed for  local parsimony in the context of a 
restrictedd sample of taxa rather  than attempting to document the global 
distributio nn of this character  across the entire Metazoa. 

Thee absence of epidermal mitosis was also suggested as a unique 
plathelminthomorphann autapomorphy. However, it is doubtful 
whetherr  its value as a phylogenetic marker  has been fully explored. For 
example,, epidermal mitosis has also never  been observed in 
chaetognathss (Shinn, 1997), and the lack of mitosis in somatic cells has 
beenn scored for  a broader  range of taxa (Ahlrichs, 1995). Clearly, 
detailedd study of an expanded set of taxa is needed (see below under 
Lackk of mitosis in somatic or  epidermal cells (eutely) for  further 
discussion). . 

Thee lack of a coeloblastula is unconvincing since it is scored as 
"?""  for  several platyhelminth taxa as well as for  gnathostomulids. 

Thee secondary lack of an anus may be a valid apomorphy, as was 
alsoo suggested by the studies of Meglitsch &  Schram (1991) and 
Eernissee et al. (1992) (see discussions above). 

182 2 



Thee transformation from sacular  to asacular  gonads is 
uncompellingg since gnathostomulids and platyhelminths do not 
evidentlyy share a common ground pattern. Gnathostomulids are scored 
ass possessing males with sacular  gonads, while all platyhelminths 
exceptt  nemertodermatids are scored as having asacular  gonads. Further 
difficultie ss with this character  are the conflicting scorings for 
rhabditophorann platyhelminths in Zrzavy et al. (1998), Haszprunar 
(1996a),, and the study to which this character  can be traced, namely 
Riegerr  et al (1991b). Although Rieger  et al. (1991b) and Rieger  (1996a) 
reportt  that sacular  gonads are typical for  virtuall y all rhabditophorans, 
savee some prolecithophorans, Haszprunar  (1996a) and Zrzavy et al. 
(1998)) nevertheless score rhabditophorans as possessing asacular 
gonads. . 

Thee change from monoflagellate to biflagellate sperm is invalid as 
aa plathelminthomorphan autapomorphy. Although gnathostomulids 
weree scored ? for  Z115, they possess either  monoflagellate (considered 
typical),, or  aflagellate (atypical) sperm (Sterrer, 1972; Lammert, 1991). 
Biflagellatee sperm has never  been reported in gnathostomulids, and it is 
aa variable character  within platyhelminths. 

Lackk of a compact acrosome in sperm is convergent, and it 
appearss to be associated with the presence of filifor m sperm. Its value 
ass a plamelminthomorphan autapomorphy is uncertain, however, since 
aa compact acrosomal vesicle may be present in the tip of the filifor m 
spermm of gnathostomulids (Sterrer  et al., 1986, fig. 12.4a). Confirmation 
off  this interpretation is needed. 

Althoughh hermaphroditism is characteristic of 
plamelminthomorphans,, hermaphroditism is also present in the ground 
patternss of many other  phyla. The misscorings for  this character  in the 
matrixx of Zrzavy et al. (1998) compromise its value as a phylogenetic 
marker.. Taxa wrongly scored as being plesiomorphically 
hermaphroditi cc include Kinorhyncha (Kristensen &  Higgins, 1991), 
Priapulidaa (although occasional hermaphroditic individuals are known, 
Storch,, 1991; Storch et al., 2000), and Nemertea (Turbeville, 1996). 
Nematomorphaa (scored '?') can also be rescored as being gonochoristic 
(Birdd &  Sommerville, 1989; Bresciani, 1991), while Myzostomida (scored 
ass 'gonochoristic') are hermaphrofites with the exception of a single 
speciess (Westheide, 1997; Grygier, 2000). Although Zrzavy et al. (1998) 
unambiguouslyy scored ectoprocts to be gonochoristic, this does not 
accuratelyy characterize their  sexual system. While all known ectoproct 
coloniess are hermaphroditic, common gonochoristic zooids are mostly 
restrictedd to the stenolaemates. In light of this information it should be 
notedd that the terminal taxon Bryozoa (Ectoprocta) in Zrzavy et al. 
(1998)) is solely comprised of gymnolaemates and phylactolaemates. 
Zooidss are typically hermaphroditi c in gymnolaemates and 
phylactolaemates,, necessitating a rescoring of Z126, but different 
sourcess may give slightly conflicting estimates for  the relative 
frequencyy of hermaphroditic versus gonochoristic zooids: Nielsen 
(1990),, Zimmer (1997), and Mukai et al. (1997) report that most 
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gymnolaematess possess hermaphroditic zooids, while Reed (1991) 
reportss that most gymnolaemates exhibit zooid gonochorism. 

Abimdantt scoring problems among others for platyhelminths 
andd gnathostomulids reveal that dominant asexual reproduction is 
certainlyy not a reliable autapomorphy for Plathelminthomorpha. 
Becausee asexual reproduction has not been reported for any 
gnathostomulid,, they should be rescored as having rare or absent 
asexuall  reproduction (they were scored'?'). Furthermore, although 
nemertodermatidss are scored for dominant asexual reproduction, they 
reproducee sexually without exception (Lundin & Sterrer, 2001). Even 
thoughh Macrostomorpha are unambiguously scored for having 
dominantt asexual reproduction, their ground pattern state is actually 
ratherr uncertain as asexual reproduction by paratomy is only recorded 
forr two of the thirteen major macrostomorphan taxa (Rieger, 2001), 
neitherr of which is the most basal macrostomorphan group. Despite 
Rieger'ss (2001) claim that paratomy was probably part of the 
macrostomorphann ground pattern, or even that of the Platyhelminthes 
ass a whole (Ehlers, 1985), with four subsequent losses, it is more 
parsimoniouss to explain the distr ibution of paratomy in 
macrostomorphanss by two cases of convergent evolution (phylogeny 
depictedd in fig. 4.10 and 4.11 in Rieger, 2001). At the very least, the 
reconstruct ionn of the pr imit ive reproduct ive mode of 
macrostomorphanss is dependent upon outgroup comparison. Since 
somee of the potential outgroups are, and others are not characterized by 
asexuall  reproduction, and because recent comprehensive phylogenetic 
analysess (based on morphology, molecules or combined data) have not 
yett identified the most suitable outgroup for macrostomorphans 
(Littlewoodd et al., 1999a; Littlewood & Olson, 2001; Joffe & Kornakova, 
2001),, uncertainty about their ground pattern remains. Furthermore, the 
scoringg of Z128 is puzzling for many other taxa as is discussed under 
Asexuall  /sexual reproduction. In conclusion, a thorough re-assessment 
off  asexual/sexual reproduction is imperative. 

Thee possession of a simple cuticle or glycocalyx by 
plathelminthomorphanss is shared with a range of other taxa, including 
nemerteans,, syndermates, and Micrognathozoa (Turbeville, 1991; 
Clémentt & Wurdak, 1991; Dunagan & Miller , 1991; Kristensen & Funch, 
2000),, which have all been either closely associated with platyhelminths 
orr gnathostomulids in other studies. Consequently, the possession of a 
glycocalyxx or simple cuticle cannot discriminate between these 
alternativee sister groupings. Furthermore, the coding of the alternative 
characterr state of a two-layered cuticle needs to be re-evaluated. Many 
off  the taxa scored as possessing a two-layered cuticle actually have 
threee or more layers in the cuticle, and this latter character has been 
proposedd as an ecdysozoan autapomorphy, for example by Schmidt-
Rhaesaa et al. (1998). The existence of this problem in the matrix of 
Zrzavyy et al. (1998) can be explained by the observation that Z193 
uncriticallyy adopted the same character coding as HI (Haszprunar, 
1996aa was used to compile Zrzavy et al.'s data matrix), which was 
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appliedd to a more restricted set of taxa. Conflict was introduced in 
Zrzavyy et al. (1998) by including ecdysozoan taxa, which were not 
consideredd in Haszprunar  (1996a) (see also discussion under  Cuticle 
layers). . 

Finally,, ciliary locomotion of adults is widespread, and in 
additionn to some problematic scorings such as for  Ctenophora 
(incorrectlyy scored for  muscular  locomotion: Hernandez-Nicaise, 1991), 
andd monogonont rotifer s (scored ?, but they move mainly by ciliary 
action::  Lorenzen, 1996c), the scoring of this character  is in logical 
conflictt  with that of character  Z132 which codes for  the absence or 
presencee of free locomotion in the adult. Taxa that are scored as lacking 
freee locomotion are at the same time scored as moving by means of 
muscularr  action (see also discussion under  Locomotion). 

Petersonn & Eemisse (2001) 
-- loss of acrosome as distinct organelle (P20) 
-- loss of perforatorium (P21) 
-- loss of prototroch (P48) 
-- loss of metatroch (P49) 
-- digestive gut without cilia (P93) 

Comments Comments 

Whil ee Peterson &  Eernisse (2001) writ e that their  finding of 
gnathostomulidss and platyhelminths as sister  taxa is consistent with the 
resultss of Ax (1995), it should be noted that the analysis of Peterson & 
Eernissee (2001) did not include any of the potential 
plamelminthomorphann synapomorphies proposed by Ax. These studies 
mayy thus provide independent evidence for  the monophyly of 
Plathelminthomorpha. . 

II  did not study the scoring of acrosomes or  perforatori a (P20, P21) 
acrosss the Metazoa, but a revised unpublished version of the data 
matri xx of Peterson &  Eernisse (2001) rescored various taxa. Some 
pertinentt  remarks can nevertheless be made for  the scoring of 
Plathelminthomorpha,, Cycliophora, and Rotifera. P48 scored 
gnathostomulidss as lacking an acrosome, platyhelminths as possessing 
one,, and rotifer s and Cycliophora as possessing a distinct acrosomal 
organelle.. These designations should be considered as tentative. An 
acrosomee may be present in the tip of the sperm of filospermoid 
gnathostomulidss (Sterrer  et al., 1986, fig. 12.4a), and acrosomal vesicles 
aree typically unknown in platyhelminths, except for  some 
nemertodermatidss (Watson, 1999), the presence of a cycliophoran 
acrosomee is tentative (Funch &  Kristensen, 1997), and while the Rotifera 
aree solely scored on the basis of Seison, which possesses a distinct 
acrosome,, other  rotifer s lacks acrosomes. Moreover, a perforatoriu m 
(P21)) is defined in the literatur e as subacrosomal material (Ehlers, 1993; 
Ax,, 1995). Data from polychaetes has shown that this material is likely 
too be involved in the acrosomal reaction during fertilizatio n (Rice, 1992). 
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Thiss logical dependence between acrosome and perforatoriu m removes 
thee justification for  coding two separate characters (P20, P21). 

Thee proposed synapomorphies are predominantly character 
losses.. The significance of the loss of a prototroch and metatroch should 
bee regarded with caution. See under  Prototroch and under  Metatroch 
forr  arguments that would necessitate a rescoring of various taxa for  P48 
andd P49. 

Althoughh Micrognathozoa was not included in the analysis, this 
taxonn also completely lacks cilia in the digestive gut, although they are 
presentt  in the pharynx (Kristensen &  Funch, 2000), suggesting that this 
characterr  may be a synapomorphy of a larger  clade including 
gnathostomulids.. It should further  be noted that several phyla are 
misscoredd for  P93, and that all morphological cladistic analyses support 
convergentt  loss of gut cilia in various metazoan clades (see discussion 
underr  Intestinal cell ciliation). 

(Platyhelminthess Nemertea) 

Thiss clade is known as Parenchymia. Proposed synapomorphies: 
Nielsenn (1995); Nielsen et al. (1996); Nielsen (2001); Sorensen et al. 
(2000). . 

Parenchymiaa is a rather  misleading name for  the clade of 
platyhelminthss and nemerteans. It refers primaril y to the supposed 
similarit yy in acoelomate organization of the body, with parenchymal 
cellss (connective tissue or  mesenchymal cells that are neither  muscle nor 
nervee cells) fillin g the space between body wall and organ systems 
(Nielsen,, 1985). Although parenchymal cells have been observed both 
inn platyhelminths and nemerteans, they are thought to have evolved 
convergentlyy within Platyhelminthes (Rieger, 1985; Turbeville, 1996) 
(seee also discussions under  Body cavities). Accordingly, cellular 
architecturee of the body space has nott  been used in any recent cladistic 
analysiss to unite the parenchymians. 

Nielsenn (1995); Nielsen (2001) 
-- larvae with diminutive hyposphere and no ventral nervous system and anus (see 

NÏ20) ) 
-- adults with only apical nervous system 
-- no chitin and chitinase 
-- general shape of larval ciliary bands 

Comments Comments 

Althoughh figure 11.4 in Nielsen (1995) reports "diminutiv e hyposphere," 
thee discussion in chapter  25 makes it clear  that a "reduced hyposphere" 
iss meant. This is a phylogenetic assumption not necessarily supported 
byy the phylogenetic analysis as it refers to the evolution of 
platyhelminthh Müller' s and Götte's larvae and nemertean pilidiu m 
larvaee from more typical trochophore larvae (Nielsen, 1985,1995). For 
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thiss character as for that concerned with the general shape of the larval 
ciliaryy bands, it is important to ascertain that polyclad larvae and 
nemerteann pilidium larvae are parts of the platyhelminth and 
nemerteann ground patterns, respectively. On the basis of current 
comparativee ontogenetic and phylogenetic data this is not likely (see 
detailedd discussions under Larva with strongly reduced hyposphere). 

Thee presumed lack or reduction of the ventral part of the central 
nervouss system is a difficul t character and it cannot be scored 
independentlyy from the supposed sole presence of an apical nervous 
system.. This character is based on the fact that in coelomate spiralians 
suchh as molluscs and annelids, the two components of the central 
nervouss system, i.e. the cerebral ganglion and the ventrally to laterally 
locatedd longitudinal nerve cords, develop from separate ectodermal 
anlagenn (e.g., Golding, 1992). After the longitudinal nerve cords are 
formedd they secondarily connect to the already formed cerebral ganglia, 
thuss forming the circumoesophageal connectives. However, 
p latyhelminthss and nemerteans do not develop such 
circumoesophageall  connectives. In contrast, their longitudinal nerve 
cordss develop simply as posterior outgrowths from the cerebral (apical) 
gangliaa (e.g., Hartenstein & Ehlers, 2000; Younossi-Hartenstein & 
Hartenstein,, 2000), but in general the ontogeny of the platyhelminth 
centrall  nervous system is not well known (Reuter & Gustafsson, 1995). 
However,, in contrast to the interpretation of Nielsen (1995, 2001), this 
nervouss system configuration may not be restricted to parenchymians, 
andd may in fact be a plesiomorphy or homoplasy. In contrast to 
"higher""  molluscs (Ganglioneura) polyplacophorans presumably 
developp both the pedal and lateral (pleurovisceral) nerve cords as 
posteriorr outgrowths from the cerebral ganglia (Hyman, 1967; Ponder & 
Lindberg,, 1997 following Hammersten & Runnström, 1925). 
Interestingly,, available information on the embryology of 
aplacophoranss (Solenogastres) suggests that at least the lateral (pleural) 
nervee cords develop as outgrowths from the cerebral ganglion as well 
(Thompson,, 1960; Hyman, 1967). Assuming homology of the 
tetraneurall  nervous system across Mollusca, this indicates that the 
ontogenyy of ventral nerve cords is variable. There is then nothing that 
wouldd dispute homology between the main nerve cords in nemerteans 
andd platyhelminths and molluscs. This might additionally suggest that 
thee separation of the embryonic sources of pre- and post-trochal 
nervouss system elements (cerebral ganglia and main nerve cords, 
respectively)) that is thought to be characteristic of taxa such as molluscs 
andd annelids (e.g., Dorresteijn et al., 1993; Raineri, 2000), may have 
evolvedd convergently. I also fail to perceive the fundamental difference 
emphasizedd by Nielsen (1994,1995, 2001) between the parenchymian 
nervouss system and the nervous system of the remaining protostomes 
inn the absence or presence of a circumesophageal nervous concentration 
orr brain, respectively. Rhabditophoran platyhelminths, nemerteans and 
manyy other protostome phyla share the possession of an anterodorsally 
locatedd cerebral ganglion, which is connected to the ventral part of the 
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centrall  nervous system by connectives. Apart from the variable position 
off  the mouth this construction appears very similar. The adult nervous 
systemm of taxa such as aplacophoran and polyplacophoran molluscs (in 
contrastt to ganglioneuran molluscs), but also onychophorans and 
variouss polychaetes are very similar to, for example, the nemertean 
adultt nervous system in localizing the cerebral ganglia principally 
anterodorsall  to the digestive canal, with cord-like connectives running 
caudadd through the body (Scheltema et al., 1994; Eernisse & Reynolds, 
1994;; Westheide, 1996; Eriksson & Budd, 2000). In other taxa the 
anteriorr nervous system may become more ganglionated resulting in 
thee development of brain-like (ganglionate) circumesophageal 
connectivess and subesophageal ganglia, as can be observed in several 
polychaetes,, tardigrades and arthropods, for example (Westheide, 1996; 
Dewell  & Dewel, 1996; Dewel et al., 1999). 

However,, current data does not allow unequivocal conclusions to 
bee drawn. Reliable comparative embryological studies are scanty, 
frequentlyy old, and accounts may be contradictory, e.g., Kowalevsky, 
18822 vs. Hammarsten & Runnström, 1925 for the ontogeny of the 
polyplacophorann nervous system. Also, the uncertain phylogenetic 
positionn of acoelomorphs, and the morphological variation in central 
nervouss systems in taxa such as molluscs and annelids, makes it very 
diffcultt to infer primitive character states. Furthermore, a comparison of 
recentt studies indicates the sensitivity of the results to variation in 
analyticall  techniques, such as specificity of the neural markers 
employedd for visualization of the nervous system (see Raineri, 2000). 
Additionally,, it is difficult to trace the origin of adult nervous system 
elementss to the earliest ontogenetic stages in taxa such as molluscs and 
annelids,, where larval and adult nervous systems may be remarkably 
independentt (Lacalli, 1984; Golding, 1992; Marois & Carew, 1997; 
Dickinsonn et al., 2000). 

Thee lack of an anus in planktotrophic polyclad and pilidium 
larvaee might be a unique parenchymian autapomorphy, but the validity 
off  this character is again dependent upon the assumption that these 
larvaee are included in the ground patterns of platyhelminths and 
nemerteans.. As argued elsewhere in this paper, current information 
doess not support this possibility. In contrast, lack of an adult anus has 
beenn considered a plamelminthomorphan apomorphy. The same holds 
truee for the character that deals with the general form of the larval 
ciliaryy bands. 

Thee lack of the ability to synthesize chitin may be a 
synapomorphyy (albeit not unique) of platyhelminths and nemerteans. 

Nielsenn etal. (1996) 
-- larvae or adult with downstream-collecting ciliary bands of compound cilia on 

multiciliatee cells (N22) 

Comments Comments 
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N222 is highly homoplastic and is dependent on the questionable 
premisee that planktotrophi c polyclad and pilidiu m larvae are 
plesiomorphicc features for  platyhelminths and nemerteans respectively 
(seee relevant comments under  Larva with strongly reduced 
hyposphere).. Moreover, although polyclad Müller' s or  Gotte's larvae 
possesss bands of pronounced cilia, these are not compound, and their 
functionn in planktotrophy remains unattested (Nielsen, 1987, 1995, 
1998a). . 

Sorensenn et al. (2000) 
-- larva with strongly reduced hyposphere (S28) 

Comments Comments 

Thiss is a very weak character  (see discussion under  Larva with strongly 
reducedd hyposphere). 

Althoughh not within the context of a cladistic analysis, Turbevill e 
&&  Ruppert (1985) (followed by Bogitsh andd Harrison, 1991) interpreted 
somee characters as support for  a close relationship between 
platyhelminthss and nemerteans: completely ciliated epidermis with 
multiciliat ee cells with microvilli , without a cuticle; epidermal gland cell 
neckss without apical microvilli ; epidermal gland cell perikarya 
completelyy submerged below the epidermal basement membrane; 
similarit yy of the anterior  cirru s of nemertean larvae and the frontal 
organn of flatworm larvae. Nevertheless, in later  works (Turbeville, 1991, 
1996),, and probably as a result of more rigorous phylogenetic analysis, 
thee arguments in favor  of using these features were weakened. 
Turbevill ee (1991: 326) wrote "that morphological and embryological 
investigationss have not revealed synapomorphies of nemerteans and 
platyhelminths.. Thus there is no basis for  postulating that nemerteans 
andd platyhelminths shared a most recent common ancestor." 

(Platyhelminthess (clade of spiralians of variable membership and 
topology) ) 

Proposedd synapomorphies: Brusca and Brusca (1990); Rouse and 
Fauchaldd (1995); Haszprunar  (1996a, b); Zrzavy et al. (2001). 

(Platyhelminthess (Syndermata Cycliophora Myzostomida Ectoprocta 
Neotrochozoaa Nemertea Entoprocta Lobatocerebrum) 

Zrzavyy etal. (2001) 
-- spiral quartet cleavage (ZI1) 
-- lophotrochozoan complement of Hox genes (ZI59) 

Comments Comments 

Thee presence of spiral quartet cleavage is a proper  potential 
synapomorphyy for  platyhelminths and a clade of other  protostomes. 
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However,, this would suggest convergent evolution of spiral quartet 
cleavagee in this clade and gnathostomulids (see under Spiral cleavage 
forr comments on this implication). 

Thee phylogenetic significance of the presence of a 
lophotrochozoann Hox cluster remains uncertain at this time. This 
equivocall  character can currently not be used to distinguish between 
thee competing hypotheses for placing platyhelminths discussed in this 
paperr (see also under Lophotrochozoan Hox cluster). 

(Platyhelminthess (Nemertea (Sipuncula Echiura Mollusca ((Annelida 
Pogonophora)) Arthropoda))) ) 

Bruscaa & Brusca (1990) 
-- cerebral ganglion issues pairs of longitudinal cords connected by transverse 

commissuress (ladder-like), with tendency to emphasize ventral or ventrolateral 
cordss (reduced to a single ventral cord in some taxa) (B64c) 
sheetss of subepidermal muscles derived, at least in part, from 4d mesoderm (B58) 
mesodermm arises from mesentoblast (primitively the 4d cell) (B18) 
typicall  spiral cleavage (B13b) 

Comments Comments 

Restrictivee taxon sampling is an important shortcoming of the analysis 
off  Brusca & Brusca (1990). As a result the four apomorphies listed by 
Bruscaa & Brusca (1990) in support of a sister group relationship of 
platyhelminthss and a clade of coelomate protostomes are not 
compelling.. For example, at least Entoprocta and Gnathostomulida 
shouldd be included in thé analysis for a proper assessment of the last 
twoo characters that code the source of mesoderm and type of cleavage 
geometry,, and possibly also for the second character coding the source 
off  muscle tissue, depending upon how one defines a "sheet of 
subepidermall  muscles." Furthermore, to assess the phylogenetic 
significancee of a central nervous system consisting of a cerebral 
ganglionn that is connected to one or more ventrally to laterally located 
longitudinall  nerve cords, many additional phyla, such as the 
aschelminths,, have to be considered. Moreover, the interpretation of the 
anteriorr central nervous system in acoelomorph platyhelminths is 
problematicc (see discussion of Haszprunar, 1996a, b below), and 
variouss workers have argued that they lack a true cerebral ganglion or 
brainn that is homologous to the brain of morphologically more complex 
bilaterians.. Similarly, acoelomorphs do not possess a true ladder-like or 
orthogonall  nervous system, and the interpretation of this feature in 
otherr phyla may be problematic (e.g., molluscs). The significance of 
acoelomorphss for the reconstruction of the platyhelminth ground 
patternn should also be understood when scoring typical spiral cleavage 
forr platyhelminths; acoelomorphs (published information is so far 
restrictedd to acoels) exhibit a unique cleavage geometry, that may or 
mayy not be derived from typical spiral cleavage (Henry et al., 2000). See 
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beloww for complete discussions of spiral cleavage, cerebral ganglia, and 
mesentoblastt derived mesoderm. 

(Platyhelminthess (Nemertea (Mollusca Sipuncula (Echiura (Annelida 
Pogonophora))) (Arthropod a Onychophora))) 

Rousee & Fauchald (1995) 

-- no synapomorphies 

Comments Comments 

Thee cladistic analysis of Rouse & Fauchald (1995) yields a similar 
placementt of platyhelminths as found by Brusca & Brusca (1990), but it 
doess not constitute independent support for the phylogenetic position 
off  platyhelminths because synapomorphies are lacking. The choice of 
platyhelminthss as an outgroup led to a default position at the base of 
thee cladogram of Rouse & Fauchald (1995). 

(Acoelomorphaa (Rhabditophora (Catenulida Gnathostomulida 
(Nemerteaa Lobatocerebrum (Kamptozoa Mollusca Myzostomida) 
(Sipunculaa (Echiura Annelida))))))) 

Haszprunarr (1996a, b) 

Comments Comments 

AA number of studies subdivided Platyhelminthes into several (but 
varying)) subgroups to test for the monophyly of the phylum: Eernisse 
ett al. (1992): Acoelomorpha, Rhabditophora; Zrzavy et al. (1998), 
Littlewoodd et al. (1999a), and Giribet et al. (2000): Acoela, 
Nemertodermatida,, Catenulida, various rhabditophoran subtaxa; 
Haszprunarr (1996a, b): Acoelomorpha, Rhabditophora, Catenulida; 
Petersonn & Eernisse (2001): Acoela, Nemertodermatida, Catenulida, 
Rhabditophora;; Zrzavy et al. (2001): Catenulida, Rhabditophora. Of 
thesee studies Haszprunar (1996a, b) found morphological support for 
thee paraphyly of Platyhelminthes, with acoelomorphs branching of 
first,, followed by rhabditophorans and catenulids. Interestingly, 
Haszprunarr (1996a, b) considers acoelomorphs as stem-group 
bilaterians,, forming the sister group to the remaining extant bilaterians. 
Thee placement of acoelomorphs as the earliest branching living 
bilaterianss is of considerable interest because it would bridge 
"significantlyy the large differences between the diplo- and triploblastic 
levell  of organization" (Haszprunar, 1996b: 45), and apparent molecular 
supportt for this hypothesis (Ruiz-Trillo et al., 1999; Bagufia et al., 2001; 
butt see Littlewood et al., 1999a, Giribet et al., 2000 and Peterson & 
Eernisse,, 2001 for critical comments on the molecular "support" for 
platyhelminthh paraphyly) makes this hypothesis especially worthy of 
consideration.. These results have already lead several zoologists to re-
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exploree the heuristic value of the acoelomorph level of organization as a 
bridgee between the non-bilaterian and bilaterian body architectures 
(e.g.,, Rieger & Ladurner, 2001; Baguna et al., 2001; see Hyman, 1940, 
1959,, and Salvini-Plawen, 1978 for a discussion of kindred views from a 
generationn past). 

Mostt critical for Haszprunar's hypothesis are those characters 
thatt set the Acoelomorpha apart from the remaining bilaterians, i.e. the 
synapomorphiess supporting the monophyly of the sister clade of 
Acoelomorpha.. These synapomorphies wil l be listed and discussed 
here: : 

septatee junctions (H6) 
-- cerebral ganglion (H13) 

orthogonall  nervous system (H14) 
protonephridiaa (H20) 
spirall  quartet cleavage (H33) 

-- fixed cell fate during cleavage (H35) 

Variouss molecular phylogenetic analyses that position acoelomorphs at 
thee base of the Bilateria cited several of these morphological traits in 
supportt of their conclusions (Ruiz-Trillo et al., 1999; Bagufia et al., 2001). 
Howw convincing are these synapomorphies for uniting all bilaterians to 
thee exclusion of acoelomorphs? 

Haszprunarr (1996a) created a special character state to code for 
thee supposedly unique ultrastructure of acoel septate junctions, which 
aree of the anastomosing type also found in echinoderms and 
hemichordatess (Green & Bergquist, 1982). It is relatively easy to see a 
plethoraa of unique types of septate junctions across the Metazoa that are 
characteristicc for more or less inclusive clades (Green & Bergquist, 
1982).. It is a matter of emphasizing the unique features of acoelomorph 
septatee junctions over their similarities with other types of invertebrate 
septatee junctions that allows the creation of a special character state, but 
thatt does not negate the probable overall homology of different types of 
septatee junctions. 

Haszprunarr (1996a, b) argued that the plesiomorphic state for 
acoelomorphss is the presence of a simple neural plexus comparable to 
thatt found in cnidarians and ctenophores, thus implying that 
acoelomorphss primitively lack a cerebral ganglion, but several higher 
acoelomorphss have independently evolved anterior neural 
concentrationss ('brains'). This is in agreement with the most recent 
interpretationss of the acoelomorph central nervous system (Raikova et 
al.,, 1998, 2001). Raikova et al. (1998: 76) conclude that there appears to 
bee a "deep gap [in nervous system organization] between the Acoela 
andd the other Platyhelminths/' but Raikova et al. (2001) also conclude 
thatt further research is necessary to reach final conclusions about the 
phylogeneticc significance of acoelomorph neuroanatomy. 

Thee unique structure of the acoelomorph nervous system is also 
reflectedd in the organization of the nerve 'cords.' An orthogonal 
nervouss system with a pair of major longitudinal nerve cords that are 
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regularlyy connected by transverse commissures is not found in 
acoelomorphss (Rieger et al., 1991b; Raikova et al., 2001). It is therefore 
nott surprising to find that recent studies on the origin and evolution of 
ann orthogonal nervous system organization hardly mention 
acoelomorphss at all (e.g.. Reuter & Gustafsson, 1995; Reuter et al., 1998). 

Thee lack of protonephridia is in agreement with a basal position 
off  acoelomorphs in the metazoan phylogeny, suggesting that 
acoelomorphss primitively lack protonephridia. In contrast to this 
suggestion,, all cladistic studies considered in this paper, with the 
exceptionn of Haszprunar (1996a, b), suggest that protonephridia are 
homoplasticc within Bilateria, and have evolved not at the base, but 
withinn the Bilateria, usually at the base of a large protostome clade, and 
inn these analyses multiple losses of protonephridia are indicated for 
taxaa such as Panarthropoda, Nematoida, and Acoelomorpha (Nielsen et 
al.,, 1996; Nielsen, 2001; Sorensen et al., 2000; Zrzavy et al., 1998,2001). 

Thee duet spiral cleavage of acoels (and purportedly also of 
nemertodermatids:: Nielsen, 2001) has often been considered to be 
evolutionarilyy derived from spiral quartet cleavage, but this 
interpretationn has obviously been influenced by the heretofore widely 
acceptedd position of acoelomorphs within the Platyhelminthes (see 
underr Spiral cleavage). Al l comprehensive morphological cladistic 
analysess suggest that spiral quartet cleavage has evolved at the base of 
aa clade Spiralia, not at the base of thé Bilateria. 

Neww information on early acoel development (Henry et al., 2000) 
clearlyy contradicts the scoring of H35 (absence of fixed cell fate during 
cleavage).. Although it may be concluded that acoels possess what is for 
spiralianss a remarkable capacity for regulative development in early 
ontogeny,, it is not true that their cell fate determination during early 
developmentt has more in common with cnidarian embryology than 
withh the embryology of all other metazoan phyla, as is implied by the 
scoringg of H35. 

Variouss cladistic analyses (Zrzavy et al., 1998; Littlewood et al., 
1999a;; Giribet et al., 2000 (relying on Zrzavy et al /s data matrix); 
Petersonn & Eernisse, 2001) that were published subsequent to 
Haszprunar'ss (1996a) study, split up Platyhelminths sufficiently to be 
ablee to cladistically test Haszprunar's hypothesis of platyhelminthan 
paraphylyy at the base of the Bilateria. I wil l here explore whether these 
newerr analyses can be considered as effective tests of Haszprunar's 
proposal. . 

Thee comprehensive taxon sampling in Zrzavy et al. (1998) and 
Petersonn & Eernisse (2001) allowed the position of acoelomorphs at the 
basee of the Bilateria to be tested. However, despite the fact that both 
studiess supported a position of acoelomorphs deeply within the 
Bilateria,, they differed with respect to testing efficacy. The analysis of 
Petersonn & Eernisse (2001) did not include all characters that could 
servee to separate acoelomorphs from the other platyhelminths and 
bilaterianss (see Table 1). Therefore, their study was not a maximally 
powerfull  test of Haszprunar's hypothesis. 
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Inn contrast, the analysis by Zrzavy et al. (1998) included all 
characterss that Haszprunar (1996a) suggested as supporting a basal 
positionn of acoelomorphs. However, the coding and scoring of these 
characterss was not necessarily the same, but this reflects justifiable 
differencess in character interpretation (see Table 1). Therefore, this 
analysiss constitutes a test of Haszprunar's hypothesis of platyhelminth 
paraphylyy at the base of the Bilateria, and it is important that they did 
nott confirm Haszprunar's results. 

Littlewoodd et al. (1999a) did not attempt to test the position of 
acoelomorphss at the base of the Bilateria, but their subdivision of 
Platyhelminthess into several subtaxa did allow a test of platyhelminth 
monophyly.. However, the adopted character selection and character 
codingg and scoring in Littlewood et al. (1999a) clearly indicate that their 
resultss were biased towards finding support for platyhelminth 
monophylyy (see Table 1). First, the characters on cell fate and septate 
junctionss were not included in their analysis, removing two of the six 
characterss that could support platyhelminth paraphyly. Second, the 
combinationn of the characters on the presence of a cerebral ganglion 
andd an orthogonal nervous system into a single character further 
removedd one more character that could buttress platyhelminth 
paraphyly.. Third, the scoring of the included characters favored the 
groupingg of acoelomorphs with the other platyhelminths by a priori 
assumingg that the morphology of the acoelomorph nervous system, 
theirr lack of protonephridia, and the nature of acoel embryology could 
welll  be modifications of the 'normal' platyhelminth condition 
(acoelomorphss were scored as having cleavage homologous to spiral 
quartett cleavage, and '?' for the other two characters). We can thus 
concludee that Littlewood et al. (1999a) effectively removed any testing 
powerr for the hypothesis of platyhelminth paraphyly. 

Tablee 1. Comparison of the treatment of potential evidence for 
platyhelminthh paraphyly suggested by Haszprunar (1996a, b) in 
differentt cladistic analyses. The listed characters are diagnostic 
synapomorphiess for a monophyletic clade of all bilaterians exclusive of 
acoelomorphss as suggested by the cladistic analysis of Haszprunar 
(1996a). . 

Haszprunar r 
(1996a) ) 
acoelomorphh type 
septatee junctions 
(H6) ) 

cerebrall  ganglion 
(H13) ) 

Zrzavyy et al. (1998) 

noo separate 
characterr state for 
acoelomorphs s 
(Z179) ) 
ok(Z237) ) 

Petersonn & 
Eemissee (2001) 
noo separate 
characterr state for 
acoelomorphss (P3) 

nott included in 
analysis s 

Littlewoodd et al. 
(1999a) ) 
nott included in 
analysis s 

combinedd with 
orthogonal l 
nervouss system 
(L55)) and scoring 
assumes s 
evolutionary y 
polarityy for 
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orthogonall  ok (Z245) 
nervouss system 
(H14) ) 

protonephridiaa ok (Z48) 
(H20) ) 

nott included in 
analysis s 

nott included in 
analysis s 

spirall  quartet 
cleavagee (H33) 

fixedd cell fate 
duringg cleavage 
(H35) ) 

ok(Z7) ) 

okk (Z9) 

ok(P29) ) 

nott included in 
analysis s 

acoelomorphs s 
combinedd with 
cerebrall  ganglion 
(L55)) and scoring 
assumes s 
evolutionary y 
polarityy for 
acoelomorphs s 
scoringg assumes 
evolutionary y 
polarityy for 
acoelomorphs s 
(L56) ) 
scoringg assumes 
evolutionary y 
polarityy for 
acoelomorphs s 
(L52) ) 
nott included in 
analysis s 

Inn conclusion, Haszprunar's (1996a, b) hypothesis for a 
paraphyleticc Platyhelminthes at the base of the Bilateria is not 
supportedd by more comprehensive analyses. This is not surprising since 
thee taxon sampling of Haszprunar (1996a) was restricted to a selection 
off  protostome taxa only. Consequently, any conclusion on the basis of 
Haszprunar'ss analysis that acoelomorphs are basal bilaterians, rather 
thann protostomes, are unsupported by his own data. 

PlacingPlacing Platyhelminthes: comparison of alternative hypotheses 

Tablee 2. Summary of alternative sister taxa for Platyhelminthes with 
diagnosticc synapomorphies and comments. See text for discussion. 

Sisterr taxon Synapomorphies and 
source e 

Comments s 

Gnathiff  era internal sperm deposition 
JA13}_ _ 

domainn of definition not fulfilled 

internall  fertilization (A13) domainn of definition not fulfilled 
noo mitosis in somatic cells 
J£131 1 
filifor mm sperm (A13) 

mayy be homoplastic or 
symplesiomorphicc (eutelic taxa) 

lackk of accessory centriole in 
spermm (A13) 

domainn of definition not fulfilled 
domainn of definition not fulfilled 

statocystss (Me60) domainn of definition not 
fulfilled,, gnathiferans misscored 

Gnathostomu-- direct sperm transfer (Ax, 
lidaa 1985,1989,1995) 

domainn of definition not fulfilled 

internall  fertilization (Ax, 1985, domain of definition not fulfilled 
1989,1995) ) 
filifor mm sperm (Ax, 1985,1989, domain of definition not fulfilled 
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1995;E118;Z117) ) inn the analyses of Ax and 
Eernissee et al. (1992), and several 
misscoringss in Eernisse et al. 
(1992)) and Zrzavy et al. (1998) 

noo mitosis in somatic cells (Ax, 
1995) ) 
hermaphroditismm (Ax, 1985, 
1989,1995;; E117;Z126) 

mayy be homoplastic or 
symplesiomorphicc (eutelic taxa) 

lackk of anus (M16, Z72) 

domainn of definition not fulfilled 
inn the analyses of Ax and 
Eernissee et al. (1992), and several 
phylaa misscoredd in Eernisse et al. 
(1992)) and Zrzavy et al. (1998) 
Okk when plathelminthomorphs 
aree nested within Bilateria 

noo special muscle cells (M6) misscoredd for 
plathelrninthomorphanss and 
gastrotrichs s 

protonephridiaa (M31) symplesiomorphyy or homoplasy; 
platyhelminthh ground pattern 
uncertain n 

lackk of anus with proctodeum 
(E96) ) 

Okk when plamelmïnthomorphs 
aree nested within Bilateria 

digestivee gut without cilia homoplastic 
JP93L L 
directt internal fertilization 
(E119) ) 

domainn of definition not 
fulfilled;; various misscorings 
andd problematic character 
coding g 

absencee of epidermal mitosis 
(Z191) ) 

mayy be characteristic of more 
taxa a 

lackk of coeloblastula (Zll ) 

sacularr -» asacular gonads 
(Z110) ) 

scoredd "?" for gnathostomulids 
andd several platyhelminth taxa 

monoflagellatee *  biflagellate 
spermm (ZU5) 

groundd patterns of 
gnathostomulidss and 
platyhelminthss not similar 
gnathostomulidss lack biflagellate 
sperm m 

lackk of compact acrosome 
(Z120;; P20) 

homoplastic,, and 
gnathostomulidss may possess a 
compactt acrosome 

losss of perforatorium (P21) not independent from P20 
rare/absentt  dominant 
asexuall  reproduction (Z128) 

twoo layered -*  simple cuticle 
(Z193) ) 

manyy misscorings and scored 
"?""  for gnathostomulids and 
severall  platyhelminths 
symplesiomorphyy or homoplasy 
andd incorrect character coding 
andd scoring for several phyla 

adultt locomotory muscular -*> 
ciliaryy (Z258) 
losss of prototroch (P48) 

Z2588 conflicts with Z132, several 
taxaa are misscored 
variouss misscorings 

losss of metatroch (P49) scoringg Cycliophora problematic 

Nemerteaa larvae with diminutive 
hyposphere,, no ventral 
nervouss system and anus 
(Nielsen,, 1995,2001) 

basedd on the unlikely homology 
off  presumed planktotrophk 
polycladd and pilidium larvae 

adultss with apical nervous similar situation encountered in 

196 6 



systemm only (Nielsen, 1995, basal molluscs such as 
2001)) aplacophorans and 

polyplacophorans s 
noo chitin and chitinase Ok, but not unique 
(Nielsen,, 1995,2001) _ _ _ 
generall  shape of larvall  ciliary based on the unlikely homology 
bandss (Nielsen, 1995,2001) of presumed planktotrophi c 

polycladd and pilidiu m larvae 
larvaee or  adult with based on the unlikely homology 
downstream-collectingg ciliary of presumed planktotrophi c 
bandss of compound cilia on polyclad and pilidiu m larvae 
multiciliat ee cells (N22) and highly homoplastic 
larvaa with strongly reduced based on the unlikely homology 
hypospheree (S28; NI20) of presumed planktotrophi c 

polycladd and pilidiu m larvae 

Variouss spiral quartet cleavage (ZI1) ok, convergent with 
protostomess Gnathostomulida 

lophotrochozoann complement equivocal 
off  Hox genes (ZI59) _ _ 

Coelomatee cerebral ganglion and domain of definition not 
protostomess orthogonal nervous system fulfilled , and uncertainty over 

(B64c)) platyhelminth ground pattern 
4d-- derived subepidermal domain of definition not fulfille d 
musclee sheets (B58) 
mesentoblastt  derived domain of definition not fulfille d 
mesodermm (B18) 
typicall  spiral cleavage (B13b) domain of definition not fulfille d 

Withh the exception of Haszprunar's (1996a, b) analyses, platyhelminths 
aree universally placed within, not at the base of, the (protostomian) 
bilaterianss on the basis of recent morphological cladistic analyses. These 
analysess have identified four potential sister groups of Platyhelminthes: 
Gnathifera,, Gnathostomulida (Plathelminthomorpha hypothesis), 
Nemerteaa (Parenchymia hypothesis), and a larger assemblage of 
bilaterianss that may either include coelomate spiralians only, or all 
otherr bilaterians. Guided by the criteria listed at the beginning of this 
paper,, is it possible to decide which of these hypotheses is the most 
probable? ? 

Withh the exception of just two characters (lack of mitosis in 
somaticc cells, lack of anus), none of the characters advanced in support 
off  a sister group relationship of platyhelminths with either gnathiferans 
byy Ahlrichs (1995) and Melone et al. (1998), or gnathostomulids by Ax 
(1985,, 1989, 1995) and Eernisse et al. (1992), fulfille d the domain of 
definition.. These characters may thus represent symplesiomorphies or 
homoplasies.. Similarly, none of the synapomorphies proposed by 
Bruscaa & Brusca (1990) in support of a clade of platyhelminths and 
coelomatee spiralians satisfied the domain of definition. The range of 
includedd taxa in these studies was too limited for a proper evaluation of 
thee phylogenetic significance of the relevant characters. 

197 7 



Thee placement of platyhelminths in the analyses of Nielsen et al. 
(1996)) and Rouse & Fauchald (1995) is biased by restrictive taxon 
sampling.. Nielsen (1995) argued that gnathostomulids were most likely 
derivedd polychaetes. The resulting exclusion of gnathostomulids from 
thee analysis of Nielsen et al. (1996) therefore did not allow support for a 
plathelminthomorphann clade to be tested. The placement of 
platyhelminthss as a sister group to a clade of coelomate spiralians in 
Rousee & Fauchald (1995) is not supported by synapomorphies, but 
insteadd is a default result given the choice of platyhelminths as an 
outgroup. . 

Differencess in character selection contribute substantially to the 
existencee of conflicting hypotheses for the phylogenetic placement of 
platyhelminths.. For example, with the exception of a few characters 
(compactt acrosome in sperm, protonephridia) neither Nielsen et al. 
(1996)) nor Sorensen et al. (2000) included any of the characters found in 
supportt of Plathelminthomorpha in the other studies. Nielsen (2001) 
excludedd the character on sperm acrosomes from his new data matrix 
withoutt explicit comment. Furthermore, with the exception of a 
characterr on chitin synthesis which is also included in the matrix of 
Zrzavyy et al. (1998) (Z172), the characters advanced in support of the 
monophylyy of Parenchymia by Nielsen (1995), Nielsen et al. (1996), and 
Sorensenn et al. (2000) are unique to these studies. Interestingly, while 
thee morphological matrix of Zrzavy et al. (1998) represents the most 
encompassingg phylogenetic data set for the Metazoa compiled to date, 
itt neither included nor discussed all characters previously suggested to 
bee relevant for placing platyhelminths, including mode of sperm 
transfer,, mode of fertilization, larval similarities between 
platyhelminthss and nemerteans, and presence of an accessory centriole 
inn sperm. It should also be noted that some characters that have been 
proposedd in support of a particular hypothesis are actually compatible 
withh other, sometimes even all, advanced alternatives. For example, the 
presencee of protonephridia was suggested as a plamelminthomorphan 
autapomorphyy by the analysis of Meglitsch & Schram (1991) (M31). 
However,, the presence of protonephridia cannot be used to argue 
againstt the unison of platyhelminths with gnathiferans, nemerteans, or 
aa larger clade of spiralians, because protonephridia are uniformly 
presentt in all these taxa. A similar argument can be made for other 
characters,, such as possession of a lophotrochozoan complement of Hox 
genes,, lack of prototroch and metatroch, and spiral quartet cleavage 
(compatiblee with all but Gnathifera as a platyhelminth sister group). 

Twoo of the characters proposed in support of a monophyletic 
Plathelminthomorphaa suffer from problematic character coding: the 
characterr on direct internal fertilization (El 19) inappropriately 
combiness mode of sperm transfer and mode of fertilization; the 
characterr on cuticle layers (Z193) should be adjusted for taxa exhibiting 
moree than two distinct layers. 

Threee studies in particular suffer from lapses in character scoring, 
namelyy Meglitsch & Schram (1991), Eermsse et al. (1992), and Zrzavy et 
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al.. (1998). One of the three characters in support of a monophyletic 
Plathelminthomorphaa in Meglitsch & Schram (1991) (M6) was 
incorrectlyy scored for both platyhelminths and gnathostomulids. Three 
off  the four synapomorphies in Eernisse et al. (1992), and eight of the 11 
synapomorphiess in Zrzavy et al. (1998) proposed in support of a clade 
Plathelminthomorphaa contained problematic and incorrect scorings for 
severall  taxa (Table 2). In addition, the scoring of Z258 (coding for mode 
off  adult locomotion) is in logical conflict with Z132 (adult ability to 
move)) for all taxa that are typically sessile as adults. While the analyses 
off  Meglitsch & Schram (1991), Eernisse et al. (1992), and Zrzavy et al. 
(1998)) suggested that absence of an anus may be an autapomorphy of 
plathelminthomorphs,, Nielsen (2001) misscored NI32 (mouth and anus) 
forr platyhelminths, while interpreting the gnathostomulids to have an 
anus.. However, experimental rescoring of either platyhelminths alone 
orr together with gnathostomulids for lack of a true anus does not 
changee the topology of the strict consensus of Nielsen (2001). Finally, 
thee validity of the synapomorphies proposed in support of a clade 
Parenchymiaa by Nielsen (1995), Nielsen et al. (1996), and Sorensen et al. 
(2000)) that were based upon larval similarities of presumed 
planktotrophicc polyclad and pilidium larvae is predicated upon the 
assumptionn that these larval types are parts of the ground patterns of 
thee respective phyla. As argued under Larva with strongly reduced 
hyposphere,, this is a very questionable premise. 

Finally,, it may be illuminating to compare the diagnostic 
apomorphiess of the proposed clades in terms of their biological 
significance.. This may yield additional insights into the quality of the 
apomorphies,, either as truly independent phylogenetic markers, or 
perhapss as (partly) correlated elements of one or a few adaptive 
complexess (see Arnold, 1990 and Lee, 1998b for examples of such 
characterr quality assessment). A significant proportion of the characters 
proposedd to unite platyhelminths with either gnathiferans or 
gnathostomulidss refer to the reproductive system, notably internal 
spermm deposition, internal fertilization, and filifor m sperm. Any 
confidencee we might have in the value of these features as independent 
synapomorphiess should be tempered by the probability that they are 
functionallyy correlated with the possession of small body size (see 
Olive,, 1985 for a review of covariability of reproductive traits). A 
changee to small body size may result in the loss of the ability to produce 
largee quantities of gametes that can be freely discharged into the 
environment.. To ensure fertilization success small bodied taxa may shift 
towardss specialized modes of sperm transfer, internal fertilization, and 
thee consequent evolution of modified sperm morphology. For example. 
Ponderr & Lindberg (1997) convincingly showed that direct sperm 
transferr through copulation, internal fertilization, and modified filifor m 
spermm morphology are frequently evolved in Gastropoda, and that 
thesee correlated changes constitute one of the major trends of gastropod 
evolution.. The perceived independence of these correlated characters 
mayy thus be misleading. 
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Inn conclusion, current morphological analyses have yielded very 
littl ee unambiguous support for  a robust placement of platyhelminths 
withi nn the Metazoa. None of the six synapomorphies suggested in 
supportt  of a clade of platyhelminths and gnathiferans is compelling. 
Thee Plathelminthomorpha hypothesis appears to be the most 
prominentlyy supported hypothesis, as judged by the number  of 
independentt  studies that support this grouping, and the proposed 
numberr  of diagnostic apomorphies (Table 2). However, the only 
potentiall  unique synapomorphy of platyhelminths and 
gnathostomulidss is the loss of an anus if plamelminthomorphans are 
nestedd deeply within the Bilateria (characterized by possession of a 
unidirectionall  gut with an anus). However, the interpretation of the 
presencee or  absence of an anus in gnathostomulids is debatable, and as 
iss shown under  Gnathostomulida, clade support for 
Plathelminthomorphaa is not always robust in the face of experimental 
manipulationn of the data matrix. The only unique characters marshaled 
inn support of the Parenchymia hypothesis by Nielsen (1995), Nielsen et 
al.. (1996), and Sorensen et al. (2000) are contradicted by the likely 
derivedd nature of presumed planktotrophi c polyclad and pilidiu m 
larvae.. Earlier, Nielsen (1995: 222) concluded that "th e phylogenetic 
positionn of this phylum cannot be deduced directly by comparisons 
withh other  phyla in the hope of finding decisive synapomorphies..." 
Thiss analysis lends support to this statement. It can be concluded that 
existingg alternative hypotheses have not yet been subjected to an 
effectivee character  congruence test that included all pertinent character 
information .. I identify either  Gnathostomulida, or  a large clade of 
coelomatee protostomes as two probable potential sister  groups of 
Platyhelminthes.. This analysis might serve as a starting point for  an 
emendedd analysis. 

PlacingPlacing Platyhelminthes in molecular and total evidence analyses 

Phylogeneticc analysis of 18S rRNA/DNA sequences has not led to the 
identificationn of a reliable platyhelminth sister  group, but some 
consensuss about the overall position of platyhelminms in the Metazoa 
iss apparent. The earliest analyses supported a position of 
platyhelminthss at the base of the Bilateria (e.g.. Field et al., 1988), but 
despitee the fact that this position was more or  less maintained in further 
analysess with increased taxon sampling (e.g., Eernisse, 1997; Lipscomb 
ett  al., 1998; Winnepenninckx et al., 1998; Peterson &  Eernisse, 2001), 
laterr  more comprehensive analyses instead supported a 
lophotrochozoann affinit y for  platyhelminths (Littlewood et al., 1998a; 
Ruiz-Trill oo et al., 1999; Giribet et al., 2000; Bagufia et al., 2001; 
Littlewoodd &  Olson, 2001; Zrzavy et al., 2001). A recent phylogenetic 
analysiss of amino acid sequences of various nuclear  genes also 
supportedd a basal bilaterian position of platyhelminths (Hausdorf, 
2000),, but these results should be interpreted with extreme caution 
becausee the sampling of metazoans is equally restricted as the earliest 
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18SS studies that yielded spurious results. Only the mouse, human, 
Drosophila,Drosophila, Caenorhabditis, and the trematode Schistosoma are included. 
Thee study by Aguinaldo et al. (1997) emphasized that only 
platyhelminthss with slowly evolving 18S rDNA sequences should be 
includedd in phylogenetic analyses to prevent spurious results resulting 
fromm long branch attraction. The lophotrochozoan placement of 
platyhelminthss is consistent with data on the complement of Hox genes 
presentt  in rhabditophoran platyhelminths and mitochondrial gene 
arrangementss (Balavoine, 1997, 1998, Rosa et al., 1999; Nickisch-
Rosenegkk et al., 2001). However, this conclusion only holds for 
Catenulidaa + Rhabditophora. The placement of platyhelminths on the 
basiss of 18S rDNA sequences differs somewhat from that based on 18S 
rRNAA sequences. The most comprehensive phylogenetic analysis of 18S 
rRNAA sequences to date placed platyhelminths with acanthocephalans, 
mesozoans,, gastrotrichs and nematomorphs at the base of clade of non-
ecdysozoann bilaterians (Peer  et al., 2000). 

Acoell  platyhelminths may be the earliest branching crown group 
bilaterianss (Ruiz-Trill o et al., 1999). Phylogenetic analysis of amino acid 
sequencess of elongation factor  1-alpha was reported to contradict the 
basall  position of Acoela among the Bilateria by Berney et al. (2000), but 
reanalysiss of this and new data has led Littlewood et al. (2001) to the 
conclusionn that, when considered in isolation, elongation factor  1-alpha 
sequencess contain insufficient signal for  a reliable placement of acoels. 
Giribett  et al. (2000) and Peterson &  Eernisse (2001) are skeptical about 
thee basal position of acoels found by Ruiz-Trill o et al. (1999), pointing to 
thee possibility of long branch attraction of the acoel sequences to the 
longg branch separating non-bilaterians and bilaterians, but it should be 
notedd that this criticism is not entirely justified. Ruiz-Trill o et al. (1999) 
performedd a relative rate test to ascertain that only taxa with similar 
substitutionn rates were included in the analysis. Consequently, only the 
acoell  Paratomella rubra was included in the final analysis. In contrast, 
Giribett  et al. (2000) used two species that were not tested for  their 
substitutionn rates, and Peterson &  Eernisse (2001) included three acoels 
thatt  were rejected in the relative rate test by Ruiz-Trill o et al. (1999). It 
cann thus be concluded that long branch attraction of acoels to the base 
off  the Bilateria is a possibility in the analyses of Giribet et al. (2000) and 
Petersonn &  Eernisse (2001), but it is unwarranted to extend this criticism 
too the study of Ruiz-Trill o et al. (1999). 

Thee position of nemertodermatids is unreliable in the analyses of 
Zrzavyy et al. (1998), Littlewood et al. (1999a, b), and Giribet et al. (2000) 
becausee the included 18S rDNA sequence of Nemertinoides elongatus 
turnedd out to be a sequence artifact. New nemertodermatid 18S rDNA 
sequencee data is reported to support their  position as basal crown 
groupp bilaterians branching off immediately after  the acoels, as the 
sisterr  group to the remaining Bilateria (Baguna et al., 2001). 

Soo far, no clear  picture about the sister  group of platyhelminths 
hass emerged from total evidence analyses of 18S rDNA sequence data 
andd morphology. Zrzavy et al. (1998) place a paraphyletic 
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platyhelminthh grade at the base of the Bilateria, Giribet et al. (2000) and 
Zrzavyy et al. (2001) place platyhelminths (acoelomorphs excluded in the 
latterr analysis) within a platyzoan clade within the Protostomia (Giribet 
ett al, 2000) or of unresolved position (Zrzavy et al., 2001). Peterson & 
Eernissee (2001) determined a lophorrochozoan affinity of Catenulida + 
Rhabditophora,, with acoelomorphs at the base of the Bilateria. 

Inn conclusion, 18S rDNA sequence data indicates the possibility 
off  a basal bilaterian position of acoelomorphs, whereas the remaining 
platyhelminthss are probably lophorrochozoan protostomes. Total 
evidenceevidence analyses are in broad agreement with these results, but an 
exactt sister group for Catenulida + Rhabditophora has not been 
revealed.. A striking conclusion is that molecular sequence data 
currentlyy do not clearly support any of the sister group relationships 
proposedd on the basis of morphological evidence. The 18S analyses of 
GiribetGiribet et al. (2000) and Zrzavy et al. (2001) come closest to the 
morphologicall  hypothesis proposed by Ahlrichs (1995) on the basis of a 
manuall  cladistic analysis that platyhelminths group with gnathiferans, 
withh the exception that the molecular data additionally suggest a 
potentiall  close relationship with gastrotrichs, myzostomids, and 
cycliophorans. . 

Alternativee Phylogenetic Hypotheses for Nemertea 

Twoo conflicting phylogenetic placements of nemerteans (also ribbon or 
probosciss worms) that have recently been defended on the basis of 
morphologicall  data merit special attention, namely a close relationship 
too either Platyhelminthes or a larger clade of coelomate spiralians that 
mayy or may not include panarthropods. Interestingly, support for these 
contendingg hypotheses can largely be reduced to favoring the 
importancee of either larval similarities between nemertean pilidium 
larvaee and polyclad larvae, or the ontogenetic and structural similarity 
off  nemertean rhynchocoel and blood vessels, and the coeloms found in 
coelomatee spiralians. As is argued below, I consider the latter 
hypothesiss to be better supported, but difficulties of character 
interpretationn so far only allow a tentative conclusion. 

(Nemerteaa Platyhelminthes) 

Seee under Platyhelminthes. 

(Nemerteaa Annelida) 

Proposedd synapomorphies: Cavalier-Smith (1998). Cavalier-Smith 
(1998)) united these two phyla under the new name Vermizoa. 

Cavalier-Smithh (1998) 
-- closed blood vessels 

ciliatedd larvae without bivalved shells 
-- two ventrolateral or one primitively paired ventral nerve cord 
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Cavalier-Smithh (1998) proposed a new taxon Vermizoa comprising 
Nemerteaa and Annelida, chiefly on the basis of the shared possession of 
"well-developedd closed vascular  systems/"  Although Cavalier-Smith 
(1998::  242) stated that "...there are no strong morphological reasons 
againstt  grouping annelids and nemerteans in the same superphylum" 
wee have to conclude that convincing evidence in favor  of this grouping 
iss also lacking. Apart from the fact that closed blood vascular  systems 
alsoo occur  in a number  of bilaterian phyla that can be considered as 
closelyy related to annelids, current information on the development, 
ultrastructure ,, and anatomical location of nemertean circulatory vessels 
stronglyy support their  interpretation as coeloms. This forecloses 
homologyy with the blood vascular  system of annelids or  other 
bilaterianss (Ruppert &  Carle, 1983; Turbevill e &  Ruppert, 1985; 
Turbeville,, 1986). This information also necessitates a reassessment of 
characterss B60a (Brusca &  Brusca, 1990) and H23 (Haszprunar, 1996a) 
thatt  are based on the same unfounded homology assumption. 

Thee other  two characters proposed by Cavalier-Smith (1998) 
referrin gg to ciliated larvae and ventrolateral or  ventral nerve cords are 
equallyy uncompelling as unique vermizoan synapomorphies. Both 
featuress are widespread withi n the Metazoa, and Cavalier-Smith 
evidentlyy did not attempt to elucidate the phylogenetic significance of 
thesee features through a careful study of their  distribution . 

(Nemerteaa Entoprocta Lobatocerebromorpha) 

ZrzavyZrzavy et al. (2001) 
frontall  gland system (ZI56) 

Comments Comments 

Thee distributio n of this character  in Zrzavy et al. (2001) indicates 
unambiguouss convergence of frontal glands in rhabditophorans and the 
cladee Entoprocta + Lobatocerebrum + Nemertea. Considering the range 
off  different morphologies covered by the scoring of ZI56, Cycliophora 
shouldd be scored as present as well (all free-swimming stages have 
largee glands that open at the anterior  end of the animal). See under 
Frontall  gland complex for  references and a discussion of the 
phylogeneticc significance of this character. 

(Nemerteaa Teloblastica') 

Proposedd synapomorphies: Brusca and Brusca (1990); Meglitsch and 
Schramm (1991); Bartolomaeus (1993a); Schram and Ellis (1994); Ax (1989, 
1995);;  Rouse and Fauchald (1995). Sipuncula, Echiura, Annelida, 
Mollusca,, and Arthropod a form the core taxa of a sister  clade to 
Nemerteaa in these studies. The clade may additionally include 
Entoprocta,, Onychophora, and Tardigrada depending on which 
analysiss is consulted. 
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(Nemerteaa Teloblastica minus Tardigrada plus Entoprocta) 

Axx (1989,1995) 
-- gut with anus (also in Bartolomaeus, 1993a) 
-- multiciliated epidermal cells (Ax, 1995) 

Comments Comments 

Axx (1989) discussed two alternative schemes for the basic phylogenetic 
relationshipss within the Bilateria, with different implications for the 
significancee of a one-way intestine with an anus. Either a one-way gut 
withh an anus is a synapomorphy of Nemertea and Bilateria minus 
Plathelminthomorpha,, or it is an autapomorphy of a clade Euspiraha, 
implyingg convergent evolution of a one-way gut with an anus m the 
remainingg bilaterians. Ax (1995) favored the latter option, despite the 
factt that the failure to fulfil l the domain of definition of this character in 
thee analysis did not allow Ax to test his assumption. However, none of 
thee comprehensive studies that include a character on the presence of 
ann anus such as Zrzavy et al. (1998), Giribet et al. (2000), Meglitsch & 
Schramm (1991), Nielsen (2001), and Peterson & Eernisse (2001), support 
thee assumption that the presence of an anus is phylogenetically 
informativee for grouping nemerteans with spiralians, i.e. that the anus 
evolvedd convergently within Bilateria. 

Axx (1995) argued for multiciliate epidermal cells to be an 
additionall  synapomorphy of Nemertea and the clade of spiralians, 
convergentlyy evolved in Platyhelminthes. However, the presence of 
multiciliatee epidermal cells is not informative in distinguishing between 
thee different alternative hypotheses for placing nemerteans summarized 
inn Table 3. Multiciliate epidermal cells are widespread within the 
Metazoaa and they occur in both adults, and especially larvae, where 
theyy often make up the larval locomotory and feeding ciliary bands 
(Nielsen,, 1987, 1995), in particular in the protostome phyla that are 
commonlyy hypothesized to be closely related to nemerteans. 

(Nemerteaa Teloblastica minus Tardigrada and Onychophora) 

Bruscaa & Brusca (1990) (also Sundberg et al., 1998) 
-- complete gut with mouth arising from blastopore (BlOb) 
-- body cavity (coelom) arises by schizocoely (B19) 
-- mesoderm (from mesentoblast) gives rise in part to closed circulatory system of 

vesselss only (B60a) 

Comments Comments 

Thee postulation of a complete gut with anus as a synapomorphy (albeit 
convergentt with the remaining bilaterians) uniting nemerteans with a 
cladee of spiralians is shared with Ax (1989, 1995). However, since 
Bruscaa & Brusca (1990) did not include all taxa with an anus in their 
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cladisticc analysis, the domain of definition for this feature was not 
fulfilled .. In addition, as is discussed above, all comprehensive 
morphologicall  cladistic analyses support a gut with anus as a 
synapomorphyy for all bilaterians, and thus as a plesiomorphy on the 
levell  of Nemertea in all phylogenies. Focusing instead on the fate of the 
blastopore,, it must be concluded that protostomy is also present in 
otherr taxa such as platyhelminths (just as in many nemerteans the 
mouthh forms anew close to the point of blastopore closure), phoronids, 
andd onychophorans where the blastopore may also contribute to the 
anuss (Nielsen, 2001). This character therefore cannot be considered a 
robustt synapomorphy of nemerteans and neotrochozoans + arthropods. 

Thee possession of a schizocoelous coelom is commonly proposed 
ass a synapomorphy of nemerteans and a clade of coelomate 
protostomess of various inclusion (Brusca & Brusca, 1990; Eernisse et al., 
1992;; Rouse & Fauchald, 1995). This hypothesis is supported by the 
interpretationn of the nemertean rhynchocoel and lateral vessels as 
coeloms.. However, there is no universal agreement on this 
interpretation.. Some authors, while conceding the general coelomic 
histologicall  organization of nemertean blood vessels and rhynchocoel 
neverthelesss argue a priori  for the autapomorphic nature of the 
nemerteann coeloms (Bartolomaeus, 1993a; Nielsen, 1995; Ax, 1995; 
Haszprunar,, 1996a). These different opinions hinge upon the adoption 
off  different homology criteria. The homology of the nemertean 
rhynchocoell  and blood vessels with the body coeloms of, for example, 
echiurans,, sipunculans, and annelids can be denied when the coeloms 
aree compared as organs with a particular function. The coeloms in the 
latterr three phyla typically function as hydrostatic skeletons used in 
locomotion,, in contrast to the nemertean coeloms. Moreover, Ax (1995) 
arguedd that it is impossible to imagine an ancestor with a coelomic 
systemm so generalized in structure and function that it could both give 
risee to the nemertean coeloms and the more spacious coeloms of other 
coelomatess (see also Siewing, 1964 for this typee of reasoning). 

Thee phylogenetic significance of the third character is 
contradictedd by the lack of homology between the nemertean lateral 
circulatoryy vessels, which are coelomic, and the blood vascular system 
commonn in other coelomate spiralians (see also above). 

(Nemerteaa Teloblastica) 

Meglitschh & Schram (1991) 
-- segmented or serial structures derived from mesoderm (M43) 

Nemerteanss are primitively unsegmented animals. The only ground 
patternn mesodermal structures that are serially repeated are the gonads 
(Goodrich,, 1895; gonads were interpreted as coeloms by Turbeville & 
Ruppert,, 1985; see also discussion in Bartolomaeus, 1999) (the serially 
repeatedd transverse connectives between the lateral "blood vessels" in 
somee nemertean species are without counterpart in other phyla and 
thereforee phylogenetically uninformative). However, although one 
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mightt defend a shared similarity of serially repeated mesodermal 
structuress in nemerteans and annelids, it is far from obvious how such a 
comparisonn could be extrapolated to other protostomes. For a 
meaningfull  phylogenetic character, it is essential to specify what 
mesodermall  derivatives (muscles, gonads) are compared (see also 
Budd,, 2001 for a discussion of seriality and segmentation in 
protostomes).. Just as it is not likely that all mesodermal structures 
withinn a single organism are homologous, so too is it not 
straightforwardd to suggest homology of serially repeated mesodermal 
structuress in different species regardless of which organs are compared. 
Thee first three taxa that branch off within the sister clade of the 
Nemerteaa in Meglitsch & Schram (1991) are Mollusca, Echiura, and 
Sipuncula.. Serially repeated gonads can be excluded from the ground 
patternss of these taxa. Consequently, M43 is not a compelling 
synapomorphyy of nemerteans and Teloblastica. 

(Nemerteaa Teloblastica minus Tardigrada) 

Rousee & Fauchald (1995) 
-- schizocoel (RI2) 
-- anus (RI5) 

Thee interpretation of a schizocoel as a synapomorphy of Nemertea and 
aa clade of coelomate protostomes is justified on the basis of current 
information,, and is in agreement with the results of other studies 
(Bruscaa & Brusca, 1990; Eernisse et al., 1992). 

Althoughh the domain of definition for the presence of an anus is 
nott fulfille d in this study, similar to the situation observed in Ax (1989, 
1995)) and Brusca & Brusca (1990), the interpretation of an anus as a 
synapomorphyy of nemerteans and a clade of teloblasticans would 
implyy convergent evolution of the anus in aschelminths and 
deuterostomes.. This is contradicted by all cladistic analyses with a 
comprehensivee phylum sampling. 

(Nemerteaa Trochozoa) 

Proposedd synapomorphies: Eernisse et al. (1992); Haszprunar (1996a); 
Zrzavyy et al. (1998); Giribet et al. (2000); Peterson & Eernisse (2001). 
Sipuncula,, Mollusca, Echiura, Annelida form the core taxa of a sister 
cladee to Nemertea in these studies. This clade may additionally include 
ass separate taxa Pogonophora, Myzostomida, and Entoprocta. 

Trochozoaa (minus Entoprocta plus Pogonophora) 

Eernissee et al. (1992) 
-- entomesoblast proliferation contributing to mesoderm (E7) 
-- schizocoelous formation of body cavity lined with mesodermal peritoneum (E17) 
-- swimming/feeding band(s) of cilia in larvae with compound cilia (E39) 
-- pelagic larvae with apical ciliary tuft and plate (E41) 
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-- cerebral rhabdomeric larval ocelli or integumentary pigment cups (E43) 
dermall  circular (or external transverse) muscular fibers (E131) 

Comments Comments 

Thee presence of mesoderm derived from an entomesoblast (4d-
mesentoblast)) is certainly shared between nemerteans and trochozoans 
(Biggelaarr  et al., 1996, 1997), but problems of character  coding and 
scoringg mask the plesiomorphic nature of E7. It is misscored for 
rhabditophorann platyhelminths which do possess a 4d-mesentoblast 
(dataa mostly based on polyclads: Thomas, 1986; Boyer, 1997: Henry & 
Martindale ,, 1997; Boyer  et al., 1998). Recent findings on cell lineage in 
thee acoel platyhelminth Neochildia fusca did allow the determination of 
endomesoderm,, but did not allow a confirmation of the presence of a 
4d-mesentoblastt  (Henry et al., 2000). Phylogenetic information for 
resolvingg relationships between spiralians may reside in the mode and 
timingg of mesentoblast formation (Biggelaar  et al., 1996,1997; Guralnick 
&&  Lindberg, 2001), and it has been suggested on the basis of such data 
thatt  nemerteans are more closely related to molluscs and annelids than 
anyy of these phyla is to platyhelminths (Loon &  Biggelaar, 1998), but a 
rigorouss cladistic evaluation is still wanting. Interestingly, the scoring 
off  E5 (entomesoblast cell 4d), and E7 (entomesoblast proliferatio n 
contributin gg to mesoderm) should be identical for  taxa with an 
entomesoblast,, but, instead, the scoring is in conflict for  rhabditophoran 
platyhelminths,, crustaceans, uniramians, chelicerates, and tardigrades. 
Forr  these taxa the entomesoblast is scored as being present (incorrectly 
soo for  arthropods and tardigrades; these taxa lack spiral cleavage and a 
4d-mesentoblast::  Anderson, 1973; Scholtz, 1997; see discussion under 
4d-mesentoblast),, but mesoderm derived from that cell as being absent. 
Additionally ,, Entoprocta was not included in Eernisse et al/s study 
despitee the presence of mesentoblast derived mesoderm in this phylum 
(Nielsen,, 1995,2001). 

Thee presence of a schizocoel lined by a mesodermal peritoneum 
mayy indeed unite nemerteans and coelomate protostomes, exclusive of 
platyhelminthss (see also Brusca &  Brusca, 1990; Rouse &  Fauchald, 
1995).. However, the scoring for  several taxa such as arthropods and 
onychophoranss should be reconsidered (scored as lacking a schizocoel 
orr  '?' respectively), and the inclusion of a peritoneum in the character 
definitionn is unnecessarily complicated and potentially misleading, 
sincee it may have evolved convergently within various monophyletic 
phylaa (e.g., Annelida: Bartolomaeus, 1994). The reader  is referred to the 
sectionn below on Secondary body cavity, coelom, for  a justification of 
thesee conclusions, and a complete discussion of the scoring of coelom 
characterss across the Metazoa. 

Thee value of the larval characters E39, E41, and E43 for  placing 
nemerteanss among the spiralians is dependent on the postulation of 
pilidiu mm larvae in the ground pattern of the phylum. As argued 
elsewheree in this paper, current information suggests this is an unlikely 
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postulate.. However, it should be noted that an apical organ (E41) also 
appearss to be routinely present in the 'larvae' (juveniles) of direct 
developingg nemerteans (Hyman, 1951a; Iwata, 1968; Cantell, 1989; 
Turbeville,, 1996; Henry &  Martindale, 1997), and may therefore be 
plesiomorphicc for  nemerteans. I could only find support for  the 
presencee of 'larval '  ocelli (E43) in directly developing nemerteans and in 
post-metamorphicc juveniles of indirectly developing nemerteans, which 
leadss to the conclusion that ocelli are not a larval nemertean trait . 

Thee phylogenetic significance of circular  dermal (body wall) 
muscless (E131) needs to be reassessed for  two reasons. First, various 
taxaa were dubiously or  incorrectly scored, including acoelomorphs, 
rhabditophorans,, and gnathostomulids. Contra the scoring of E131, 
thesee taxa do possess circular  body wall muscles, although they may be 
ratherr  weakly developed as in gnathostomulids (Hyman, 1951a; 
Lammert,, 1991; Rieger  et al., 1991b; Ladurner  &  Rieger, 2000; Rieger  & 
Ladurner ,, 2001; Tyler, 2001). Polyplacophorans and conchiferans were 
alsoo scored as lacking circular  components in the body wall 
musculature,, in contrast to aplacophorans which may represent the 
plesiomorphicc condition for  Mollusca (Haszprunar  &  Wanninger, 2000). 
Althoughh it is true that among molluscs, only aplacophorans (Scheltema 
ett  al., 1994) possess all components of a typical orthogonal muscle grid 
thatt  is characteristic of both coelomate and non-coelomate vermiform 
metazoanss (including outer  circular  and inner  longitudinal muscles; see 
Riegerr  &  Ladurner, 2001), it should be noted that recent studies on the 
embryologyy of molluscan muscle systems have shown that circular  or 
ring-lik ee muscle components are discernable in the body wall of 
developingg gastropods and polyplacophorans (Wanninger  et al., 1999; 
Haszprunarr  &  Wanninger, 2000; P. Damen, pers. comm.). However, the 
evolutionn of these muscles is currently far  from clear, and a resolution 
off  this problem is complicated by the fact that larval and adult 
molluscann muscle systems may be remarkably independent. 
Nevertheless,, data on the early ontogeny of muscle systems in different 
phylaa may yield as yet unexplored but promising phylogenetic 
informationn that may help resolve the relationships of spiralians. For 
example,, the relative timing of the development of circular  and 
longitudinall  muscle fibers may differ  between phyla, with the acoel 
ConvolutaConvoluta pulchra first forming circular  fibers followed by the 
developmentt  of longitudinal fibers, while the polychaete Capttella sp. 
firstt  forms longitudinal fibers (Ladurner  &  Rieger, 2000; Hil l &  Boyer, 
2001).. The degree of association between larval and adult muscle 
systemss might also provide valuable phylogenetic data. For  example, 
thee high degree of independence between larval and adult muscle 
systemss in molluscs (Wanninger  et al, 1999; Haszprunar  &  Wanninger, 
2000)) appears to be contrasted by the close association of these systems 
inn recently investigated acoels and polychaetes, where the larval muscle 
systemm appears to forms a grid for  the development of the adult 
muscless (Ladurner  &  Rieger, 2000; Hil l &  Boyer, 2001). 
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Second,, various taxa that also possess more or less clearly defined 
circularr body wall muscles, which are sometimes restricted to particular 
bodyy regions such as the pharynx or proboscis, were not included in the 
analysiss of Eernisse et al. (1992) with the result that the domain of 
definitionn for this character was not fulfille d (e.g., gastrotrichs, 
hemichordates,, chaetognaths, rotifers: Hyman, 1959; Clément & 
Wurdak,, 1991b; Ruppert, 1991b; Lorenzen, 1996c; Shinn, 1997; 
Hochbergg & Litvaitis, 2001b). 

Trochozoaa (plus Myzostomida) 

Haszprunarr (1996a) 
compoundd cilia (H5) 

-- blood pigments (H24) 
-- only testis sacular -*  both testis and ovarium sacular (H31) 

Comments Comments 

Sincee compound cilia are only reported for pilidium larvae (Nielsen, 
1987),, which are not likely to be plesiomorphic for nemerteans, this is a 
weakk character for resolving the phylogenetic position of Nemertea. 
Becausee most alternative phytogenies (see Table 3) place nemerteans at 
thee base of a clade that is likely characterized by compound cilia, this 
traitt wil l not be very helpful in arbitrating between available alternative 
phylogeneticc hypotheses. 

Haszprunar'ss character on respiratory pigments should be 
recodedd and rescored for several taxa. First, it unites non-homologous 
oxygen-transportingg proteins (see discussion under Respiratory 
pigments).. Second, entoprocts appear to be misscored because so far no 
respiratoryy proteins are known in that phylum (Terwilliger, 1998; C. 
Nielsen,, pers. comm.). Third, the domain of definition is not fulfilled. 
Evenn when H24 is recoded to create separate characters for arguably 
homologouss molecules, such as hemoglobin and hemerythrin, a 
numberr of taxa that possess either of these proteins is not included in 
thee data matrix (e.g., Priapulida, Brachiopoda, Echinodermata, 
Chordata:: Terwilliger, 1998). Accordingly, it must be concluded that the 
phylogeneticc significance of this character needs to be reassessed. 

Thee transformation of H31, from the presence of sacular testes 
only,, to the presence of both sacular testes and ovaries is ambiguous. 
Moree importantly, rhabditophorans were incorrectly scored as 
possessingg asacular gonads, and the domain of definition of this 
characterr is clearly not fulfille d for H31. A proper evaluation of 
Haszprunar'ss hypothesis that sacular gonads (both testes and ovaries) 
characterizee "i n a very broad sense" (Haszprunar, 1996a: 17) a 
coelomatee condition necessitates the inclusion of many bilaterian phyla 
nott included in his analysis (see under Gonads asacular or sacular for 
furtherr discussion of this character in other cladistic analyses). 

Trochozoaa (minus Entoprocta plus Myzostomida and Pogonophora) 

209 9 



Zrzavyetal.(1998) ) 
coelomm as defined histologically (Z30) 
gonocoell  (Z31) 
coelomocytess (Z33) 
podocytess (Z43) 
respiratoryy pigments (2144) 

-- adult brain derived from/associated with larval apical organ/apical pole (Z145) 
seriall  repetition in nerve collaterals (Z236) 

Comments Comments 

Thee presence of a histologically defined coelom may be a proper (albeit 
convergent)) synapomorphy of nemerteans and other coelomate 
protostomes.. It should be noted that contra Z30 there is no support for 
thee scoring of a histologically defined coelom in the ground patterns of 
Urochordata,, Priapulida, and Tardigrada (see under Secondary body 
cavity,, coelom for justification of this conclusion). 

Ass is discussed under Gonocoel, the scoring and phylogenetic 
significancee of a gonocoel should be thoroughly reevaluated. The 
currentt scoring of Z31 is a poor reflection of the comparative 
morphologyy of metazoan gonads. 

Thee scoring of Z33 does not reflect the widespread distribution of 
coelomocytess in almost all coelomate Metazoa. As is discussed under 
Coelomocytes,, the phylogenetic significance of coelomocytes remains to 
bee determined. 

Podocytess could be a synapomorphy of nemerteans and other 
coelomatee protostomes, but convergence is likely, and even 
plesiomorphyy of this character on this phylogenetic level cannot be 
ruledd out. However, in order to reconstruct the proper pattern of 
podocytee distribution in the Metazoa, Z43 needs to be rescored for a 
numberr of phyla that are inadvertently misscored as lacking podocytes 
(seee under Podocytes/terrninal cells/nephrocytes for discussion). 

Thee phylogenetic significance of respiratory pigments has not 
beenn properly assessed in Zrzavy et al. (1998), nor in any of the other 
recentt cladistic analyses that included a character on their presence, and 
Z444 suffers both from character coding and scoring errors (see under 
Respiratoryy pigments for discussion). Consequently, the support of this 
characterr for a monophyletic clade of nemerteans and other coelomate 
protostomess is dubious. 

Thee brain of adult nemerteans develops close to the apical organ 
onlyy in direct developing nemerteans, whereas the apical organ in 
pilidiumm larvae takes no part in the development of the adult central 
nervouss system. This could justify the scoring of Z145, but it depends 
onn the interpretation that developmental stages that are part of the lif e 
cyclee with direct development, which is presumed primitive for the 
phylumm (Ax, 1995; Haszprunar et al., 1995; this paper), are in fact 
comparablee to larvae. Z145 is misscored for several terminal taxa, and 
thee observed scoring does not accurately reflect the adopted character 
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definition.. See under  Adult brain derived from or  associated with larval 
apicall  organ for  a complete discussion. 

Ass is discussed under  Serial repetition of nerve collaterals, the 
phylogeneticc significance of Z236 remains uncertain. Various taxa have 
beenn misscored, and the character  scoring covers a broad range of 
differentt  morphologies which creates doubt about the primar y 
homologyy of this character. 

Neotrochozoa a 

Petersonn & Eernisse (2001) 
-- 4d endomesoderm (P38) 
-- mesodermal germ bands derived from 4d (P39) 
-- lateral coelom derived from mesodermal bands (P40) 

ventrall  nervous system (P103) 
-- gliointerstitial cell system (P110) 

Comments Comments 

Thee interpretation of 4d endomesoderm as a synapomorphy of 
nemerteanss and neotrochozoans could in this case imply convergence 
withh rhabditophoran platyhelminths, but it should be noted that for 
mostt  of the taxa interposed between rhabditophorans and Nemertea + 
Neotrochozoaa the cellular  source of the mesoderm remains unknown 
(Cycliophora,, Gnathostomulida, Ectoprocta). Thus, the overall 
homologyy of 4d mesoderm cannot yet be discounted completely, which 
wouldd remove this character  as a synapomorphy of Nemertea + 
Neotrochozoa.. Current information , however, supports P38 as a 
convergentt  synapomorphy of Nemertea + Neotrochozoa. 

Thee presence of mesodermal bandlets derived from 4d (P39) may 
bee a genuine synapomorphy of nemerteans (Henry &  Martindale , 
1998a)) and neotrochozoans. Mesoderm bands appear  to be absent in 
Platyhelminthes,, as is also suggested by a recent cell tracing study of 
thee polyclad Hoploplana inquilina  (Boyer  et al, 1998). The value of P40 as 
ann independent character  from P39 is questionable, because mesoderm 
bandss later  develop into schizocoels. Because P40 does not refer  to the 
cellularr  source of the mesoderm bands, however, onychophorans and 
arthropodss could be scored as well, but new investigations on the 
embryologyy of these phyla is needed. 

Thee analysis of Peterson &  Eernisse (2001) unequivocally 
(ACCTRANN optimization) suggests three independent origins of a 
ventrall  nervous system (P103): at the base of a clade (Nemertea 
Neotrochozoa),, at the base of a clade (Rotifera Gnathostomulida 
Cycliophoraa Platyhelminthes), and at the base of a clade (Gastrotricha 
Chaetognathaa Ecdysozoa). It is very doubtful whether  this pattern of 
characterr  transformations is a reliable reflection of nervous system 
evolution.. The character  scoring falsely suggests that the nervous 
systemm configurations observed in all other  taxa, ranging from 
poriferanss and placozoans to chordates and phoronids, are 
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representativee of a clear alternative character state, namely the lack of a 
ventrall  nervous system. Clearly, this is not the case. To unite the 
morphologyy of placozoans (lacking a nervous system) and chordates 
(withh a complex nervous system) in a common character state that 
contrastss with the ventral nervous system of gastroneuralians is 
obviouslyy not straightforward. Furthermore, the hypothesis of three 
independentt origins of a ventral nervous system is based on the 
distributionn of phoronids, brachiopods, ectoprocts, and entoprocts 
amongg the taxa with a ventral nervous system. Disregarding the ventral 
locationn of the entoproct central ganglion which could justify a revised 
scoringg for P103, it is at least equally likely that these taxa have 
modifiedd their nervous systems concomitant with their adult sessility, 
whichh is consistent with the single origin of a ventral nervous system as 
supportedd by Nielsen (2001: NI46), and Zrzavy et al. (1998: Z234). 

Ass is argued under Gliointerstitial system, the phylogenetic 
significancee of this feature remains to be carefully assessed, as it may 
eitherr be a homoplasy or a symplesiomorphy at this phylogenetic level. 

PlacingPlacing Nemertea: comparison of alternative hypotheses 

Tablee 3. Summary of alternative sister taxa for Nemertea with 
diagnosticc synapomorphies and comments. See text for discussion. 

Sisterr taxon Synapomorphies and source Comments 
Platyhelminthess see Table 2 

Annelidaa closed blood vessels (Cavalier- not homologous 
Smith,, 1998) . 
ciliatedd larvae without bivalved domain of definition not 
shellss (Cavalier-Smith, 1998) fulfilled: widespread in 

Metazoa a 
twoo ventrolateral or one domain of definition not 
primitivelyy paired ventral nerve fulfilled: widespread in 
cordd (Cavalier-Smith, 1998) protostomes 

Entoproctaa frontal gland system (ZI56) Should also be scored as 
Lobatocerebro-- present for Cycliophora 
morphaa . 

"^Tlïöbïastïca711 gut with anus (Ax, 1989,1995; domain of definition not 
BlOb;; RI5) [ fulfilled, convergent 
multkiliatedd epidermal cells domain of definition not 
(Ax,, 1995) fulfilled: widespread in 

Metazoaa _ 
schizocoell  (B19; RI2) ok 
mesodermm (from mesentoblast) nemertean blood vessels 
givess rise in part to closed are not homologous with 
circulatoryy system of vessels those of other bilaterians 
only(B60a)) p . 
segmentedd or serial structures homology not supported 
derivedd from mesoderm (M43) „ 
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'Neotrochozoa" " entomesoblastt proliferation 
contributingg to mesoderm (E7) 
4dd endomesoderm (P38) 

ok,, but in conflict with 
improperlyy scored E5 
ok k 

mesodermall  germ bands derived ok (unique) 
from4d(P39) ) 
laterall  coelom derived from 
mesodermall  bands (P40) 

ventrall  nervous system (P103) 

okk (unique), but status as 
independentt character 
fromm P38 questionable 
spuriouss character coding 
andd scoring 

gliointerstitiall  cell system (P110) various rescorings 
sib* * 

schizocoelouss formation of body 
cavityy lined with mesodermal 
peritoneumm (E17) 

variouss rescorings 
possible,, and character 
definitionn is overly 
restrictive e 

svdmming/feedingg band(s) of 
ciliaa in larvae with compound 
ciliaa (E39; H5) 
pelagicc larvae with apical ciliary 
tuftt and plate (E41) 

dependentt upon presence 
off  pilidium larvae in 
nemerteann ground pattern 
ok k 

cerebrall  rhabdomeric larval 
ocellii  or integumentary pigment 
cupss (E43) 

nott a genuine larval 
characterr in nemerteans: 
onlyy present in juveniles 
off  direct developing 
nemerteanss and post-
metamorphicc stages of 
indirectt developers 

dermall  circular (or external 
transverse)) muscular fibers 
(E131) ) 

variouss misscorings and 
domainn of definition not 
fulfilled d 

bloodd pigments (H24; Z44) 

onlyy testis sacular > both testis 
andd ovarium sacular (H31) 

unjustifiedd character 
codingg and various 
scoringg problems 
domainn of definition not 
fulfilledd and scoring error 
forr rhabditophorans 

coelomm as defined histologically 
(Z30) ) 

variouss misscorings 

gonocoell  (Z31) problematicc scoring 
coelomocytess (233) problematicc scoring 
podocytess (Z43) possiblyy ok, but various 

misscorings s 
adultt brain derived 
from/associatedd with larval 
apicall  organ/apical pole (Z145) 

problematicc scoring 

seriall  repetition in nerve 
collateralss (Z236) 

variouss misscorings and 
uncertaintyy about primary 
homology y 

l:: The exact composition of this clade varies around a core of Sipuncula, Echiura, 
Annelida,, Mollusca, and Arthropoda. See discussions of individual studies for 
details. . 
2:: The exact composition of this clade varies around a core of Sipuncula, Echiura, 
Annelida,, and Mollusca. See discussions of individual studies for details. 
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Thee sister  group hypothesis of Nemertea and Annelida as proposed by 
Cavalier-Smithh (1998) can be rejected. One of the three proposed 
characterss is not homologous between these taxa, and the remaining 
twoo characters are widespread among metazoans, and most likely 
plesiomorphicc on this level. Although none of the included analyses 
yieldedd support of a sister  group relationship between nemerteans and 
molluscs,, the matrices of both Meglitsch &  Schram (1991) and Zrzavy et 
al.. (1998) included a potential synapomorphy of this grouping. This 
characterr  is discussed under  Prototrochal lobes. 

Ass is discussed under  Platyhelminthes, the character  support for 
aa sister  group relationship between nemerteans and platyhelminths is 
mainlyy dependent upon the unlikely postulation of a life cycle with 
pilidiu mm larvae in the ground pattern of Nemertea. 

Thee sister  group relationship suggested by Zrzavy et al. (2001) is 
supportedd by one convergent character  that could also be scored for 
Cycliophora.. However, because the clade (Nemertea Entoprocta 
Lobatocerebrum)Lobatocerebrum) is placed as a sister  group to a clade Neotrochozoa, this 
hypothesiss is closely similar  to the two remaining hypotheses that 
proposee a sister  group relationship with either  a clade minimall y 
composedd of Neotrochozoa + (Pan)Arthropoda known as Teloblastica 
orr  Schizocoelia, or  Neotrochozoa alone. Whether  nemerteans are strictly 
closelyy related to neotrochozoans or  teloblasticans is dependent upon 
thee resolution of the phylogenetic significance of characters that will not 
directlyy influence the placement of nemerteans (see Nielsen, 2001 and 
Wagelee &  Misof, 2001 for  a discussion of these characteristics). The 
discussionn of these features is outside the scope of this paper, but it 
mustt  be noted that many of the characters that are marshaled in 
supportt  of either  the Teloblastica or  Neotrochozoa hypothesis are in fact 
unablee to distinguish between these two alternatives because these 
featuress are present in at least some panarthropods as well. This can be 
concluded,, for  example, for  a gut with anus, a schizocoel, a 
histologicallyy defined coelom, lateral coeloms, segmented mesodermal 
organs,, ventral nervous system, gonad organization, podocytes, dermal 
circularr  muscles, and serially repeated nerve collaterals. The characters 
uniquelyy supporting a close affinit y of Nemertea with Neotrochozoa 
(excludingg panarthropods) are mainly those related to the presence of 
ann entomesoblast and derived mesodermal structures (including 
coeloms),, and various larval characters. However, as is discussed 
elsewheree in this paper, the phylogenetic value of larval characters 
hingess on the contentious assumption that pilidiu m larvae are part of 
thee nemertean ground pattern. 

Irrespectivee of the placement of the panarthropods, nemerteans 
groupp together  with neotrochozoans. This leads to an encouraging 
conclusion::  the close relationship between nemerteans and rrdnimall y 
neotrochozoanss is currently the best defended hypothesis despite the 
manyy identified scoring problems, and it represents a consensus among 
alll  comprehensive morphological cladistic analyses. 
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PlacingPlacing Nemertea in molecular and total evidence analyses 

Analysess of 18S rDNA sequences have not identified an unambiguous 
nemerteann sister taxon (uncertain affinities to different neotrochozoans, 
brachiopods,, cycliophorans, or rotifers are suggested), but their 
protostomian,, and lophotrochozoan affinity is generally supported 
(Eernisse,, 1997; Ruiz-Trillo et al.,1999; Giribet et al., 2000; Zrzavy et al., 
1998,, 2001; Peterson & Eernisse, 2001). Monophyly of the phylum has 
beenn difficult to support in some studies (Winnepenninckx et a l, 1998; 
Giribett et a l, 2000), and even with a broader species sampling and the 
usee of a restricted number of outgroup taxa, 18S rDNA data only 
weaklyy support the monophyly of Nemertea (Sundberg et a l, 2001). 

Interestingly,, total evidence analyses of morphological and 18S 
rDNAA data yield a clearer signal: nemerteans are the sister group to 
neotrochozoans,, together comprising a clade Eutrochozoa (Zrzavy et 
al.,, 1998; Giribet et al., 2000; Peterson & Eernisse, 2001). In apparent 
conflictt with this is the sister group relationship of nemerteans and 
sipunculanss in the total evidence analyses of Zrzavy et al. (2001), a 
topologyy that also receives some support from molecular data alone, 
butt not from morphological data alone. 

Inn conclusion, molecular data does not unambiguously support 
anyy of the sister group hypotheses based on morphological data (a 
situationn we already encountered with Platyhelminthes), but most total 
evidencee analyses provide support for the sister group relationship of 
Nemerteaa and Neotrochozoa, which is also suggested by most 
comprehensivee morphological studies (Eernisse et al., 1992; Peterson & 
Eernisse,, 2001; Haszprunar, 1996a). However, inn view of the ambiguous 
phylogeneticc signal inherent in 18S data alone, it is likely that this 
topologyy in total evidence analyses is mainly the result of the 
morphologicall  signal. Morphological data matrices that instead support 
thee monophyly of Teloblastica (Neotrochozoa + Panarthropoda) 
(Nielsenn et al., 1996; Nielsen, 2001; Sarensen et al., 2000) have not yet 
beenn combined with 18S sequence data. 

Alternativee Phylogenetic Hypotheses for Gnathostomulida 

Thee history of initial phylogenetic speculations about Gnathostomulida 
aree reviewed elsewhere (Sterrer et al., 1986; Kristensen & Funch, 2000). 
Duringg the last decade at least five different sister group hypotheses 
havee been defended on the basis of morphological cladistic analyses. 
Mostt prominent among these are the Plamelminthomorpha hypothesis 
andd the Gnathifera hypothesis. According to the Plamelminthomorpha 
hypothesiss Gnathostomulida and Platyhelminthes are sister taxa, while 
thee Gnathifera hypothesis supports a sister group relationship between 
Gnathostomulidaa and Syndermata (+ Micrognathozoa: Kristensen & 
Funchh 2000; Sorensen et al., 2000). The Plathelminthomorpha 
hypothesiss merits special consideration, first because it was forcefully 
championedd by Ax (1985,1989,1995) who described the group in the 
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midd 1950s, and second because it is supported by most comprehensive 
morphologicall  cladistic analyses published to date. The Gnathifera 
hypothesiss warrants special attention because despite the apparently 
superiorr quality of its supporting characters (relative to the 
plathelminthomorphann apomorphies), just two computer-assisted 
cladisticc analyses (S0rensen et al., 2000 and Nielsen, 2001) support 
gnathiferann monophyly. 

(Gnathostomulidaa Platyhelminthes) 

Seee under Platyhelminthes. 

(Gnathostomulidaa Gastrotricha) 

Zrzavyy et al. (1998) named this clade Neotrichozoa, and Cavalier-Smith 
(1998)) named it Monokonta, in both cases based upon the secondary 
acquisitionn of partially or completely monociliary epithelia. Because 
Cavalier-Smithh (1998) did not attempt to base his classification on the 
phylogeneticc distribution of characters, his conclusions wil l not be 
discussedd further here. Proposed synapomorphies: Zrzavy et al. (2001) 

Zrzavyy etal. (2001) 
-- loss of multiple protonephridial terminal cells (ZI30) 
-- protonephridial filter formed by weir-like fenestrations of the terminal cell's wall 

(ZI32) ) 
-- serial protonephridia (ZI34) 

Comments Comments 

Bartolomaeuss & Ax (1992) and Ax (1995) postulate the presence of a 
singlee protonephridial terminal cell in the ground pattern of the 
Bilateria,, a conclusion not necessarily supported by the phylogenetic 
distributionn of protonephridial types. For example, the analysis by 
Zrzavyy et al. (2001) suggests that multiple terminal cells (ZI30) are 
plesiomorphicc and that single terminal cells have evolved four times 
independently:: in Gastrotricha + Gnathostomulida, Entoprocta + 
Lobatocerebrum,Lobatocerebrum, Mollusca, and Cycliophora. Al l other taxa either lack 
protonephridiaa or possess more than one protonephridial terminal cell. 
Severall  comments on character scoring are in order. 

First,, for a logically consistent character scoring it is critical to 
determinee the comparable semaphoronts. The observed scoring 
suggestss that both adults and larvae are used, but not consistently. For 
example,, for Mollusca and Cycliophora the larval ground patterns are 
scoredd (single terminal cells; adult ground patterns lack 
protonephridia).. However, for Annelida only the adult morphology is 
scoredd (multiple terminal cells), despite the proposal of protonephridia 
withh single terminal cells (head kidneys) in the ground pattern of 
annelidd trochophore larvae (Bartolomaeus, 1993b, 1995, 1998). Also, 
Rhabditophoraa is scored as having multiple protonephridial terminal 
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cellss despite the demonstration of protonephridia with single terminal 
cellss in polyclad Götte's larvae (Rohde, 2001), but this scoring is 
justifiedd because this larval type is not likely to be part of the 
rhabditophorann ground pattern. Because ultrastructural studies of 
larvall  nephridia are not available for all taxa, character scoring may 
changee in future cladistic analyses. 

Second,, the scoring of single terminal cells for Entoprocta is based 
uponn old data (Bartolomaeus & Ax, 1992). Newer studies indicate the 
presencee of two terminal cells in the adult protonephridia (Franke, 1993; 
Nielsenn & Jespersen, 1997). 

Third,, although gastrotrich protonephridia are generally 
consideredd to be representative of the archetypal bilaterian type 
(Bartolomaeuss & Ax, 1992; Ax, 1995), and are scored accordingly for 
ZI30,, protonephridia with more than one terminal cell are not rare 
withinn the phylum (Ruppert, 1991b). Therefore, pending further 
studies,, the current scoring may be retained, but the exact phylogenetic 
distributionn of different protonephridial types within Gastrotricha wil l 
eventuallyy have to show whether this is justified or not. 

Mappingg the distribution of protonephridial types on the 
morphologicall  trees of the four most recent cladistic analyses (Sorensen 
ett al., 2000; Nielsen, 2001; Peterson & Eernisse, 2001; Zrzavy et al., 2001) 
leavess the plesiomorphic number of protonephridial terminal cells 
uncertain.. It should be noted that protonephridia with single terminal 
cellss appear to be restricted to small animals, such as larval molluscs, 
annelids,, and cycliophorans. Smith & Ruppert (1988) pointed out that 
withinn Annelida, large bodied adults appear to have multiple terminal 
cellss while interstitial forms have single terminal cells (see also 
Westheide,, 1986 for hints for a correlation of body size and nephridial 
architecturee in polychaetes). Although it is very difficult to assess the 
valuee of such functional considerations for the phylogenetic significance 
off  characters, the existence of these possible correlations may help to 
rationalizee inferred character transformations. 

Zrzavyy et al. (2001) scored the presence of terminal cell 
fenestrationss (pores or slits) that form a protonephridial filter in five 
taxa:: Gastrotricha, Gnathostomulida, Seison, Catenulida, and 
Myzostomida.. A careful study of protonephridial ultrastructure shows 
thatt protonephridial filters composed of terminal cell fenestrations are 
muchh more widespread than the scoring of ZI32 indicates, and they are 
additionallyy known from monogonont and bdelloid rotifers (in addition 
too seisonids), Phoronida, Platyhelminths (in addition to catenulids), 
Nemertea,, Mollusca (larvae), Annelida (larvae, but they have also been 
reportedd from several adult interstitial polychaetes), Echiura (male 
Bonellia),Bonellia), and probably Acanthocephala (Bartolomaeus, 1985, 1989b, 
1995,, 1998; Schuchert, 1990; Clément & Wurdak, 1991; Dunagan & 
Miller ,, 1991; Rieger et al., 1991b; Turbeville, 1991; Bartolomaeus & Ax, 
1992;; Smith, 1992; Ahlrichs, 1993a, 1995; Haszprunar & Ruthensteiner, 
2000;; Rohde, 2001; Ruthensteiner et al., 2001). Accordingly, rescoring of 
ZI322 is necessary for a proper interpretation of the phylogenetic 
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significancee of fenestrated protonephridial terminal cells. At present, 
independentt  evolution of at least some of these instances appear 
probably,, for  example, the protonephridium in the dwarf male of the 
echiurann Bonellia (adult echiurans typically have metanephridia), but an 
electronmicroscopicall  study of larval protonephridia in echiurans is 
neededd to exclude the possibility that the Bonellia male has retained the 
larvall  protonephridia. 

Thee presence of serially repeated protonephridia (ZI34) is not a 
compellingg synapomorphy for  Gnathostomulida + Gastrotricha because 
thee latter  is scored as '?.' Serial protonephridia are furthermor e scored 
ass present in Annelida, Myzostomida, and Lobatocerebrum. The presence 
off  serial protonephridia in the ground pattern of the Annelida is 
doubtful .. A single pair  of larval head kidneys may be assumed 
primitiv ee for  annelids (Bartolomaeus, 1998,1999), but the presence of 
seriall  protonephridia in adult polychaetes is uncertain. Bartolomaeus 
(1999)) revised his earlier  conclusion that segmental protonephridia are 
ann annelid ground pattern feature (Bartolomaeus &  Ax, 1992), and 
concludedd instead that their  occurrence in certain taxa is secondary (in 
agreementt  with the cladistic analysis by Rouse &  Fauchald, 1997). 
Althoughh Micrognathozoa was not included in the analysis they 
possesss two pairs of protonephridia (Kristensen &  Funch, 2000). 

Takenn together, these three characters do not unambiguously 
supportt  the monophyly of a clade Gnathostomulida + Gastrotricha. 
Becausee the analysis of Zrzavy et al. (2001) places this clade as a sister 
groupp to all remaining protostomes except phoronids and brachiopods, 
itt  is instructive to evaluate whether  the characters that support this 
cladee are compelling in separating gnathostomulids and gastrotrichs 
fromm all other  protostomes. The pertinent characters are presence of 
multiciliat ee cells (ZI16), multiciliat e protonephridial terminal cells 
(ZI31),, and adult brain derived from/associated with larval apical 
organn (ZI45). The large protostome sister  clade to Gnathostomulida + 
Gastrotrichaa is composed of two sister  clades: Ecdysozoa + 
Chaetognathaa (for  convenience called clade A), and a clade of the 
remainingg protostomes (clade B). I wil l argue that none of these 
characterss is convincing in separating Gnathostomulida + Gastrotricha 
fromm the remaining protostomes. 

Itt  is not immediately clear  if ZI16 is only scored for  ectodermal 
cellss (as is hinted by Zrzavy et al's defense for  the scoring of 
chaetognaths),, or  also for  other  parts of the body. ZI16 is scored as '?' 
forr  all members of clade A, except Onychophora, which is scored as 
possessingg multiciliat e cells based on their  presence in the 
metanephridia.. If only ectodermal cells are to be scored than 
Onychophoraa should be scored as possessing monociliate cells only, 
becausee Bartolomaeus &  Ruhberg (1999) clearly indicated the presence 
off  monociliate epidermal cells (albeit rudimentary) in the developing 
embryo.. This would shift the transformation of ZI16 towards the branch 
supportingg clade B. In contrast, if multiciliatio n is scored across other 
tissuess (e.g. generally for  epithelia), than onychophorans should be 
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rescoredd as polymorphic since their  developing coeloxns are lined by 
cellss with single rudimentary cilia. Although deuterostomes are 
unequivocallyy scored as lacking multiciliat e cells, these are also found 
inn enteropneusts and chorda tes, and additionally in chaetognaths 
(Shinn,, 1997; Nielsen, 2001). Moreover, the evolutionary origin of 
multiciliat ee cells within the Metazoa cannot be properly assessed when 
thee non-bilaterians are excluded from the analysis, with multiciliat e 
cellss being typical for  ctenophores. These amendments increase the 
likelihoodd of the origin of multiciliat e cells at the base of Acrosomata, 
andd thus their  plesiomorphy on the level of clade A and B. This is in 
agreementt  with all comprehensive morphological cladistic analyses that 
includedd a character  on cell ciliation in their  matrices: Nielsen et al. 
(1996),, Nielsen (2001), Sarensen et al. (2000), and Peterson &  Eernisse 
(2001)) (characters N8, NIH , S12, P13). It should finally be noted that 
gastrotrichss are scored as '?' for  ZI16. Two recent cladistic analyses of 
internall  gastrotrich relationships could be interpreted to support this 
scoring,, because monociliate epidermal cells are present in the basal-
mostt  clades while multiciliat e epidermal cells are prevalent in the other 
taxaa (all chaetonotids except Neodasys and many macrodasyiids) 
(Hochbergg &  Litvaitis , 2000,2001a). 

ZI311 is scored as 'inapplicable' for  clade A because 
protonephridiaa are lacking in these phyla. Hence the support of ZI31 for 
monophylyy of clade A + B is equivocal. 
ZI455 is scored as '?' for  all members of clade A except Arthropoda. As is 
arguedd under  Adult brain derived from or  associated with larval apical 
organ,, this scoring cannot be defended, and this character  therefore 
representss a potential apomorphy only of clade B. In conclusion, the 
characterss separating a clade Gnathostomulida + Gastrotricha from the 
remainingg protostomes are not compelling, which creates serious doubt 
aboutt  the reliabilit y of both the gnathostomulid sister  group as well as 
theirr  overall position within the Metazoa in the analysis of Zrzavy et al. 
(2001). . 

(Gnathostomulidaa Syndermata) 

Thiss clade is known as Gnathif era. Proposed synapomorphies: Ahlrich s 
(1995),, 1997 (followed by Garey et al, 1998); Haszprunar  (1996b); 
Melonee et al. (1998); Kristensen &  Funch (2000); Sorensen et al. (2000); 
Herlynn &  Ehlers, 1997; Nielsen (2001). 

Ahlrich ss (1995) (A15) 
-- z-elements of muscles present as isolated z-dots 
-- cross-striated jaw or  mastax muscles 
-- protonephridial canal cell surrounds lumen completely 
•• buccal ganglion (integrated into pharynx?) 

nervuss pharyngeus 
-- pair of caudal ganglia 
-- pharynx as ventral evagination of foregut 
-- pharyngeal cuticular hard parts secreted by pharynx epithelium 
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-- cuticular hard parts connected across secreting epithelium by cross-striated 
muscles s 
esophaguss present 
glandd characters: frontal glands, buccal or salivary glands 

Comments Comments 

Thee Z-elements of striated muscles indicate the position where one 
sarcomeree separates from the next. Thesee elements come in a variety of 
forms,, including discs, dots and lines, and their  morphology may vary 
withi nn phyla and between different muscles within a single individual 
(e.g.,, Gnathostomulida: Lammert, 1991; gastropods: Voltzow, 1994). 
Althoughh the presence of Z-dots may be a synapomorphy of Gnathifera, 
itt  should be noted that similar  structures are widespread within the 
Metazoa,, including possibly closely related taxa, such as kinorhynchs 
andd gastrotrichs (Kristensen &  Higgins, 1991; Ruppert, 1991b). A 
comprehensivee cladistic analysis including this character  is necessary to 
evaluatee its overall phylogenetic significance across the Metazoa. 

Protonephridiaa with an intracellular  canal lumen could be a 
genuinee synapomorphy of rotifer s and gnathostomulids, but the only 
twoo computer-assisted cladistic analyses that included this character 
(Zrzavyy et al., 1998: Z52; Peterson &  Eernisse, 2001: P68) do not support 
thiss interpretation (see also under  Protonephridia with channel cell 
completelyy surrounding lumen). 

Ahlrich ss (1995) proposed that the mastax ganglion found in 
Rotifera,, and the buccal ganglion of Gnathostomulida may be 
homologouss and serve as a synapomorphy for  Gnathifera. Haszprunar 
(1996b)) and Melone et al. (1998) (characters HaVIII a and Mell , 
respectively),, as well as Nielsen (2001: 310) followed this reasoning, but 
aa recent investigation by Herlyn &  Ehlers (1997) removed the basis for 
thesee conclusions. They could not confirm the presence of a buccal 
ganglionn in Gnathostomulida, and they concluded after  reinterpretin g 
earlierr  studies that "th e Gnathostomulida lack any buccal ganglion" 
(Herlynn &  Ehlers, 1997:144). This removes one potential autapomorphy 
off  Gnathifera (it also weakens the support for  Nielsen's expanded 
Gnathiferaa that includes chaetognaths). This same holds true for  the 
nervusnervus pharyngeus or  buccal nerves that connect the cerebral ganglion 
andd mastax ganglion in rotifers. Herlyn &  Ehlers (1997) could not 
confirmm the presence of comparable nerves in Gnathostomulida. 
Interestingly,, a pair  of buccal nerves, but not a buccal ganglion was 
observedd for  the probably closely related Limnognathia by Kristensen & 
Funchh (2000). 

Thee presence of caudal ganglia is unconvincing as a 
synapomorphyy for  Gnathostomulida and Syndermata because caudal 
gangliaa are distributed more widely throughout the Metazoa (not found 
inn Limnognathia), including the potentially closely related 
cephalorhynchss and nematodes (Kristensen, 1991; Kristensen & 
Higgins,, 1991; Storch, 1991; Wright , 1991). Consequently, a wider 
considerationn of caudal ganglia across the Metazoa is required for  a 
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properr assessment of their phylogenetic value. Interestingly, two 
phylogeneticc analyses by Zrzavy et al. (1998, 2001) included this 
characterr and a comprehensive sampling of phyla, but instead they 
scoredd Rotifera only (1998), or Rotifera and Gnathostomulida (2001). 
Withoutt providing a clear definition of a caudal ganglion that strictly 
appliess to these taxa, this scoring is merely arbitrary. Information on the 
organss or tissues that are innervated from the caudal ganglia may be a 
firstt step in the construction of a meaningful character. A broader set of 
taxaa has to be considered to assess the phylogenetic value of an 
esophaguss as well as the gland characters used to unite 
gnathostomulidss and syndermates. 

Thee remaining characters are also variously included in later 
computer-assistedd cladistic analyses, and because they are part of one 
structurall  and functional complex, the muscular pharynx with its hard 
parts,, they wil l be discussed together here. The two principal characters 
thatt merit discussion are: 

1)) the presence of jaw elements with tube-like support rods composed 
off  electron lucent material surrounding an electron-dense core (Ahl, 
HaVnia,, Mel8, Kl , S42, NI34, G7, P90, L57, Z66, ZI26, Wa25) 

2)) the presence of cross-striated pharyngeal muscles that attach to the 
jaww elements through epithelial cells (S43, NI35) 

Thee study of the trophi of the rotifer Seison by Rieger & Tyler (1995) has 
refocusedd the attention upon the structural similarities of rotifer trophi 
andd gnathostomulid jaw elements to which potential phylogenetic 
relevancee had already been assigned in earlier studies (see Rieger & 
Tyler,, 1995 for literature). More recent transmission electron 
microscopicall  studies of gnathiferan (including Micrognathozoa) jaw 
elementss have confirmed their special resemblance found nowhere else 
withinn the Metazoa (Herlyn & Ehlers, 1997; Kristensen & Fundi, 2000; 
Sorensen,, 2000). Interestingly, the discovery of Micrognathozoa has 
beenn one of the main motivations for reconsidering the similarities in 
jaww structure between rotifers and gnathostomulids (Kristensen & 
Funch,, 2000). Before the complete description of Limnognathia was 
reportedd in the literature, it already started to play an important role in 
thee phylogenetic discussions about gnathiferans (Kristensen, 1995: he 
calledd Limnognathia New group 1"; Ahlrichs, 1997: he called 
LimnognathiaLimnognathia "New group A" followed by Herlyn & Ehlers, 1997). On 
thee basis of scanning electron microscopy, S0rensen (2000) suggested 
additionall  unique similarities between rotifer and gnathostomulid jaw 
elements,, and Kristensen & Funch (2000) proposed further primary 
homologiess between jaw elements in rotifers, gnathostomulids, and 
Limnognathia,Limnognathia, but these proposals have not yet been included in 
cladisticc data matrices. 

Despitee the unique ultrastructural similarities of gnathiferan jaw 
elements,, the inclusion of this character in a computer-assisted cladistic 
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analysiss does not guarantee a monophyletic Gnathifera, as is illustrated 
byy Wallace et al. (1996), Zrzavy et al. (1998, 2001),, Giribet et al. (2000), 
andd Peterson &  Eernisse (2001). Interestingly, the only cladistic analyses 
withh a sufficiently broad taxon sampling that found a monophyletic 
Gnathiferaa supported by the presence of this character  are S0rensen et 
al.. (2000) and Nielsen (2001), and these studies incidentally are also the 
onlyy ones that include a separate character  on the mode of pharyngeal 
musclee attachment. Whether  this coding of two separate characters 
ratherr  than one causes this difference in topology is difficul t to assess 
intuiUvelyy because the data matrices of Sorensen et al. (2000) and 
Nielsenn (2001) are very similar, while they differ  greatly from the data 
matricess of the other  studies. I therefore performed two experiments. 

Inn the first experiment, I re-analyzed the original data matrix of 
Nielsenn (2001) (heuristic search, 100 random addition replicates, TBR 
branchh swapping, excluding character  64 as Nielsen did for  his strict 
consensus),, and then I re-analyzed the matrix while excluding character 
NI355 that codes for  the mode of pharyngeal muscle attachment). These 
twoo analyses yielded exactly the same strict consensus of the same four 
MPTss with a monophyletic Gnathifera, a situation identical to the 
analysiss and results (fig. 56.1) of Nielsen (2001). The tree statistics 
changedd so littl e between the analyses that they are not considered here. 

Inn the second experiment, I re-analyzed the original data matrix 
off  Peterson &  Eernisse (2001) (same analysis parameters as in the first 
experiment),, and subsequently I introduced an extra character  into their 
matrixx coding for  the pharyngeal muscle attachment type found in 
gnathiferanss and scored accordingly. The first  analysis yielded the 20 
MPTss and well-resolved strict consensus found by Peterson &  Eernisse 
(2001::  fig. 1). In sharp contrast, the re-analysis with the second potential 
gnathiferann autapomorphy resulted in quite a dramatic collapse of the 
strictt  consensus tree, leaving one huge polytomy for  Bilateria. The only 
cladess that were retained are Ecdysozoa, Eutrochozoa, Deuterostomia, 
Brachiopodaa + Phoronida and Platyhelminthes. The relationships 
betweenn these and all other  phyla remained totally unresolved. In view 
off  the low bootstrap supports for  large portions of Peterson &  Eernisse's 
strictt  consensus, this result is not entirely surprising. Furthermore, 
Gnathostomulidaa no longer  formed the sister  group of Platyhelminthes, 
andd its position and that of Rotifera remained entirely unresolved. 

Thesee experiments illustrat e that the same change for  two taxa in 
twoo different matrices can have entirely different effects, depending 
uponn the differential presence or  absence of conflicting phylogenetic 
signalss and noise in these matrices. It also underlines the importance of 
characterr  selection for  determining the outcome of a cladistic analysis. 
Justt  adding one additional potential gnathiferan autapomorphy to the 
matrixx of Peterson &  Eernisse collapses Plathelrrdnthomorpha together 
withh most of the remaining Bilateria in an unpredictable way. In tins 
context,, it becomes an important question whether  the separate coding 
off  a character  on the attachment of muscles to pharyngeal hard parts is 
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justified,, as is done in the matrices of Serensen et al. (2000) and Nielsen 
(2001),, but not in the other  studies. 

Cross-striatedd pharynx muscles that attach to the cuticular  jaw 
elementss are also found in Micrognathozoa (Kristensen &  Funch, 2000). 
Naturally ,, when comparable pharyngeal hard parts are lacking in other 
taxa,, they should logically be scored as 'inapplicable' for  mode of 
pharyngeall  muscle attachment, but neither  Serensen et al. (2000) nor 
Nielsenn (2001) adopt this scoring. Serensen et al. (2000) and Nielsen 
(2001)) also score this feature as present in Annelida. However, it is only 
foundd in eunicid polychaetes, which are unlikely to be representative of 
thee annelidan ground pattern (Rouse &  Fauchald, 1997). However, if 
we,, nevertheless, choose to accept this scoring, we have to confront an 
interestingg issue. Cross-striated body muscles (as opposed to cross-
striatedd pharyngeal muscles) in taxa such as kinorhynchs, loriciferans, 
cycliophorans,, and possibly nematodes (Wright , 1991, fig. 28) also do 
nott  attach directly to the cuticle, but through the intermediate of an 
epidermall  cell (Kristensen &  Higgins, 1991; Funch &  Kristensen, 1997; 
Neuhauss et al., 1997b). Similarly , somatic muscles of Micrognathozoa 
alwayss attach through epidermal cells to the, in this case intracellular , 
skeletall  plates that are located in the lateral and dorsal body regions 
(Kristensenn &  Funch, 2000). In fact, a survey of muscle attachment types 
throughoutt  the Metazoa learns that the attachment of muscles to the 
cuticlee through intermediate epithelial cells is much more widespread. 
Itt  has, for  example, been reported for  arthropod muscles, tardigrade 
stylett  muscles, the beak muscles in cephalopods (through beccublasts), 
andd chaetognath head muscles (Mellon, 1992; Dewel et al., 1993; 
Budelmannn et al., 1997; Shinn, 1997). Recognizing the widespread 
distributio nn of this mode of muscle attachment is important for 
properlyy evaluating the phylogenetic significance of cross-striated 
musclee attachment to pharyngeal hard parts in gnathiferans, as it 
lessenss the probabilit y that this type of muscle attachment is a novel 
autapomorphyy of Gnathifera independent from the presence of 
pharyngeall  hard parts. This information can thus be used as an 
argumentt  against the coding of a separate character  for  this mode of 
musclee attachment with a scoring restricted to gnathiferans (S43, NI35). 
Thiss mode of muscle attachment may either  be plesiomorphic on this 
level,, or  perhaps convergently evolved in different taxa, but further 
comparativee ultrastructura l studies are needed to elucidate this 
interestingg issue. 

Ahlrichss (1997) 
-- plates of parallel-layered cuticular rods building pharyngeal hard parts, jaws, 

whichh are embedded in a cuticular matrix (Ahl) 

Comments Comments 

Thiss character  is discussed above. 

Haszprunarr (1996b) 
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-- buccal apparatus with specific jaw, cross-striated muscles and buccal ganglion 
(HaVffla) ) 

-- caudal ganglion (HaVIIIb) 
-- protonephridial canal cell surrounds lumen completely (HaVIIIc) 
-- frontal (=praepharyngeal glands)? (HaVmd) 

Comments Comments 

Thesee characters are discussed above. 

Meloneetal.(1998) ) 
-- pharyngeal ganglion (unpaired) present (Mell) 

masticatoryy apparatus: substructure tubular rods (Mel8) 
photoreceptivee eyespots absent (Me58) 

Comments Comments 

Thee phylogenetic value of the absence of photoreceptive eyespots in 
gnathostomulidss and acanthocephalans as a gnathiferan autapomorphy 
needss to be carefully assessed through a comprehensive cladistic 
analysiss that includes all applicable taxa. Furthermore, based on 
outgroupp comparison it must be concluded that the absence of eyespots 
iss actually a plesiomorphy in the analysis of Melone et al. (1998), and 
thuss phylogenetically uninformativ e at this level. The other  two 
characterss are discussed above. 

Kristensenn & Funch (2000) 
-- cuticular jaws with tubes composed of lucent material surrounding an electron-

densee core (Kl) 

Comments Comments 

Thiss character  is discussed above. 

S0rensenetal.(2OOO) ) 
-- jaws of tubes composed of lucent material surrounding an electron-dense core 

(S42) ) 
-- pharynx with cross-striated muscles, attached to jaw elements by epithelial cells 

(S43) ) 

Comments Comments 

Thesee characters are discussed above. It should be noted that both S42 
andd S43 were scored as present for  Chaetognatha and absent for 
Seisonida,, but this is obviously a typing error  in the text matrix (Table 1 
inn Sarensen et al., 2000; M. V. Sorensen, pers. comm.). 

Nielsenn (2001) 
-- jaw-like structures with tubes composed of lucent material surrounding an 

electron-densee core (NI34) 
-- pharynx with cross-striated muscles, attached to jaws by epithelial cells (NI35) 
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-- mouth region with chitinous membrane (NI63) 

Comments Comments 

Nielsenn (1995) tentatively regarded gnathostomulids as highly derived 
annelids,, but Nielsen (2001) regarded them as a distinct taxon more 
closelyy associated with syndermates. NI63 is a modified version of N12 
whichh coded for the presence of a mouth/esophagus with a 
spiny/toothedd membrane consisting of crystalline chitin, and both 
characterss are scored present for Rotifera and Chaetognatha. Serensen 
ett al. (2000) argued against the scoring of N12 claiming that crystalline 
chitinn has not been found in rotifers. In view of the adjusted character 
coding,, the scoring of NI63 now appears to be justified, but a different 
problemm is introduced. If all taxa with just a chitinous membrane 
(cuticle)) in the mouth region are to be scored, several more taxa than 
justt rotifers and chaetognaths need to be scored as present, including 
panarthropodss and various cycloneuralians (Kleinow, 1993; Neuhaus et 
al.,, 1996, 1997a, b; Lemburg, 1998; Schmidt-Rhaesa et al., 1998). 
Furthermore,, as long as the presence of chitin has not been 
demonstratedd in gnathostomulids this character is not a convincing 
gnathiferann autapomorphy. The other two characters are considered 
above. . 

(Gnathostomulidaa Cycloneuralia) 

Proposedd synapomorphies: Wallace et al. (1996). 

Wallacee etal. (1996) 
-- smooth muscles absent (Wal 1) 
-- pharynx shape triangular or star-shaped (Wa23) 

Comments Comments 

Thee absence of smooth muscles may unite gnathostomulids with 
cycloneuralians,, but the restrictive taxon sampling in the analysis of 
Wallacee et al. (1996) did not allow the domain of definition of Wall to 
bee fulfilled. For example, the potentially closely related and recently 
discoveredd Micrognathozoa (Kristensen & Funch, 2000), and probably 
alsoo Cycliophora (Funch & Kristensen, 1997) lack smooth muscles. A 
surveyy of muscle ultrastructure across the Metazoa is necessary to fulfil l 
thee domain of definition of this character, but this wil l not be attempted 
here.. Additionally, it is noted that the observed scoring for Wall is not 
logicallyy consistent. Gastrotricha is scored as polymorphic because 
striatedd muscles are known in this phylum, but this logic also demands 
aa similar scoring of other taxa with polymorphic muscle cytology such 
ass Polychaeta and Rotifera. 

AA triangular or star-shaped pharynx lumen is not a compelling 
synapomorphyy of gnathostomulids and cycloneuralians. First, the 
pharynxx of gnathostomulids does not show a clearly triangular or star-
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shapedd lumen, and is therefore not particularl y reminiscent of those of 
cycloneuralianss (Herlyn &  Ehlers, 1997). Second, the scoring of such a 
pharynxx for  Priapulida (Wa23) is also not supported (Neuhaus, 1994; 
Nielsen,, 2001). Moreover, triradiat e pharynges are also found in various 
otherr  taxa, including pycnogonids, ectoprocts, and tardigrades 
(Ruppert,, 1982; Nielsen, 2001), taxa which were not included in the 
analysiss of Wallace et al. (1996). However, Ruppert (1982) and Nielsen 
(2001)) conclude that an overall homology of this pharynx shape is not 
likely.. At least, the analysis of Wallace et al (1996) has not included 
enoughh taxa (and misscored Gnathostomulida and Priapulida) to 
properlyy evaluate the phylogenetic support of this character  for  placing 
gnathostomulids. . 

Interestingly,, when Wall is rescored for  Gastrotricha as simply 
possessingg smooth muscles (no polymorphism, in agreement with the 
otherr  scored terminals), and when Wa23 is rescored for  priapulid s and 
gnathostomulids,, the position of gnathostomulids remains unresolved 
(strictt  consensus after  exhaustive search). 

(Gnathostomulidaa Lobatocerebrum Nemertea Trochozoa') 

Proposedd synapomorphies: Haszprunar  (1996a) (based on tree B2 in his 
fig.fig. 1.1). 

Haszprunarr  (1996a) 
-- frontal gland present -*  absent (H17) 

Comments Comments 

Thiss character  does not support the proposed sister  grouping 
unequivocallyy because the first two taxa diverging after 
Gnathostomulidaa {Lobatocerebrum and Nemertea) are scored as 
possessingg frontal glands. 

PlacingPlacing Gnathostomulida: comparison of alternative hypotheses 

Tablee 4. Summary of alternative sister  taxa for  Gnathostomulida with 
diagnosticc synapomorphies and comments. See text for  discussion. 

Sisterr  taxon Synapomorphies and source Comments 
Platyhelminth.ess see Table 2 . 

Gastrotrichaa loss of multipl e protonephridial convergent, and 
terminall  cells (ZI30) contentious scorings 

relatedd to semaphoront 
choice e 

protonephridiall  filter  formed by several misscorings 
weir-lik ee fenestrations of the 
terminall  cell's wall (ZI32) , ^ 
seriall  protonephridia (ZT34) scored 'V for  Gastrotricha, 

andd problematic scoring 
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forr Annelida 

Syndermataa z-elements of muscles present as 
isolatedd z-dots (A15) 

domainn of definition not 
fulfilled d 

protonephridiall  canal cell 
surroundss lumen completely 
(A15;HaVmc) ) 

ok k 

buccall  ganglion (integrated into 
pharynx?)) (A15); pharyngeal 
ganglionn (unpaired) (Mell); 
HaVma a 

absentt in 
Gnathostomulida a 

nervuss pharyngeus (A15) absentt in 
Gnathostomulida a 

pairr of caudal ganglia (A15); 
caudall  ganglion (HaVMb) 

domainn of definition not 
fulfilled d 

cuticularr hard parts connected 
acrosss secreting epithelium by 
cross-striatedd muscles (A15); 
pharynxx with cross-striated 
muscles,, attached to jaw elements 
byy epithelial cells (S43; NI35) 

esophaguss present (A15) 

statuss as independent 
characterr is weak, and this 
modee of muscle 
attachmentt (irrespective of 
bodyy region) is more 
widespreadd than indicated 
byy scoring 
domainn of definition not 
fulfilled d 

glandd characters (A15; HaVOId) domainn of definition not 
fulfilled d 

jaww elements with tube-like 
supportt rods composed of 
electronn lucent material 
surroundingg an electron-dense 
coree (AM, HaVIIIa, Mel8, KI , S42, 
NI34,G7) ) 

ok k 

photoreceptivee eyespots absent 
(Me58) ) 

mouthh region with chitinous 
membranee (NI63) 

plesiomorphyy in 
phylogenyy of Melone et al. 
(1998) ) 
variouss missconngs 

Cycloneuraliaa smooth muscles absent (Wall) possiblyy ok, but domain of 
definitionn not fulfilled 

pharynxx shape triangular or star-
shapedd (Wa23) 

misscoringss for 
Gnathostomulidaa and 
Priapulida a 

Lobatocerebrum m 
Nemertea a 
Trochozoaa (plus 
Myzostomida) ) 

frontall  gland present  absent 
(H17) ) 

equivocall  support and 
characterr coding and 
scoringg is contentious 

Whichh of the five discussed competing sister  group hypotheses for 
Gnathostomulidaa is most firml y grounded in available morphological 
evidence?? One proposed sister  group, namely (Lobatocerebrum Nemertea 
Trochozoaa Myzostomida) can be rejected outright . The sole character 
supposedlyy supporting this sister  group hypothesis is equivocal and 
mayy thus be optimized on a different node in the cladogram. Moreover, 
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restrictivee taxon sampling did not allow Haszprunar's (1996a) analysis 
too test this hypothesis against any other  alternative except the 
Plathelminthomorphaa hypothesis (but see below). The remaining 
hypothesess will be analyzed according to the set of criteri a outlined at 
thee beginning of this paper. 

Thee two characters proposed to support a cycloneuralian affinit y 
aree either  more widespread among metazoans and therefore potentially 
plesiomorphicc on this level (smooth muscle absent), or  invalid because 
gnathostomulidss lack this feature (triangular  or  star-shaped pharynx). 
Moreover,, experimental rescoring of these features leaves the position 
off  gnathostomulids unresolved. 

Restrictivee taxon sampling in the studies of Ax (1985,1989,1995), 
Ahlrich ss (1995), Haszprunar  (1996b), Kristensen &  Funch (2000), 
Haszprunarr  (1996a), Melone et al. (1998), and Eernisse et al. (1992) (the 
firstt  four  analyses were performed manually) compromises their  testing 
powerr  for  the placement of gnathostomulids. This is also reflected in 
thee failur e to fulfil l the domain of definition for  many of the characters 
inn these studies. It must be concluded that these studies are a priori 
biasedd so that certain sister  groups could in principl e not be found. This 
iss of course obvious for  the manual cladistic analyses that do not allow 
aa globally most parsimonious solution across all taxa. The consideration 
off  restricted sets of taxa at any one time guarantees that the range of 
possiblee tree topologies is always heavily predetermined by taxon 
selection.. However, even though the analysis of Wallace et al. (1996) 
includedd all taxa that have so far  been proposed as sister  groups to 
Gnathostomulida,, taxon selection is restrictive because not all potential 
sisterr  groups of the other  taxa are included (e.g., nemerteans). 

Differencess in the proposed cladistic placements of 
gnathostomulidss may partly be reduced to differences in character 
samplingg between the different cladistic analyses. For  example, 
Sorensenn et al. (2000) and Nielsen (2001) supported the Gnathifera 
hypothesis,, but these studies excluded many of the characters that were 
suggestedd as being diagnostic apomorphies of a monophyletic 
Plathelminthomorphaa in other  studies. Conversely, Meglitsch &  Schram 
(1991)) and Eernisse et al. (1992) supported the monophyly of 
Plathelminthomorpha,, but neither  of these analyses included a 
characterr  on the similarities in jaw ultrastructur e in gnathostomulids 
andd rotifers. It can therefore be concluded that the placement of 
gnathostomulidss in these latter  two studies is no longer  reliable. 
Naturally ,, this conclusion is only possible in retrospect, but it remains 
truee that the results of these analyses are currently superseded by the 
accumulationn of new information. Similarly , the characters supporting 
thee sister  group relationship of gnathostomulids and gastrotrichs in the 
analysiss of Zrzavy et al. (2001) are uniquely included only in this study. 

Thee potential effect of character  coding is clearly illustrated by 
thee experiment reported above for  coding the gnathiferan jaw elements 
andd the associated muscles as either  one or  two separate characters in 
thee analyses of Peterson &  Eernisse (2001) and Nielsen (2001). 
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Dependingg upon the nature of the data matrix under  consideration, the 
decisionn to code this variation as one or  two characters may have a 
ratherr  dramatic impact or  no noticeable impact at all (considering strict 
consensuss trees) at all (Peterson &  Eernisse, 2001 and Nielsen, 2001, 
respectively). . 

Characterr  scoring problems are especially widespread among the 
proposedd apomorphies for  Plathelminthomorpha (see under 
Platyhelminthes),, but also for  the sister  groupings with Gastrotricha 
andd CycloneuraHa. Scrutiny of the many synapomorphies proposed by 
Ahlrich ss (1995) in support of a monophyletic Gnathifera revealed that 
twoo characters are no longer  valid because these are lacking in 
gnathostomulidss (caudal ganglion and pharyngeal nerve). However, it 
shouldd be clear  that it is very difficul t to assess the precise effects of the 
manyy scoring errors on the outcomes of the cladistic analyses. On the 
basiss of the present discussion it is impossible to conclusively reject any 
off  the proposed sister  group hypotheses, except the one proposed by 
Haszprunarr  (1996a). The choice among the remaining alternatives 
requiress the complete correction of all identified scoring errors, the 
removall  of all taxon and/or  character  selection biases, and a reanalysis 
off  the emended data set(s) which can only then function as a maximally 
effectivee cladistic test of available competing phylogenetic hypotheses. 
Thee current discussion is merely a first necessary step towards this 
ultimat ee goal. On the basis of character  quality, a sister  group 
relationshipp of gnathostomulids and syndermates appears, for  now, to 
bee the best supported. 

Ann interesting problem remains to be resolved. Despite the 
acknowledgedd weakness of the characters originall y proposed in 
supportt  of a monophyletic Plathelminthomorpha (widespread 
characters,, probably convergent or  plesiomorphic on this level) this 
cladee is nevertheless supported in the majorit y of comprehensive 
cladisticc studies. Intuitively , it could be expected that introduction of 
characterss on the uniquely shared pharyngeal similarities with 
ultrastructurall yy identical jaw elements in gnathostomulids and rotifer s 
wouldd immediately lead to the collapse of Plathelminthomorpha and a 
recoveryy of a clade Gnathifera. This, obviously, didd not happen. Despite 
thee fact that the data sets of Wallace et al. (1996), Zrzavy et al. (1998), 
andd Peterson &  Eernisse (2001) included this information , their 
morphologicall  analyses preserved a monophyletic 
Plathehninthomorpha.. Do these results therefore signify a strong and 
reliablee phylogenetic signal for  Plathelminthomorpha? 

Ass is discussed above, the character  support for 
Plathelminthomorphaa in the analysis of Peterson &  Eernisse (2001) is 
veryy weak, and may be influenced by several coding and scoring 
difficulties.. Also, rotifers, platyhelminths, and gnathostomulids 
togetherr  with Cycliophora form a clade. As an experiment, I left P21 
(presencee of perforatorium ) out of the analysis because its status as a 
characterr  independent from P20 cannot be maintained. This resulted 
(heuristicc search, 100 random addition replicates, TBR branch 
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swapping)) in the collapse of the whole bilaterian clade, exactly similar 
too the change in topology when a novel character  on muscle-jaw 
attachmentt  was introduced into the data set (see above). This result left 
thee relationships between platyhelirtinths , gnathostomiilids and rotifer s 
totallyy unresolved. It must be concluded that the instabilit y of the 
resultss in the face of small changes in the data matrix of Peterson & 
Eernissee (2001) indicates that there is no significant support for  the 
Plathelminthomorphaa hypothesis. A rescoring experiment reported 
abovee for  the data set of Wallace et al. (1996) leads to the same 
conclusion. . 

Althoughh I have not performed any experimental reanalyses of 
thee large matrix of Zrzavy et al. (1998), the secondary loss of an anus is 
thee sole unique synapomorphy for  platy helminths and 
gnathostomulids.. The remaining characters exhibit a variety of 
problemss that need to be resolved before the true character  support for 
Plathelminthomorphaa can be estimated. 

Monophylyy of Gnathifera is not well supported in terms of sheer 
numberss of apomorphies. However, the quality of the unique 
similaritie ss in pharyngeal morphology and the discovery of the 
Micrognathozoaa that exhibits identical pharynx morphology to rotifer s 
andd gnathostomulids lead to the conclusion that Gnathifera is the most 
robustlyy supported clade. Other  features of Micrognathozoa such as the 
intracellularr  skeletal lamina similar  to those in syndermates (but not a 
syncytiall  epidermis) further  strengthens the gnathiferan nexus 
(Kristensenn &  Funch, 2000; Sorensen et al., 2000). 

PlacingPlacing Gnathostomulida in molecular and total evidence analyses 

Onn the basis of 18S rDNA sequence data Littlewood et al. (1998a) found 
evidencee for  a sister  group relationship between gnathostomulids (one 
sequence)) and chaetognaths forming a sister  clade to a clade of 
nematodes.. However, forcing a cladogram topology congruent with 
eitherr  the Plathelminthomorpha or  Gnathifera hypotheses Littlewood et 
al.. (1998a) found trees six and two steps longer  than the original 3081 
steps,, respectively (these three solutions were not statistically 
significantt  from one another). Unfortunately, the gnathostomulids, 
chaetognaths,, and nematodes included in Littlewood et al's analysis 
weree among the taxa with the longest branches which could have 
causedd them to group on the basis of chance similarities (long branch 
attraction),, and a later  study by Ruiz-Trill o et al. (1999) indeed 
supportedd the conclusion that the gnathostomulid sequence and one of 
thee chaetognath sequences used in the analysis of Littlewood et al. has 
significantlyy higher  substitution rates then most other  taxa. 

Inn contrast, the molecular  analysis of Zrzavy et al. (1998) 
suggestedd a sister  group relationship of gnathostomulids (the same 
sequencee as in Littlewood et al., 1998a) and gastrotrichs positioned low 
withi nn the Bilateria, but in the absence of any support measures, or 
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informationn on branch lengths it is virtuall y impossible to assess the 
robustnesss of this topology. 

Giribett  et al. (2000) added two new gnathostomulid sequences to 
theirr  analysis, and found support for  a clade of Gnathostomulida + 
Cycliophoraa (the latter  was not included in the previous two studies), 
thatt  is part of a larger  protostomian clade Platyzoa that also includes 
syndermates,, platyhelminths, and gastrotrichs. 

Thee results of the analysis by Zrzavy et al. (2001) are comparable 
too those of Giribet et al. (2000). Gnathostomulida is placed as a sister 
groupp to Gastrotricha as part of a clade Platyzoa with the difference that 
thiss clade additionally includes the newly sequenced Myzostomida. 

Petersonn &  Eernisse (2001) found gnathostomulids to be 
positionedd at the base of the Bilateria as a sister  group to acoels, but 
theyy conclude that the long branches of these taxa could cause them to 
bee artificiall y attracted to the non-bilaterians which are separated from 
thee bilaterians by a long branch. 

Thee results of a relative rate test performed by Ruiz-Trill o et al. 
(1999)) suggest that the gnathostomulid sequence used in Littlewood et 
al.. (1998a), Zrzavy et al. (1998, 2001), and Peterson &  Eernisse (2001), 
andd at least one of the three sequences used in Giribet et al. (2000), 
exhibitt  a relatively high substitution rate which introduces the danger 
off  long branch attraction. This possibly also explains the position of 
gnathostomulidss basal in the Bilateria in the trees of Zrzavy et al. (1998) 
andd Peterson &  Eernisse (2001) as an artifact of long branch attraction 
betweenn the gnathostomulid sequence and the long branch separating 
thee bilaterians from the non-bilaterians. Thus it may be concluded that 
att  present, the best molecular  estimate places gnathostomulids within a 
cladee Platyzoa (one of two clades comprising Lophotrochozoa), but this 
resultt  should be interpreted with great caution in view of the likely 
elevatedd substitution rates of gnathostomulids. 

Thee total evidence analysis of Zrzavy et al. (1998) supported the 
sisterr  group relationship of Gnathostomulida and Gastrotricha that was 
alsoo apparent in the molecular  analysis, and this clade was maintained 
evenn when a weighting rati o of 7/1 was applied to 
morphological/molecularr  data sets. 

Thee total evidence analysis of Giribet et al. (2000), which included 
thee same morphological data set as Zrzavy et al. (1998) with the 
exceptionn that Giribet et al. excluded several taxa, supported 
Gnathostomulidaa as a sister  taxon to a clade of Cycliophora + 
Syndermata. . 

Whenn the total evidence analyses of Zrzavy et al. (1998) and 
Giribett  et al. (2000) (their  figs. 3 + 7, and 4 + 5, respectively) are 
comparedd a strikin g conclusion presents itself: despite some topological 
congruence,, the degree of incongruence is remarkable, which can be 
illustratedd by considering the overall position of gnathostomulids in the 
trees.. Zrzavy et al. (1998) places gnathostomulids at the base of their 
cladee Ecdysozoa. In contrast, Giribet et al. (2000) place them far 
removedd from ecdysozoans in a clade Platyzoa that as a whole 
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constitutess the sister  group to a clade of the remaining non-ecdysozoan 
protostomes.. Because the morphological data of these analyses was 
identical,, this topological discrepancy must chiefly reside in different 
molecularr  phylogenetic signals! The two analyses differ  mainly in two 
respects,, one empirical, and one relating to methods of sequence 
comparison.. First, Giribet et al. (2000) included 37 additional metazoan 
sequencess (19 of these were molluscan and arthropodan), while 
excludingg all non-bilaterians included in Zrzavy et al. (1998). Because 
thee non-bilaterians are separated from the bilaterians by a long branch 
(seee Giribet et al, 2000 and Peterson &  Eernisse, 2001), this may have an 
effectt  on the placement of the long branch gnathostomulid sequence. 
Second,, and perhaps more importantly , Zrzavy et al. (1998) employed a 
traditiona ll  sequence alignment procedure, whereas Giribet et al. (2000) 
usedd direct optimization (see their  paper  for  details). This probably 
explainss most of the incongruence between these two total evidence 
studies,, especially since both used the same analysis parameters: equal 
weightingg of both molecules and morphology, and transversions and 
transitions. . 

Thee total evidence analysis of Zrzavy et al. (2001) unsurprisingly 
yieldedd a sister  group relationship between Gnathostomulida and 
Gastrotricha,, which is also supported by the molecular  and 
morphologicall  data sets separately. 

Thee total evidence analysis of Peterson &  Eernisse (2001) 
supportedd gnathostomulids as the sister  taxon to all Bilateria except 
acoelomorphs. . 

Itt  is to be expected that the total evidence placement of 
gnathostomulidss is equally adversely affected by the potential long 
branchh attraction as the molecular  placements. This combination of 
problematicc molecular  data and difficultie s in character  scoring and 
selectionn in the morphological data matrices of the total evidence 
studiess currently prevents any unambiguous conclusion on the 
phylogeneticc placement of gnathostomulids in total evidence analyses. 

PARTT II : CHARACTER EVALUATION S 

Thee previous section discussed the character  support for  competing 
phylogeneticc hypotheses for  placing Platyhelminthes, Nemertea, and 
Gnathostomulidaa within the Metazoa. The following section puts these 
characterr  discussions into a broader  context by extending them beyond 
thee 'acoelomate' worms. The overall phylogenetic significance of the 
characterss across the Metazoa is evaluated by focusing on how different 
cladisticc analyses employ the same characters. 

Thee character  discussions follow a general layout. First, the 
characterr  will be defined. Second, all observed character  codings of the 
characterr  across different studies will be listed. Third , character  scoring 
conflictss between different phylogenetic studies will be tabulated and 
discussed.. Note that the tables of observed scoring conflicts do not 
necessarilyy include all characters listed under  Character  coding because 
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nott  all taxa are included in each study, some studies did not provide an 
explicitt  data matrix, and in some instances the codings are too different 
forr  a straightforwar d comparison of their  scorings. Fourth, the 
phylogeneticc significance of the character  will be evaluated. It should be 
emphasizedd that the following character  discussions offer  no definitive 
comparativee treatments. The main aim of this section is to shed some 
lightt  on controversial character  interpretations, and to identify the 
limit ss of our  understanding of the phylogenetic significance of the 
characters. . 

Thee following is a list of all discussed characters. Those marked with an 
asteriskk have been discussed above in connection with the relevant 
studies,, whereas the unmarked characters are discussed in this section. 

Epidermiss and cuticle 

Multiciliatee epidermal cells 
Cuticlee layers 

Reproductionn and sexes 

Sexes s 
Asexual/sexuall  reproduction 
Modee of sperm deposition and mode of fertilization 
Filiformm sperm 
Spermatozoaa without accessory centriole 
Spermatozoaa with compact acrosome* (see under Alternative phylogenetic 
hypothesess for Platyhelminthes) 
Spermatozoaa with perforatorium 
Spermm flagella 
Gonadss asacular or sacular 
Gonocoel l 

Development t 

Spirall  cleavage 
Blastula a 
Fixedd cell fate during cleavage* (see under Alternative phylogenetic hypotheses for 
Platyhelminmes) ) 
Mesodermall  germ bands derived from 4d*  (see under Alternative phylogenetic 

hypothesess for Nemertea) 

Larvall  characters 

Prototroch h 
Metatroch h 
Larvaee or adults with downstream-collecting ciliary system 
Larvaa with strongly reduced hyposphere 
Prototrochall  lobes 
Generall  shape of ciliary bands in platyhelminths and nemerteans*  (see under 
Alternativee phylogenetic hypotheses for Platyhelminthes) 
Ciliatedd larvae without bivalved shells*  (see under Alternative phylogenetic 
hypothesess for Nemertea) 
Pelagicc larvae with apical ciliary tuft and plate*  (see under Alternative phylogenetic 
hypothesess for Nemertea) 
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Cerebrall  rhabdomeric larval ocelli or integumentary pigment cups*  (see under 
Alternativee phylogenetic hypotheses for Nemertea) 

Bodyy cavities 

Secondaryy body cavity, coelom 
Histologicall  (ultrastructural), morphological, structural definition 
Ontogeneticc source 
Developmentall  or morphogenetic mode 

Coelomocytes s 
Laterall  coelom derived from mesodermal bands*  (see under Alternative 
phylogeneticc hypotheses for Nemertea) 

Nervouss system and sensory organs 

Statocysts s 
Adultss with apical nervous system only*  (see under Alternative phylogenetic 
hypothesess for Platyhelminthes) 
Cerebrall  ganglion, brain 
Adultt brain derived from or associated with larval apical organ 
Seriall  repetition of nerve collaterals 
Orthogonall  nervous system* (see under Alternative phylogenetic hypotheses for 
Platyhelminthess and below under Serial repitition of nerve collaterals) 
Twoo ventrolateral or one primitively paired ventral nerve cord*  (see under 
Alternativee phylogenetic hypotheses for Nemertea) 
Ventrall  nervous system 
Buccall  (pharyngeal) ganglion*  (see under Alternative phylogenetic hypotheses for 
Gnathostomulida) ) 
Pharyngeall  nerves*  (see under Alternative phylogenetic hypotheses for 
Gnathostomulida) ) 
Caudall  ganglion*  (see under Alternative phylogenetic hypotheses for 

Gnathostomulida) ) 

Nephridiall  characters 

Protonephridia a 
Podocytes/terminall  cells/nephrocytes 
Multiplee protonephridial terminal cells*  (see under Alternative phylogenetic 
hypothesess for Gnathostomulida) 
Protonephridiall  terminal cell fenestrations*  (see under Alternative phylogenetic 
hypothesess for Gnathostomulida) 
Seriall  protonephridia*  (see under Alternative phylogenetic hypotheses for 
Gnathostomulida) ) 
Protonephridiaa with channel cell completely surrounding lumen 
Muscles s 
Musclee cells 
Subepidermall  muscle sheet derived from 4d-mesentoblast*  (see under Alternative 
phylogeneticc hypotheses for Platyhelminthes) 
Dermall  circular (or external transverse) muscular fibers*  (see under Alternative 
phylogeneticc hypotheses for Nemertea) 
Z-elementss present as Z-dots*  (see under Alternative phylogenetic hypotheses for 
Gnathostomulida) ) 
Cross-striatedd pharynx muscles connected to jaw elements through epithelial cells* 
(seee under Alternative phylogenetic hypotheses for Gnathostomulida) 



Smoothh muscles*  (see under Alternative phylogenetic hypotheses for 
Gnathostomulida) ) 

Digestivee system 

Intestinall  cell ciliation 
Anus s 
Completee gut with mourn arising from blastopore*  (see under Alternative 
phylogeneticc hypotheses for Nemertea) 
Jaww elements with tube-like support rods composed of electron lucent material 
surroundingg an electron-dense core*  (see under Alternative phylogenetic hypotheses 
forr Gnathostomulida) 
Mouthh region with chitinous membrane* (see under Alternative phylogenetic 
hypothesess for Gnathostomulida) 
Pharynxx shape triangular or star-shaped* (see under Alternative phylogenetic 
hypothesess for Gnathostomulida) 

Miscellaneouss characters 

Frontall  gland complex 
Locomotion n 
Lackk of mitosis in somatic or epidermal cells (eutely) 
Chitinn and chitinase*  (see under Alternative phylogenetic hypotheses for 
Platyhelminthes) ) 
Lophotrochozoann complement of Hox genes 
Septatee junctions 
Closedd blood vessels 
Segmentedd or serial mesodermal structures*  (see under Alternative phylogenetic 
hypothesess for Nemertea) 
Compoundd cilia 
Respiratoryy pigments 
Gliointerstitiall  cell system 

EPIDERMISS AND CUTICLE 

Multiciliatee epidermal cells 

Multiciliat ee epidermal cells may have multiple separate cilia or 
compoundd cilia. 

CharacterCharacter coding 

S12:: ciliation of epidermal cells monociliate/multiciliate/no cilia 
P13:: ciliated epidermis a/p with monociliated cells/p with multi- or mono- and 
multiciliatedd cells 
P14:: densely multiciliated epidermis a/p 
H4;; Wa7: epidermis with monociliated cells/polyciliated cells 
£31:: multiciliary epidermis with ciliated rootlets a/p 

ScoringScoring conflicts of multiciliated epidermal cells 

absentt present (also 
polymorphic) ) 

Phoronidaa P13; E31 S12 
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Brachiopodaa P13; E31 S12 
Chordataa E31 P13 

CharacterCharacter scoring and phylogenetic significance 

Epidermall  cells in phoronids are typically monociliate (Herrmann, 
1997).. The presence of multiciliated epidermal cells as is scored for S12 
iss doubtful. Although Gilmour (1978) reported the presence of 
multiciliatedd cells on the tentacles of actinotroch larvae, subsequent 
studiess could not confirm their presence (Nielsen, 1987; Pardos et al., 
1991;; Nielsen & Riisgard, 1998). Only mono- and sparse biciliate cells 
weree reported. 

AA similar situation pertains to the reports of multiciliated 
epidermall  cells in Brachiopoda. Whereas Gilmour (1981) reported the 
presencee of multiciliated tentacular epidermal cells, their presence was 
nott confirmed by later studies (Nielsen, 1987; Nielsen & Riisgard, 1998; 
Nielsen,, 2001). 

Thee presence of multiciliate cells in the ground pattern of 
Chordataa (P13) is unlikely, given the predominance of non-ciliated 
epidermall  cells in chordates, and the presence of scattered monociliated 
cellss in the epidermis of cephalochordates (Ruppert, 1997; Nielsen, 
2001). . 

Thee distribution of multiciliate epidermal cells in the analyses of 
Sorensenn et al. (2000) and Peterson & Eerrtisse (2001) is consistent with 
theirr interpretation as a autapomorphy of Acrosomata (equivocal in 
Sorensenn et al., 2000). However, convergence of multiciliate cells is 
likelyy as is indicated, for example, by their sporadic occurrence in 
cnidarianss (Nielsen, 2001), and the likelihood of their evolution within 
Gastrotrichaa (Hochberg & Litvaitis, 2000). 

Cuticlee layers 

Cuticless that cover the body surface of metazoans come in many guises, 
fromm a simple, thin glycocalyx interspersed between epidermal 
microvill ii  to thick, multilayered 'true' cuticles that may even form 
adorningg structures such as spines, scales and hooks, and that may 
overlayy epidermal cells lacking microvilli (Rieger, 1984). Different types 
off  cuticle are generally distinguished on the basis of differences in the 
numberr of layers, their ultrastructural appearance (e.g., granular, 
fibrillar ,, laminate), and their chemical composition (containing collagen 
orr chitin). A general terminology for cuticle layers across different phyla 
distinguishess an outermost epicuticle (often laminate), a middle 
exocuticlee (often proteinaceous), and a innermost endocuticle (often 
fibrillar )) (see Lemburg, 1998 and Schmidt-Rhaesa et al., 1998 for useful 
reviews). . 

CharacterCharacter coding 

Hl ;;  Z193: cuticle simple/two-layered 
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Eh3:: stratified cuticle with epicuticle and basal layer a/p 

CharacterCharacter scoring and phylogenetic significance 

Althoughh no attempt is made here to present a complete discussion of 
cuticularr  organization throughout the Metazoa, some comments on the 
adoptedd coding and scoring of HI  and Z193 are in order. Haszprunar 
(1996a)) introduced a character  (HI ) on cuticle layering into a cladistic 
analysiss of spiralians. Haszprunar  (1996a) based his character  coding 
primaril yy upon earlier  work by Rieger  (1980, 1981, 1984). The two 
characterr  states of HI  distinguish a simple cuticle, which is equivalent 
too a glycocalyx, from a more complex cuticle that is composed of two 
layers,, an outer  thin epicuticle and a thicker  basal layer. The latter 
characterr  state was proposed as a synapomorphy of Trochozoa, 
Nemerteaa and Lobatocerebrum (with one reversal to a glycocalyx covered 
epidermiss in Nemertea). However, the phylogenetic significance of a 
layeredd cuticle could not be fully appreciated within the context of the 
limitedd sample of protostome phyla included in Haszprunar's study. 

Subsequently,, Zrzavy et al. (1998) introduced the same character 
(Z193)) with identical coding for  the first time into a cladistic analysis of 
alll  metazoan phyla. However, the scoring of Z193 does not accurately 
reflectt  the cuticular  organization of many phyla. Although all phyla 
alsoo included in the analysis of Haszprunar  (1996a) were scored 
identicallyy (and correctly) for  Z193, the scoring for  many other 
bilateriann phyla is problematic. First, all lophophorate and 
deuterostomiann phyla were scored as having a simple cuticle 
(glycocalyxx only). This scoring ignores the (bi- or  multi- ) layered 
cuticless that are present in a number  of these taxa, including 
echinoderms,, brachiopods, ectoprocts, possibly urochordates (often 
containingg cells; fig. 8A in Burighel &  Cloney, 1997), and even 
cnidarianss (Rieger, 1980,1984; Byrne, 1994; Cavey &  Markel, 1994; Chia 
&&  Koss, 1994; Heinzeller  &  Welsch, 1994; Smiley, 1994; Mukai et al., 
1997;;  Williams, 1997). The cuticle of these phyla exhibit varying degrees 
off  similarit y to those found in non-ecdysozoan protostomes, and are 
certainlyy not simple glycocalices. 

Second,, the bilaterian phyla that were scored as '?' for  cuticle 
organizationn such as chaetognaths, echiurans, and cycliophorans, also 
exhibitt  a cuticle ultrastructur e that closely resembles the cuticle found 
inn taxa that were scored as possessing a layered cuticle (Pilger, 1993; 
Funch,, 1996; Funch &  Kristensen, 1997; Shinn, 1997). 

Third ,, panarthropods and cycloneuralians were scored as 
possessingg two-layered cuticles, similar  to those observed in 
trochozoanss and Lobatocerebrum. Interestingly, recent studies have 
yieldedd more detailed information on cuticle structure in these taxa 
whichh clearly shows their  distinct organization, and which has been 
usedd to help resolve their  relationships (Neuhaus, 1994; Neuhaus et al., 
1996;;  Lemburg, 1995,1998; Schmidt-Rhaesa et al., 1998). In particular , a 
bilayeredd cuticle with (tri)laminat e epicuticle and proteinaceous basal 
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layerr  is considered as a synapomorphy of cycloneuralians (see also 
Eh3),, while a trilayered cuticle with a (tri)laminat e epicuticle, a 
proteinaceouss median layer  (exocuticle) and a fibrilla r  basal layer 
(endocuticle)) with chitin is considered a synapomorphy of either 
introvertanss or  ecdysozoans (Ehlers et al., 1996; Neuhaus et al., 1996, 
1997b;;  Lemburg, 1998; Schmidt-Rhaesa et al., 1998). However, it should 
bee noted that a considerable degree of ultrastructura l variation may be 
observedd between different phyla, as well as withi n single phyla 
accordingg to the body region or  the ontogenetic stage that is being 
considered.. For  example, Nematoida lack chitin in the basalmost cuticle 
layer,, adult nematomorphans lack the trilaminat e epicuticle and the 
cycloneuraliann pharyngeal and epidermal cuticle may show variation in 
bothh organization and composition (for  example in spines and scalids) 
(e.g.,, Ruppert, 1982, 1991b; Neuhaus et al., 1997a; Lemburg, 1998). 
Wagelee et al. (1999) and Wagele &  Misof (2001) recently criticized the 
phylogeneticc value of a complex cuticle character, such as a trilayered 
cuticlee with trilaminat e epicuticle and chitinous endocuticle, by 
decomposingg it into smaller  trait s that show less than perfect 
congruencee in their  distribution . I agree with Zrzavy (2001) that such 
reductionismm is of limited value when pushed too far, but it raises the 
interestingg issue of how to demarcate characters. Because this detailed 
informationn on cuticle morphology has not yet been included in a 
comprehensivee cladistic analysis of metazoan relationships, the exact 
patternn of cuticle evolution remains to be determined. Nevertheless, 
Rieger'ss (1984) suggestion of the likelihood of convergent 
specializationss in cuticle structure in different lines of metazoans 
appearss to be supported to a certain degree by recent ultrastructura l 
studies.. For  example, an epicuticular  organization similar  to the 
trilaminat ee epicuticle proposed for  the introvertan or  ecdysozoan 
groundd patterns has also been observed for  Cycliophora, and some 
molluscss and brachiopods. However, in molluscs and brachiopods the 
modee of formation of the epicuticle appears to differ  from that of 
introvertanss and panarthropods. In these latter  groups the epicuticle is 
secretedd by the tips of epidermal microvill i (Schmidt-Rhaesa et al., 
1998).. Finally, considerable variation in cuticular  layering withi n 
monophyleticc phyla further  indicates the likelihood of at least a certain 
amountt  of convergent evolution (Ruppert, 1982; Wright , 1991). 

REPRODUCTIONN AND SEXES 

Sexes s 

AA number  of cladistic analyses have coded characters with alternative 
characterr  states for  the presence of separate sexes (gonochorism, 
monoeciouss sexual system), or  hermaphroditism (dioecious sexual 
system).. These studies did not attempt to distinguish different types of 
hermaphroditism,, such as simultaneous or  sequential hermaphrodites 
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(protandry,, protogyny), or whether the male and female gonads are 
separatee or part of the same (hermaphroditic) organ. 

QiaracterQiaracter coding 

Z126;;  E117: sex condition gonochoristic/hermaphroditic 
Ca6::  sexes not always separate/always separate 
C22::  animals dioecious/monoecious/dioecious (dioecious system in vertebrates is 
codedd separately) 
Me40::  reproduction monoecious/dioecious 
Wa28::  hermaphroditism a/p 

ScoringScoring conflicts of sexual system (gonochoristic [dioeciousj/hermaphroditic 
[monoecious]) [monoecious]) 

Urochordata a 
Fterobranchia a 
Phoronida a 
Ectoprocta a 
Kinorhyncha a 
Friapulid a a 
Nematoda a 
Nematomorpha a 
Polychaeta a 
Sipuncula a 
Mollusca a 

Nemertea a 
Cnidaria a 

gonochoristic c 
E1177 (Chordata) 
Z126;;  C22 
E117;;  C22 
Z126;C22 2 
E117 7 
E117 7 
Z126;E117 7 
Wa28 8 
Z126 6 
Z126 6 
E1177 (based on 
aculiferans) ) 

E117 7 

hermaphroditi c c 
C22 2 

Ca6 6 
Z126;;  Wa28 
Z126,Wa28 8 
Wa28 8 

Wa28 8 

Z126 6 

? ? 
Z126 6 

Z126 6 

Z126 6 

Z126 6 

Z126 6 

polymorphic c 

Ca6 6 
Ca6 6 

Ca6 6 

E117 7 

CharacterCharacter scoring and phylogenetic significance 

Thee scoring conflicts reveal that there is substantial disagreement about 
thee nature of the sexual system in various phyla. 

Itt is beyond doubt that hermaphroditism is plesiomorphic for 
urochordatess as it is characteristic of almost all ascidians, all 
appendicularians,, except the 'model system' Oikopleura dioica which has 
separatee sexes, and all thaliaceans (Cloney, 1990; Godeaux, 1990; Gait & 
Fenaux,, 1990; Burighel & Cloney, 1997; Fenaux, 1998). Consequently, 
thee scoring of Z126 should be changed. The scoring of gonochorism for 
Chordataa in Eernisse et al. (1992) is ambiguous because urochordates 
aree typically hermaphroditic whereas cephalochordates and vertebrates 
aree typically gonochoristic. 

Thee unambiguous scoring of gonochorism for pterobranch 
hemichordatess for Z126 and C22 is inaccurate. Although 
rhabdopleuridss are gonochoristic, cephalodiscids can also be 
hermaphroditicc (Goldschmid, 1996b; Benito & Pardos, 1997), which 
justifiess the scoring of a polymorphism as is done for Ca6 
(Christoffersenn & Araujo-de-Almeida, 1994, included cephalodiscids 
andd rhabdopleurids as separate terminal taxa). 
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Thee unambiguous scoring of gonochorism for  phoronids (Z126, 
C22)) should be adjusted because both gonochoristic and 
hermaphroditi cc species are known (Zimmer, 1991; Herrmann, 1997), 
andd the plesiomorphic state appears uncertain at present. 

Thee scoring of gonochorism for  ectoprocts (Z126, C22) should be 
adjusted.. While all known ectoproct colonies are hermaphroditic, 
commonn gonochoristic zooids are mostly restricted to the 
stenolaemates,, while zooids are typically hermaphroditi c in 
gymnolaematess and phylactolaemates. Although the phylogenetic 
relationshipss of the major  groups of ectoprocts remain disputed 
(Woollacottt  &  Harrison, 1997; Nielsen, 2001), a recent morphological 
cladisticc analysis indicates that stenolaemates are not likely to be 
representativess of the plesiomorphic ectoproct (Todd, 2000). Moreover, 
itt  should be noted that the terminal taxon Bryozoa (Ectoprocta) in 
Zrzavyy et al. (1998) is solely comprised of gymnolaemates and 
phylactolaemates. . 

Thee scoring of Z126 and Wa28 for  kinorhynchs is erroneous. All 
knownn kinorhynchs have separate sexes (Needham, 1989; Kristensen & 
Higgins,, 1991; Lorenzen, 1996g). 

Priapulid ss are plesiomorphically gonochoristic (although 
occasionall  hermaphroditic individuals are known), in contrast to the 
scoringg for  Z126 and Wa28 (Storch, 1991; Storch et al., 2000). 

Nematodaa are typically gonochoristic (Bird &  Sommerville, 1989; 
Wright ,, 1991; Lorenzen, 1994), with occasional hermaphrodites, in 
contrastt  to the scoring for  Wa28. 

Nematomorphanss are gonochoristic (Bird &  Sommerville, 1989; 
Bresciani,, 1991) in contrast to the scoring for  Z126. 

Thee unambiguous scoring of hermaphroditism for  polychaetes in 
Wallacee et al. (1996) is misleading. Polychaetes are typically 
gonochoristic,, but hermaphroditism has evolved multipl e times 
independentlyy withi n different polychaete families (Schroeder  & 
Hermans,, 1975; Westheide, 1996; Fischer, 1999). 

Thee polymorphic scoring of Ca6 for  sipunculans is overly 
cautious.. Sipunculans are gonochoristic with the exception of one 
speciess (Golfingia minuta) (Rice, 1989,1993). 

Althoughh Z126 records a '?' for  the sexual system of Mollusca, it 
iss very likely that gonochorism is the plesiomorphic state for  the 
phylum.. With the exception of hermaphroditic solenogasters for  which 
hermaphroditismm may be an autapomorphy within Mollusca, all basal 
molluscann taxa such as caudofoveates, polyplacophorans, and 
monoplacophoranss are typically gonochoristic, and gonochorism is also 
thee primitiv e state for  gastropods, bivalves, cephalopods and 
scaphopodss (Salvini-Plawen, 1990; Haszprunar, 1992; Eernisse & 
Reynolds,, 1994; Götting, 1996; Salvini-Plawen &  Steiner, 1996; 
Haszprunarr  &  Schaefer, 1997; Shimek &  Steiner, 1997; Ponder  & 
Lindberg,, 1997). 
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Althoughh hermaphroditic nemerteans are known, separate sexes 
aree more common in the phylum and gonochorism might therefore be 
regardedd as being plesiomorphic (Turbeville, 1991,1996). 

Bothh gonochorism and hermaphroditism occur within Cnidaria, 
andd the plesiomorphic state is uncertain (Schafer, 1996). 

Somee additional scoring adjustments for Z126 can be made. 
Althoughh Placozoa is scored '?' for sexual system, both sperm and 
oocytess have been observed within a single individual (Grell & 
Ruthmann,, 1991; Ruthmann, 1996), justifying the scoring of 
hermaphroditism.. Lobatocerebrum is a hermaphrodite (Rieger, 1980), and 
orthonectidd mesozoans are gonochoristic with only one exception (Ax, 
1995;; Haszprunar, 1996c). 
Thee prevalence of scoring problems necessitates a re-analysis of the 
phylogeneticc significance of the nature of the sexual system in the 
Metazoa.. However, what is clear is that this character is very variable 
bothh between and within phyla, and for several phyla the ground 
patternn remains uncertain (e.g., cnidarians, phoronids). Convergent 
changess in the sexual system are documented within many established 
monophylaa such as brachiopods (Long & Strieker, 1991), molluscs 
(Eernissee & Reynolds, 1994), annelids (Schroeder & Hermans, 1975; 
Glasbyy et al., 2000), tardigrades (Dewel & Dewel, 1997), and nematodes 
(Lorenzen,, 1994). 

Ann interesting question that remains to be addressed is what 
polarityy of evolutionary change is more common: from gonochorism to 
hermaphroditismm or vice versa? As a first estimate on the basis of a 
revieww of the published literature I think that there is a bias towards the 
evolutionn of hermaphroditism from gonochorism. Even in highly 
speciosee taxa that are plesiomorphically hermaphroditic such as 
clitellates,, platyhelminths or urochordates, changes from 
hermaphroditismm to separate sexes appear to be very rare. This picture 
iss consistent with the situation found in less speciose, and primitively 
hermaphroditic,, phyla such as gnathostomulids, ctenophores, and 
chaetognaths,, where changes to separate sexes are unknown. 
Interestingly,, in the one primitively hermaphroditic phylum where a 
significantt number of species did change their sexual system, the 
Gastrotricha,, the change has not been towards gonochorism but to a 
uniquee lif e cycle of parthenogenetic reproduction followed by 
simultaneouss hermaphroditism during the lif e of a single individual 
(chaetonotidd gastrotrichs: Weiss, 2001). Obviously, further research is 
neededd to establish more precise estimates of the relative frequency of 
changee from one sexual system to another. 

Asexual/sexuall  reproduction 

Asexuall  (vegetative) reproduction may be effected through a diversity 
off  means, such as budding, fission, or development from an unfertilized 
ovumm (parthenogenesis), and asexual reproduction is the sole means by 
whichh many phyla form their distinctive colonies. However, it seems 
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hardlyy possible to find sufficient similarities between the diverse modes 
off  asexual reproduction in different phyla to propose primary 
homologyy of all these processes throughout the entire Metazoa. 

CharacterCharacter coding 

H30;; Z128: asexual (vegetative) reproduction dominant/rare, absent 
Wa33:: agamic reproduction (fission or budding) a/p 
Wa27:: parthenogenesis a/p 

ScoringScoring conflicts for relative frequency of asexual reproduction 

Catenulida a 
Gnathostomulida a 
Folychaeta a 
Clitellat a a 

dominant t 

Z128 8 

raree or 
absent t 
H30 0 
H30 0 
H30 0 
H30 0 

? ? 

Z128 8 
Z128 8 
Z128 8 

CharacterCharacter scoring and phylogenetic significance 

First,, it should be noted that the alternative character states are not 
unambiguouslyy determined as long as no explicit cut-off point is 
definedd that separates rare from dominant occurrence of asexual 
reproduction.. The relative frequency of a trait within a higher taxon is 
lesss relevant for reconstructing a ground pattern than is their 
distributionn within that group. The scored ground patterns are thus 
inherentlyy uncertain for H30 and Z128. 

Asexuall  reproduction by parthenogenesis and budding 
(paratomy)) is the dominant reproductive mode in catenulid 
platyhelminthss (Rieger, 1986b; Rieger et al., 1991b), contra the scoring of 
H30. . 

Asexuall  reproduction is unknown in gnathostomulids, justifying 
thee scoring of H30. 

Asexuall  reproduction by diverse means is found in various 
polychaetess and clitellates (Schroeder & Hermans, 1975; Needham, 
1990),, but whether the ability for asexual reproduction is primitive for 
thesee clades appears uncertain. 

Dominantt asexual reproduction is an imprecisely defined 
characterr that is certainly not a reliable autapomorphy for 
Plathelminthomorphaa (scored "?" for several platyhelminths and 
gnathostomulids).. The scoring of this character in Zrzavy et al. (1998) is 
puzzling.. For example, dominant asexual reproduction is scored for 
taxaa where: 1) the normal lif e cycle consists of an asexual and sexual 
partt such as in Cycliophora (Funch & Kristensen, 1997), 2) where 
asexuall  species are known but where asexual reproduction is neither 
thee only reproductive mode, nor present in the majority of species, such 
ass in Echinodermata (Holland, 1991; Chia & Walker, 1991; Hendler, 
1991;; Smiley et al., 1991), 3) where the scoring is simply incorrect, such 
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ass in Nemertodermatida (Lundin &  Sterrer, 2001), Enteropneusta 
(Hadfield,, 1975), Cephalochordata (Ruppert, 1997; Whittaker , 1997), or 
scalidophoranss and nematoidans (Lorenzen, 1996b). In contrast, 
urochordatess which frequently exhibit asexual reproduction, are 
unambiguouslyy scored as showing rare or  no asexual reproduction. The 
unambiguouss scoring of rare or  absent asexual reproduction in the 
entirelyy parthenogenetic bdelloid rotifer s seems to indicate that only 
asexuall  reproduction through budding or  fission processes are scored 
forr  Z128. Furthermore, a certain extent of convergent evolution of 
asexuall  reproduction appears undeniable in taxa where sexual 
reproductionn is the dominant and arguably primitiv e mode, such as in 
Sipunculaa (Rice, 1975), Pogonophora (according to Southward, 1975 
asexuall  reproduction is only present in Sclerolinum species; see 
Halanychh et al., 2001 and Rouse, 2001 for  molecular  and morphological 
estimatess of its phylogenetic position within the pogonophores), and 
Tardigradaa (Pollock, 1975; Dewel et al, 1993). It is clear  that a thorough 
re-assessmentt  of asexual reproduction for  futur e cladistic analyses is 
imperative. . 

Wa333 scored agamic reproduction present for  priapulids, but all 
knownn priapulid s reproduce solely sexually (Land, 1975). 

Wa277 codes for  the presence of parthenogenesis, and gastrotrichs, 
nematodes,, and rotifer s are unambiguously scored as possessing 
parthenogenesis.. Although the presence of parthenogenetic 
reproductionn in bdelloid (obligate) and monogonont (facultative) 
rotifer ss provides some certainty about the ground pattern state, it is far 
fromm obvious that parthenogenesis is part of the nematode ground 
patternn (Lorenzen, 1996a), while the phylogenetic distributio n of 
parthenogenesiss in gastrotrichs clearly suggests that it evolved within 
thatt  phylum (Hochberg &  Litvaitis , 2000; Weiss, 2001). These findings 
supportt  convergent evolution of parthenogenesis in these phyla. 

Thee evolutionary significance of asexual modes of reproduction 
hass fascinated zoologists throughout the history of zoology. 
Interestingly,, from Huxley (1859) to Buss (1983, 1987) research on 
asexuall  reproduction can be regarded as taking place within the same 
broaderr  context: to arriv e at a satisfactory explanation of the nature and 
originn of individuality . In a first attempt at classifying the divergent 
modess of asexual reproduction found throughout the animal kingdom, 
Huxleyy (1859: 219) wrote that "al l these modes of development pass 
intoo one another"  (see Desmond, 1994 for  the fascinating context of 
Thomass Huxley's work on parthenogenesis, and the role of this 
researchh in fueling his own ascent in the scientific community by 
polarizingg his views opposite to those of the zoological doyen of 
Victoriann England, Richard Owen). However, in view of the lack of 
similarit yy between the different modes of asexual reproduction, one 
cannott  maintain the validity of a broadly construed character  such as 
H300 and Z128. Nevertheless, various recent hypotheses for  the origin of 
higher-levell  taxa have assumed the importance of asexual processes of 
reproduction,, especially when budding results in colonial organization. 
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Thee origin of Eumetazoa, Bilateria, Deuterostomia, and even Vertebrata 
havee recently been derived from a primitively colonial organization 
(Rieger,, 1986a, 1988, 1994a, b; Rieger et al. 1991a; Lacalli, 1997, 1999, 
2000;; Dewel, 2000), and coloniality in phyla such as entoprocts, 
pterobranchss and urochordates may consequently be regarded as 
plesiomorphic.. However, the hopes for phylogenetically linking 
colonialityy in different phyla should be tempered by recent insights 
(largelyy from molecular phylogenetics) that suggest that coloniality, 
evenn where it occurs in a dominant proportion of the species, has 
evolvedd independently within phyla. For example, although a cladistic 
frameworkk of relationships is still lacking for entoprocts, there appears 
too be agreement among recent workers that the solitary entoprocts of 
thee family Loxosomatidae may represent a paraphyletic grade giving 
risee to the monophyletic colonial forms (Nielsen, 1995; Emschermann, 
1996).. Interestingly, 18S rDNA sequence data suggests that the colonial 
pterobranchss arose from within the solitary enteropneusts (Cameron et 
a l,, 2000), while coloniality has arisen a number of times convergently 
withinn the ascidians (Swalla et al., 2000; Swalla, 2001). One potential 
pathwayy to further our understanding of asexual modes of 
reproduction,, especially cases of budding or fission, that has proven 
profitablee is to explore the relationship with regenerative capacities in 
bothh adult and larval metazoans, especially in terms of the deployment 
off  similar sets of genes in these forms of non-embryonic development 
(Vickeryy & McClintock, 1998; Bely & Wray, 1999; Lacalli, 1999). 

Modee of sperm deposition and mode of fertilization 

Variouss studies have included characters on mode of sperm deposition 
orr sperm transfer, and mode of fertilization. Clearly, these aspects of 
reproductivee biology are closely linked to each other, as they are to 
otherr characters such as sperm morphology (see under Filiform sperm). 
However,, because an exact correlation is lacking, serious difficulties of 
characterr coding are introduced when a broad range of phyla are 
analyzed. . 

CharacterCharacter coding 

A13:: internal sperm deposition and internal fertilization 
Directt sperm transfer and internal fertilization in Ax (1985,1989,1995) 
Eh4:: internal fertilization a/p 
E119:: external fertilization/direct internal fertilization 
Me44:: copulation: intradermic/vaginal 
Wa29:: hypodermic impregnation a/p 

CliaraderCliarader scoring and phylogenetic significance 

Itt is difficult to identify natural suture lines along which to parse the 
diversityy of modes of sperm transfer and fertilization observed in the 
animall  kingdom. Some characters only code mode of sperm transfer. 
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suchh as Me44 and Wa29, while other  combine modes of sperm transfer 
andd fertilization , such as A13 and E119. Each of these coding decisions 
hass its specific strengths and weaknesses. 

Inn the invertebrate zoology literatur e a common distinction is 
madee between direct and indirect sperm transfer, with direct sperm 
transferr  being restricted to instances of true copulation, in which sperm 
iss directly deposited into the genital openings of the partner, usually 
throughh the penetration of a penis. This equates direct sperm transfer 
(copulation)) with internal sperm deposition in the genital system. All 
otherr  modes of sperm transfer  in which contact between sexual partners 
mayy be required, but in which gametes are not deposited directly into 
thee genital system are referred to as indirect transfer. This terminology 
iss applied to very different phyla. Concrete examples of indirect sperm 
transferr  are hypodermic insemination and dermal impregnation 
(depositingg sperm under  the epidermis or  on the outside of the body, 
respectively),, as found, for  example, in various platyhelminths and 
onychophorans.. Instances of true copulation in which sperm is 
transferredd into the female genital opening is classified as direct sperm 
transferr  in these two phyla (Galleni &  Gremigni, 1989; Ruhberg, 1990). 
Itt  should be noted that the term 'copulation' is rather  artificiall y 
restrictedd to instances of direct sperm transfer  or  internal sperm 
deposition,, and it might as well be regarded to refer  to indirect modes 
off  sperm transfer  whenever  there is physical contact between the sexual 
partnerss (in agreement with the coding of Me44). There is at least a gray 
areaa between direct and indirect modes of sperm transfer  which makes 
itt  difficul t to characterize some phyla. For  example, chaetognaths 
exhibitt  a distinctive mating behavior  (Shinn, 1997) which is followed by 
aa so-called pseudo-copulation which does not involve a penetration, but 
thee sperm is nevertheless deposited on the outside of the partner' s 
gonoporee (Kapp, 1996; Shinn, 1997). It should thus be classified as 
indirectt  sperm transfer. Were the sperm deposited on the inside of the 
gonopore,, we would call it direct sperm transfer. 

Itt  is difficul t to determine primar y homology of mode of sperm 
depositionn or  transfer  in different phyla, because there is much 
variationn in the exact details, even within closely related phyla, such as 
gastrotrichs,, platyhelminths and gnathiferans. 

Theree are two clear  alternative character  states for  mode of 
fertilization ::  external and internal. External fertilizatio n refers to fusion 
off  the male and female gametes outside the body of the parent, while 
internall  fertilizatio n refers to fusion of the gametes inside the body of 
thee parent. However, introducing such a simple character  with two 
characterr  states into a phylogenetic analysis of all animal phyla would 
bee grossly misleading. It cannot be defended that all instances of 
internall  fertilizatio n found in the Metazoa are homologous. There are 
twoo reasons for  this conclusion. 

First,, mode of fertilizatio n can be quite variable within phyla, and 
internall  fertilizatio n has evidently evolved convergently withi n 
establishedd monophyletic phyla. Examples can be found in phyla 
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distributedd among all the major  clades of metazoans, such as 
cnidarians,cnidarians, molluscs, annelids, priapulids, echinoderms, and 
urochordatess (Haszprunar, 1988; Fautin et al., 1989; Storch, 1991; Rowe 
ett  al., 1991; Rice, 1992; Burighel &  Cloney, 1997; Ponder  &  Lindberg, 
1997).. The variabilit y in reproductive modes can be extensive in some 
cases.. For  example, massive diversity and probably extensive 
convergencee in reproductive and developmental patterns characterizes 
thee Annelida (Fischer, 1999). A minimum estimate of 25% of all 
describedd polychaete families show more than one mode of fertilizatio n 
(Glasbyy et al, 2000). However, this does not preclude, in principle, the 
possibilityy of homology of internal fertilizatio n in at least some phyla. 

Second,, the association of internal fertilizatio n with very different 
modess of sperm transfer  makes homology of internal fertilizatio n across 
thee Metazoa exceedingly unlikely. For  example, there is littl e reason to 
positt  primar y homology of the internal fertilizatio n found in 
acanthocephalanss and phoronids. Acanthocephalan males use their 
highlyy specialized copulatory bursa to attach to a female, after  which 
thee male's penis papilla is inserted into the female's vagina for  internal 
spermm transfer  and fertilizatio n (Crompton, 1989; Lorenzen, 1996f). In 
contrast,, phoronids spawn their  sperm freely in the seawater. When the 
sperm,, bundled into a spermatophore, comes into contact with a 
tentaclee of another  individual , the spermatophore dissolves into a mass 
off  amoeboid sperm which digests itself through the wall of the 
recipient'ss tentacle to enter  into the mesocoelom. For  other  phoronid 
speciess it has been assumed that sperm is swallowed and then reaches 
thee body coelom through the stomach wall (Zimmer, 1991,1997). Rather 
thann supporting homology of internal fertilizatio n in these two taxa, it is 
temptingg to speculate that this information suggests independent 
evolutionn of internal fertilizatio n as part of reproductive strategies that 
adaptt  acanthocephalans and phoronids to their  respective life styles. 
Acanthocephalanss are obligatory endoparasites residing as adults in the 
digestivee system of vertebrates, an environment likely to be unfavorable 
too the survival and migration of sperm, and phoronids are sessile 
animalss that might boost fertilizatio n success for  a modest number  of 
eggss through internal fertilizatio n (although the data is merely 
suggestive,, the phoronid's closest relatives, the brachiopods, exhibit 
externall  fertilization , and appear  to spawn larger  numbers of eggs; 
Longg &  Strieker, 1991; Zimmer, 1991). Actual fertilizatio n is a very 
rarelyy observed phenomenon in many phyla. Consequently, it is not 
surprisingg to note that the determination of mode of fertilizatio n is 
typicallyy based upon indirect methods. The presence of internal 
fertilizatio nn may be inferred on the basis of diverse clues, such as sperm 
morphology,, the observation of sperm on, or  in, a 
female/hermaphroditicc animal (e.g., entoprocts; Nielsen, 2001), the 
presencee of specialized organs for  receiving sperm such as seminal 
receptacles,, the presence of structures used in copulation such as male 
claspers,, the observation of the act of copulation such as in 
gnathostomulidss (Mainitz , 1989), or  the observation of fertilization -
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relatedd physical changes in the oocyte before it is released from the 
animall  (e.g., formation of a fertilization membrane and commencement 
off  cleavages in placozoan oocytes; Grell & Ruthmann, 1991; Ruthmann, 
1996).. Even the developmental mode of an animal has been used to 
inferr mode of fertilization. For example, direct development is accepted 
ass indicative of internal fertilization in Meiopriapulus (Storch et al., 2000: 
16).. This interpretation is apparently supported by the ultrastructure of 
thee thread-like sperm in Meiopriapulus (fig. 9A in Storch, 1991) which 
stronglyy resembles that of the meiobenthic Tubiluchus for which internal 
fertilizationn has been ascertained. Unfortunately, Fig. 9 in Storch (1991) 
iss most likely mislabeled. The text (p. 345,346) unambiguously refers to 
fig.. 9 as representing Tubiluchus, and Ahlrichs (1995: 248) additionally 
notedd that the labeling of Storch's fig. 9 contradicts an earlier 
publication.. We may conclude that sperm ultrastructure for 
MeiopriapulusMeiopriapulus remains as yet unknown. In conclusion, although the use 
off  indirect criteria to infer fertilization mode is a virtual practical 
necessity,, and although it may yield reasonably reliable results in many 
groups,, it should nevertheless be practiced with caution (see Rice, 1992; 
Rousee & Pitt, 2000). 

Becausee there is an undeniable correlation between mode of 
spermm transfer and fertilization, various authors have united both 
aspectss into a single character (e.g., A13, El 19, and discussions in Ax, 
1985,, 1989, 1995). Indeed, a key to recognizing the true phylogenetic 
significancee of modes of sperm transfer and fertilization is probably 
theirr simultaneous consideration. However, the lack of a perfect 
correlationn introduces difficulties. For example, intuitively one might 
expectt to find a perfect correlation between, for example, copulation 
andd internal fertilization on the one hand, and free-spawning of sperm 
andd external fertilization on the other. Indeed, such a distinction is 
recognizedd as fundamental by many zoologists with an almost 
unanimouss attendant assumption about evolutionary polarity, namely 
thee primitiveness of free-spawning of sperm and external fertilization, 
andd the derived condition of direct sperm transfer and internal 
fertilizationn (Ax, 1995: 133; Rieger, 1996a: 203; Biggelaar et al., 1997: 
367).. However, copulation does not necessarily imply internal 
fertilizationn as is illustrated by the oligochaetes (Needham, 1989; 
Westheide,, 1996), and free-spawning does not necessarily imply 
externall  fertilization as is illustrated by poriferans, entoprocts, and 
phoronidss (Fell, 1989,1997; Emschermann, 1996; Zimmer, 1991,1997). 
Moreover,, direct sperm transfer and internal fertilization may be 
primitivee for certain taxa (Rouse & Fitzhugh, 1994; McHugh & Rouse, 
1998),, and the hypothesis that these characteristics may also be 
primitivee for supraphyletic clades cannot be discounted without 
argumentt at the current time (Olive, 1985; Buckland-Nicks & Scheltema, 
1995). . 

Finally,, it is instructive to scrutinize and compare the adopted 
characterr coding and scoring in the different cladistic analyses. Wa29 
andd Me44 are restricted to coding mode of sperm transfer only. There 
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aree some scoring difficultie s associated with Wa29. Gnathostomulida 
aree scored as lacking hypodermic impregnation. However, 
filospermoideanss probably inject their  sperm into the body of the 
partnerr  (Mainitz, 1989; Sterrer, 1996), while hypodermic impregnation 
iss also a possibility for  scleroperalian bursovaginoids (Mainitz , 1989). 
Furthermore,, the unequivocal scoring of hypodermic impregnation for 
Rotiferaa is based upon its presence in monogonont rotifer s (Clément & 
Wurdak ,, 1991). The character  is inapplicable in the entirely female 
bdelloids,, and is not found in Seison. Seison mating has not been 
observedd (Gilbert , 1989; Ahlrichs, 1995), but it is likely that the male 
transferss a spermatophore to the female (possibly into the cloacal 
opening)) using a longitudinal fold of the head region (Ahlrichs, 1995). 
Pendingg the resolution of conflicting phylogenies of rotifer s and 
acanthocephalanss on the basis of molecular  and morphological data 
(Gareyy et al, 1996,1998; Melone et al., 1998; Garda-Varela et al., 2000; 
Markk Welch, 2001), the ground pattern states for  Rotifera and 
Syndermataa remain ambiguous. Furthermore, hypodermic 
impregnationn is known in other  taxa throughout the Metazoa that were 
nott  included in the analysis of Wallace et al. (1996), such as molluscs, 
onychophorans,, and tardigrades (Bertolani, 1990; Brahmachary, 1989; 
Ruhberg,, 1990). However, the scattered distributio n of hypodermic 
impregnationn in these taxa, and the very variable means by which the 
processs occurs (ranging from the use of diversely organized peruses and 
peniss stylets such as in rotifer s and polychaetes, buccal stylets in 
tardigrades,, to the lysing of the mate's epidermis after  sperm deposition 
att  the body surface in onychophorans; Bertolani, 1990; Ruhberg, 1990) 
indicatee convergent evolution. However, for  more restricted sets of 
phyla,, hypodermic impregnation may yet turn out to be a 
synapomorphy. . 

Me444 homologizes intradermi c and vaginal copulation tor 
platyhelminthss and gnathiferans. Vaginal copulation is supported by 
thee analysis of Melone et al. (1998) as an unambiguous synapomorphy 
forr  Syndermata. However, the scoring of Seison as possessing vaginal 
copulationn is not supported by observations (Ahlrichs, 1995), and the 
uniquee morphology of the male reproductive system in Seison, 
includingg a headfold that functions in the take-up of sperm before 
transferr  to the female indicates that the mode of sperm transfer  is an 
autapomorphyy for  Seison. Based on current information, it is most likely 
thatt  vaginal copulation has independently evolved in the stem lineages 
off  Acanthocephala and within Monogononta where only few species 
exhibitt  this character  (Hyman, 1951b; Gilbert , 1989). A final problem 
withh Me44 is the scoring of intradermi c copulation as the character  state 
forr  an hypothetical ancestor  used for  determining character  polarity . 
Nonee of the published comprehensive morphological cladistic analyses 
supportt  a sister  group relationship between Platyhelminthes and 
Gnathiferaa as is assumed by Melone et al. (1998), and in view of the 
differentt  outgroups suggested for  these taxa in different cladistic 
analyses,, the plesiomorphic mode of copulation remains undetermined. 
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A13,, E119, and Ax (1985, 1989, 1995) link mode of sperm 
depositionn and fertilization. This is no problem for Ahlrichs (1995) and 
thee studies of Ax because they considered only restricted sets of taxa. 
However,, one should not indiscriminately unite these features in 
phylogeneticc analyses of a broad range of taxa such as done in Eernisse 
ett al. (1992) (E119). The character states of E119 do not exhibit a 
complementt relation for the selected taxa; i.e. they do not constitute 
clearr alternatives that cover the character variation observed in the 
terminall  taxa. In such a situation, misscorings are inevitable (see 
relevantt section under Platyhelminthes for further discussion of 
characterr El 19). 

Finally,, the phylogenetic significance granted to internal 
fertilizationn (and internal sperm deposition) in Ahlrichs (1995) 
(synapomorphyy of platyhelminths and gnathiferans), Ehlers et al. (1996) 
(gastrotrichh autapomorphy), and Ax (1989, 1995) (synapomorphy of 
platyhelminthss and gnathostomulids) should be reconsidered as 
potentiallyy closely related taxa also possess internal fertilization. 
Internall  fertilization is common for cycloneuralians such as in 
gastrotrichss (Ruppert, 1991b), nematodes (Wright, 1991; Lorenzen, 
1996a),, nematomorphs (Bresciani, 1991), and possibly also in 
loriciferanss (Kristensen, 1991a), and kinorhynchs (Kristensen & Higgins, 
1991).. In fact, macrobenthic priapulids are the only exceptions among 
aschelminthss in possessing external fertilization and a 'primitive' type 
spermm (generally referred to as ectaquasperm) (Storen et al., 2000). 
Curiously,, Schmidt-Rhaesa (1996) argued that the external fertilization 
andd primitive type sperm found in macrobenthic priapulids represent 
thee plesiomorphic condition for aschelminths, and that internal 
fertilizationn has evolved convergently in the different phyla. This is 
scarcelyy the most parsimonious explanation of the available data. It 
mustt be concluded that in the analyses of Ax (1989, 1995), Ahlrichs 
(1995),, and Ehlers et al. (1996), the sampling of taxa was too restricted 
forr a proper assessment of the evolutionary significance of mode of 
fertilization.. So far, mode of fertilization has not yet been submitted to a 
comprehensivee computer-assisted cladistic analysis that included all 
metazoann phyla. 

Becausee mode of sperm transfer, copulatory behavior, and 
fertilizationn mode are highly diverse, may vary within phyla, are 
functionallyy linked to each other, and are not fully congruent, and since 
theree are many different morphologies associated with these processes, 
primaryy homology should be approached with utmost care in future 
analyses. . 

Filiformm sperm 

Spermm morphology is a highly variable phylogenetic character both 
withinn (e.g., molluscs, platyhelminths, gnathostomulids, gastrotrichs), 
andd between phyla. However, two general types of sperm are 
commonlyy recognized: 
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(1)) sperm with a more or  less globular  head region, a short middle piece 
withh mitochondria, and a posterior  flagellum. 
(2)) sperm that is thread-like or  filifor m with a slender  head region and 
elongatedd nucleus and mitochondria, and a cylindrical middle piece. 

Thee first type of sperm is often designated as primitiv e and the second 
ass modified. However, the evolutionary significance of these adjectives 
shouldd be carefully assessed within the context of the studied taxa, and 
althoughh widespread in the literature , any Metazoa-wide 
generalizationss without recourse to a phylogenetic framework are on 
unstablee footing. 

Althoughh variation in sperm morphology has been used as a 
phylogeneticc indicator  on lower  taxonomie levels, its significance for 
higherr  level phylogenetics is less obvious. Nonetheless, a number  of 
recentt  studies included a character  on the absence or  presence of 
filifor mm sperm to reconstruct metazoan phylogeny (Ax, 1989, Ax, 1995; 
Eernissee et al., 1992; Ahlrichs, 1995; Zrzavy et al., 1998). 

CharacterCharacter coding 

Ell  18; Z117; A13: filiform  sperm a/p 
G5:: filifor m sperm without accessory centriole a/p 

ScoringScoring conflicts of filiform  sperm 

Rotifera a 
Acanthocephala a 

absent t 
Z117 7 
Z117 7 

present t 
A13 3 
A13 3 

CharacterCharacter scoring and phylogenetic significance 

Thee observed conflict in character  scoring illustrates the need for  the 
consistentt  adoption of an exact definition of filifor m sperm. Recent 
analysess agree in scoring platyhelminths (primaril y based upon 
acoelomorphh sperm, Watson, 1999; Raikova et al., 2001) and 
gnathostomulidss (based upon filospermoid sperm. Lammert, 1991) as 
possessingg filifor m sperm. Accordingly, Ax (1985,1989,1995), Eernisse 
ett  al. (1992), and Zrzavy et al. (1998) interpreted filiform  sperm as an 
autapomorphyy of Plathelminthomorpha (Platyhelminthes and 
Gnathostomulida).. However, Sterrer  et al. (1985) hinted that 
comparisonn with the sperm of Gastrotricha would be commendable. 
Later,, Ahlrich s (1995) also scored Rotifera and Acanthocephala present 
forr  filifor m sperm, and considered filifor m sperm as a synapomorphy of 
Platyhelminthess and Gnathifera. This scoring reflects a character 
definitionn that accommodates filifor m sperm exhibiting considerable 
ultrastrucrura ll  variation, including location of the attachment point of 
thee sperm flagellum on the cell body (posterior  if present in 
plathelminthomorphans,, anterior  and recurving to posterior  in 
syndermates),, possession of a spiral (gnathostomulids) or  non-spiral 

250 0 



nucleus,, and the presence {Seison, gnathostomulids) or absence 
(monogonontt rotifers, most platyhelminths) of acrosome vesicles. 
However,, it is unlikely that the phylogenetic significance of filifor m 
spermm has been properly resolved in any of the above mentioned 
phylogeneticc studies. Filiform sperm is also found in other phyla, both 
potentiallyy closely related as well as more distantly related to 
platyhelminthss and gnathiferans, such as Cycliophora, Entoprocta, 
Gastrotricha,, Myzostomida, Chaetognatha, Onychophora, Arthropoda 
includingg Pentastomida, and Pterobranchia (Storch, 1993; Storch & 
Ruhberg,, 1993; Eeckhaut, 1995; Benito & Pardos, 1997; Shinn, 1997; 
Funchh & Kristensen, 1997; Nielsen & Jespersen, 1997; Ruppert, 1991b; 
Ahlrichs,, 1995; Weiss, 2001). These taxa were either incorrectly scored 
ass lacking filifor m sperm (Zrzavy et al., 1998), not included in the 
analysiss (Eernisse et al., 1992), or the lack of a numerical phylogenetic 
analysiss did not yield the most parsimonious solution (Ax, 1985; Ax, 
1989,, Ax, 1995; Ahlrichs, 1995). The morphology of filifor m sperm 
variess quite considerably between different phyla, and needs to be 
carefullyy considered if one wants to adopt a character that is 
meaningfullyy applicable across the entire Metazoa. 

Franzénn (1956) highlighted the link between sperm structure and 
fertilizationn biology, and this principle has been widely accepted. 
Therefore,, in order to understand the phylogenetic significance of 
structurall  variation in metazoan sperm, we need to gain insight into the 
functionall  organization of sperm. Changes in modes of sperm transfer, 
spermm storage, and fertilization biology are frequently associated with 
changess in sperm morphology (Franzén & Rice, 1988), and a filifor m 
spermm morphology with an elongated nucleus and sperm head appears 
too be one of the most common modifications that evolved convergently 
withinn various phyla (molluscs: Ponder & Lindberg, 1996, 1997; 
annelids:: Franzén & Rice, 1988; Rice, 1992; Kupriyanova et al., 2001; 
ascidians:: Burighel & Cloney, 1997; priapulids: Storch, 1991; Storch et 
al.,, 2000; arthropods: Jamieson, 1987,1991; nemerteans: Turbeville, 1991; 
Lobatocerebrum:Lobatocerebrum: Rieger, 1980; hemichordates, based upon presence of 
filifor mm sperm in the pterobranch Rhabdopleura, and the possible nesting 
off  pterobranchs within a paraphyletic Enteropneusta that are 
characterizedd by non-filiform sperm; Cameron et al., 2000; Peterson et 
al.,, 2000a; Peterson & Eernisse, 2001). In most of these cases it is possible 
too relate the existence of filifor m sperm with modified reproductive 
modes,, in particular copulation and internal fertilization, but a precise 
correlationn in the context of a phylogenetic framework is necessary for a 
conclusivee determination of character state polarity. In contrast, 
availablee information supports the primitive presence of filifor m sperm 
inn various other phyla such as cycliophorans, entoprocts, and 
chaetognaths.. This widespread occurrence has led some authors to 
suggestt homology of filifor m sperm across the Bilateria (Buckland-
Nickss & Scheltema, 1995). However, the phylogenetic significance of 
thiss widespread distribution of filifor m sperm remains to be carefully 
assessed.. Despite a common name, filifor m sperm covers a range of 
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ultrastructurall  variation, and the undeniable relationship between 
spermm morphology and fertilization biology makes determination of 
primaryy homology very problematic. Some similarities in the 
morphologyy of filifor m sperm have undoubtedly evolved convergently, 
ass for example the peculiar V-shaped filifor m sperm found in 
phoronidss and the unrelated, morphologically highly modified 
echinodermm Xyloplax (Rowe et al., 1991; Zimmer, 1991; see also 
discussionn in Jenner, in prep.). Furthermore, studies of sperm 
ultrastructuree in acoel platyhelminths show that sperm morphology 
mayy be very variable, even between closely related congeneric species 
(Raikovaa et al., 2001). At present, the pattern of evolution of sperm 
morphologyy across the Metazoa remains unresolved. 

Spermatozoaa without accessory centriole 

Thee most common situation for metazoan sperm (also typical of other 
metazoann cells possessing motile cilia) is the possession of a diplosome 
comprisingg the basal body of the cilium and an accessory centriole 
whichh are typically oriented perpendicular to each other. Various taxa 
lackk an accessory centriole in their sperm cells, notably syndermates. 

CharacterCharacter coding 

P19;;  ZI39; A13: spermatozoa without accessory centriole a/p 
G5::  filifor m sperm without accessory centriole a/p 

ScoringScoring conflicts for spermatozoa lacking an accessory centriole 

Cycliophora a 
Catenulida a 
Rhabditophora a 
Annelida a 
Chaetognatha a 
Gastrotricha a 
Entoprocta a 
Ectoprocta a 
Onychophora a 
Fhoronida a 
Tardigrada a 
Gnathostomulida a 
Nematoda a 
Nematomorpha a 

? ? 

P19 9 
ZI39 9 
ZI39 9 
ZI39 9 
ZI39 9 
ZI39 9 
ZI39 9 
ZB9 9 
ZI39 9 
ZI39 9 
ZI39 9 
ZI39 9 
ZD9 9 
ZI39 9 

absentt  (ace. 
centriolee present) 

P19 9 
P19 9 
P19 9 
P19 9 
P19 9 
P19 9 
P19 9 
P19 9 

P19 9 
P19 9 

presentt  (ace. centriole 
lacking) ) 
ZI39 9 
P19 9 
P19 9 

P19;;  A13 

CharacterCharacter scoring and phylogenetic significance 

Zrzavyy et al. (2001) and Peterson & Eernisse (2001) exhibit a substantial 
numberr of scoring conflicts. However, in an unpublished revised 
versionn of the data matrix of Peterson & Eernisse (2001) all these scoring 
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conflictss with the exception of Cycliophora and Nematoida, are 
resolvedd in favor of the scoring of ZI39 (K. J. Peterson, pers. comm.). 

Thee scoring of spermatozoa lacking an accessory centriole in 
Cycliophoraa for ZI39 is puzzling considering the provided character 
discussion.. Zrzavy et al. (2001) clearly state that there is no information 
availablee on the fine structure of cycliophoran sperm, yet they base their 
scoringg on the lack of accessory centrioles in ciliated cells of the buccal 
region.. Obviously, this is an unjustifiable rationale for scoring sperm 
ultrastructure. . 

Nematodes,, nematomorphs, and bdelloid rotifers are scored 
'inapplicable'' for accessory centrioles (Z339). This is in agreement with 
availablee data for nematomorphs and bdelloids, but not necessarily for 
nematodes.. No centrioles have been observed at all in the aflagellate 
nematomorphh sperm (Bresciani, 1991; Schmidt-Rhaesa, 1996), and 
spermm is unknown for bdelloids. However, a pair of centrioles can 
usuallyy be discerned in the aflagellate nematode sperm (Wright, 1991), 
whichh might justify the scoring of an accessory centriole. In any case, 
theree appears to be littl e ground for proposing homology of the lack of 
ann accessory centriole in nematodes, nematomorphs, and bdelloid 
rotifers,, which show a pair of centrioles in aflagellar sperm, no 
centrioless in aflagellar sperm, or no sperm at all, respectively. No 
attemptt was made to verify the scoring for the other phyla. 

Spermm flagella 

CharacterCharacter coding 

Z115:: sperm flagella monoflagellate/aflagellate/biflagellate 
Wa37:: sperm flagellum a/p 

CharacterCharacter scoring and phylogenetic significance 

Noo scoring conflicts were observed for Z115 and Wa37. The presence of 
monociliatedd sperm is evidently the plesiomorphic character state for 
thee Metazoa, but a fair number of changes towards biflagellate or 
aflagellatee sperm haven been described for different phyla. The total 
lackk of sperm flagella in nematodes and nematomorphs may support a 
monophyleticc Nematoida. The phylogenetic distribution of other 
instancess of aflagellate sperm are suggestive of convergent evolution. 
Forr example, aflagellate sperm is known in catenulid and macrostomid 
platyhelminths,, rhombozoans (all scored accordingly in Z115), and it 
hass also evolved independently within gastrotrichs (Ruppert, 1991b), 
kinorhynchss (Kristensen & Higgins, 1991), and arthropods (Jamieson, 
1991).. Also the biflagellar sperm found within the platyhelminths 
evolvedd independently from that found within arthropods (Jamieson, 
1987). . 

Gonadss asacular or sacular 
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Haszprunarr (1996a) introduced a character on the organization of 
gonadss into a cladistic analysis of a subset of metazoan phyla (H31). A 
distinctionn was made between sacular and asacular gonads, following 
thee definition proposed in Rieger et al. (1991b; see also Rieger, 1996a). 
Sacularr gonads are defined on the basis of a somatic cellular lining 
(mesodermall  according to Rieger, 1996a) surrounding the germ cells. 
Asacularr gonads lack such a lining, and are thus not well-defined 
organs.. In this case, the germ cells mature between the body wall and 
gastrodermis,, often close to the base of the latter. 

CharacterCharacter coding 

H31;; Z110: gonads asacular/sacular in males/sacular in both sexes 
HaVIIb:: testis sacular a/p 

CharacterCharacter scoring and phylogenetic significance 

H311 and Z110 both misscored rhabditophorans. Rieger et al. (1991b) 
clearlyy report that sacular gonads are typical for virtually all 
rhabditophorans,, except for a few prolecithophorans. Furthermore, in 
contrastt to the scoring of Z110, available ultrastructural data for 
Cycliophoraa does not allow a clear characterization of their gonad 
organizationn (Funch & Kristensen, 1997). A few instances of variation 
forr the presence of gonadal somatic lining cells are known (e.g., male 
CaenorhabditisCaenorhabditis possess gonads without somatic lining cells, but a basal 
laminaa may surround the testis, and the ovary of the gastrotrich 
LepidodermellaLepidodermella squamata lacks lining or duct cells; Wright, 1991; Ruppert, 
1991b),, but this is of littl e relevance to the ground pattern states for 
thesee phyla. 

Riegerr et al. (1991b) considered diffuse asacular gonads to 
representt the primitive metazoan condition, as exemplified by certain 
cnidar ians,, acoelomorphs, most catenul ids, and some 
prolecithophoranss (derived rhabditophorans). Sacular gonads were 
thoughtt to be characteristic of virtually all rhabditophorans, and other 
non-coelomatee phyla (Rieger et al., 1991b; Rieger, 1996a). Coelomate 
animalss were considered as a separate category of gonad organization. 
However,, Haszprunar (1996a) also scored sacular gonads present for 
coelomates.. He found sacular gonads to be a synapomorphy for 
Nemertea,, Myzostomida, and Trochozoa. However, the broader taxon 
samplingg in Zrzavy et al. (1998) showed that sacular gonads may be a 
synapomorphyy for all bilaterians, with subsequent reversals to asacular 
gonadss in several taxa such as acoelomorphs, catenulids, 
gnathostomulids,, seisonid rotifers (Ahlrichs, 1995), and Lobatocerebrum 
(thee subsequently described Limnognathia [Micrognathozoa] also lacks 
gonadall  somatic lining cells: Kristensen & Funch, 2000). Note that 
asacularr gonads may nevertheless be sac-shaped, as long as they lack 
somaticc lining cells, as is clearly illustrated by Seison annulatus (fig. 48 in 
Ahlrichs,, 1995). However, these well-organized asacular gonads have 
littl ee in common with the diffuse asacular gonads such as found in 
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acoelomorphh platyhelminths. A detailed ultrastructural comparison of 
gonadd morphology in coelomates and non-coelomates may reveal 
additionall  phylogenetic characters. 

Gonocoel l 

Thee gonocoel is the gonadal lumen. Defined in this way without taking 
thee ultrastructure of the gonadal lining (acellular or cellular) into 
account,, a gonocoel can be identified in virtually all bilaterians that 
possesss sacular gonads (excluding acoelomorph and catenulid 
platyhelminths).. However, the character definitions adopted in recent 
cladisticc analyses consider gonocoels to be restricted to gonads with a 
cellularr lining, or more precisely, to coelomate taxa with retroperitoneal 
gonads. . 

CharacterCharacter coding 

H27;H27; Z31: gonocoel (retroperitoneal gonads) a/p 
E20:: gonocoel (coelom reduced to perigonadal region) a/p 
ZI44:: retroperitoneal gonads with gonocoel a/p 

ScoringScoring conflicts for gonocoel 

absentt  present ? 
Nemerteaa H27 Z31 ZI44 
Arthropodaa ZI44 Z31 
Tardigradaa 2344 Z31 
Onychophoraa ZI44 231 

GiaracterGiaracter scoring and phylogenetic significance 

Soo far, four different cladistic analyses have included a character on the 
distributionn of gonocoels within the Metazoa (Eernisse et al., 1992; 
Haszprunar,, 1996a; Zrzavy et al., 1998, 2001). Unfortunately, none of 
thesee analyses has yielded any meaningful insight into the evolutionary 
originn or diversification of gonadal cavities. 

Eernissee et al. (1992) defined a gonocoel as a coelom reduced to 
thee perigonadal region. This character definition a priori  introduces an 
unwarrantedd assumption about character polarity. E20 was only scored 
forr molluscs and panarthropods, which are sometimes assumed to have 
reducedd coeloms (see also under The cladistic paradox: observation, 
interpretation,, and data matrix construction), although this assumption 
iss by no means supported by all available phylogenetic hypotheses. 
Whenn a more rigorous structural definition to a gonocoel is applied, for 
examplee a cavity lined by a cellular epithelium or coelom, we find no 
speciall  similarity at all that would justify the exclusive scoring for 
molluscss and panarthropods in the analysis of Eernisse et al. (1992). 
Especiallyy other coelomate taxa included in the study would than have 
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too be scored for presence of a gonocoel as well, including the remaining 
coelomatee protostomes, lophophorates, and deuterostomes. 

Haszprunarr (1992, 1996a) proposed the gonocoel to be a 
synapomorphyy of Mollusca and Eucoelomata which he defined as all 
protostomee and deuterostome coelomate phyla, and the lophophorates. 
Restrictivee taxon sampling in Haszprunar's (1996a) analysis (leaving 
outt all eucoelomate phyla except Sipuncula, Echiura and Annelida) did 
nott allow the hypothesis of a gonocoel as a synapomorphy of 
eucoelomatess to be tested. The broader taxon sampling in the analysis 
off  Zrzavy et al. (2001) that included lophophorates and deuterostomes 
inn principle allowed this hypothesis to be tested, but instead Zrzavy et 
al.. (2001) simply adopted the same scoring as Haszprunar (1996a), i.e., 
onlyy the neotrochozoan phyla were scored as having a gonocoel. 
Zrzavyy et al. (1998) scored Nemertea, Tardigrada and Arthropoda in 
additionn to neotrochozoans, but equally failed to score the remaining 
coelomatee phyla. 

Itt is interesting that both E20 and Z31 score nemerteans and 
tardigradess as possessing gonocoels as well. This indicates that a 
gonocoell  is present in all taxa with complete (Nemertea: Turbeville, 
1991)) or incomplete (Tardigrada, Dewel et al., 1993) cellular gonadal 
liningss (without distinguishing between germinal and somatic lining 
cells).. Adoption of such a character definition necessitates the rescoring 
off  many other phyla in addition to the coelomate lophophorates and 
deuterostomes,, including rhabditophoran platyhelminths (Rieger et al., 
1991b),, entoprocts (Nielsen & Jespersen, 1997), Lobatocerebrum (only in 
males)) (Rieger, 1980), nematodes (Wright, 1991), nematomorphs 
(Lanzavecchiaa et al., 1995), and priapulids (Storch, 1991). For all these 
groupss cellular gonadal linings have been reported. Obviously, a 
thoroughh re-study (including the confirmation of light microscopical 
informationn in taxa such as platyhelminths and Lobatocerebrum) and 
rescoringg of gonocoel characters is required to assess the variation 
presentt in the animal kingdom, and to study the relationship between 
gonadss with and without (presumed mesodermal) cellular linings. 

Additionally,, scoring presence of a gonocoel for taxa with diverse 
bodyy cavity organizations suggests primary homology of the gonadal 
cavitiess of non-coelomate taxa such as platyhelminths, both with the 
restrictedd coelomic cavities such as present in nemerteans and molluscs, 
andd with the relatively spacious body coeloms of taxa such as annelids 
andd sipunculans. This homology proposal would revive the currently 
largelyy settled debate about the gonocoel theory, a key ingredient of 
whichh is the homology of all histologically defined coeloms, including 
gonocoelss and body coeloms (Goodrich, 1895). This theory was 
proposedd during the late 19th century and advocated by various 
zoologists,, and although some recent commentaries on it have been 
moree or less positive (Kozloff, 1990; Salvini-Plawen, 1998a), it is 
currentlyy most frequently dismissed as having "lost its explanatory 
power''' (Bartolomaeus, 1999: 23; Willmer, 1990; Meglitsch & Schram, 
1991). . 
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DEVELOPMENT T 

Spirall  cleavage 

Spirall  cleavage is a stereotypical cleavage pattern that is characterized 
byy an oblique orientation of the mitotic spindles with respect to the 
primaryy (animal-vegetal) egg axis. The spindle orientations alternate in 
successivee cleavage divisions creating tiers of blastomeres with 
alternatingg orientations relative to each other (see Boyer & Henry, 1998 
andd Henry & Martindale, 1999 for a discussion of the ontogenetic and 
evolutionaryy variations upon the theme of spiral cleavage). Importantly, 
spirall  cleavage produces blastomeres with closely similar 
developmentall  fates between taxa, as is convincingly illustrated by 
correspondingg cell lineages in the neotrochozoans. Two forms of spiral 
cleavagee are usually recognized in recent cladistic analyses: "general" 
spirall  cleavage which is scored for a broad range of taxa and spiral 
quartett cleavage which is a subcategory of the first type, and which is 
generallyy considered lacking in acoelomorph platyhelminths. 

CharacterCharacter coding 

P29;; Z6; Eh2; G4:: spiral cleavage a/p 
Z7;; ZI1; El: spiral quartet cleavage a/p 
H32;; Wa31: non-spiral cleavage/spiral cleavage 
H33:: spiral quartet cleavage a/p 
E2:: spiral cleavage with nuclear migration a/p 
B13b:: typical spiral cleavage a/p 
Ca3:: cleavage spiral/radial or biradial 
Cll :: cleavage spiral/radial 
M18:: cleavage radial/spiral quartet cleavage 
N20;; NI18; S26: spiral cleavage with 4d-mesoderm a/p 
Hald;; L52: spiral cleavage with two or four quartets of micromeres and mesoderm 
outt of micromere 2d or 4d (or probably derived from this pattern in L52) a/p 

ScoringScoring conflicts for spiral cleavage 

Nematoda a 

Arthropoda a 

Rotii  f era 
Acanthocephala a 
Acoela a 

Catenulida a 
Pogonophora a 

absent t 
P29,Z6/Z7,ZI1, , 
El,Wa31,M18 8 
Z6,Z7,ZI1,P29 9 

Z6,Z7,ZI1,M18 8 
Z6,Z7,ZI1,M18 8 
P299 (quartet), Z7 
andd ZI1 (quartet), 
H333 (quartet for 
acoelomorphs), , 
Ell  (quartet for 
acoelomorphs) ) 

Ell  (quartet), Z7 

present t 
E2 2 

Ell  (Crustacea), E2 
(Crustacea),, M18 
Wa31 1 
Wa31 1 
Z66 (duet), H32 (duet 
forr acoelomorphs), 
E22 (acoelomorphs) 

Z6,Z7,ZI1,P29 9 
E2,C11,RI1,M18 8 

? ? 

P29 9 

H32.H33 3 
Z6 6 
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(quartet) ) 
Kinorhyncha a 

Loricifer a a 
Nematomorpha a 

Tardigrada a 
Onychophora a 
Gnathostomulida a 

Choanoflagellata a 

Z7 7 

Z7 7 
P29,Z6,Z7 7 
(quartet),, Wa31, 
M18 8 
Z7,P29 9 
Z6,Z7,ZI1,P29 9 

P29 9 

M18 8 
M18 8 
Z6,Z7,ZI1,E2, , 
Wa31,H32,H33, , 
M18,, P29 

Z6,P29,Wa31,M18, , 
E1,E2 2 
Z6,P29,Wa31,M18 8 
ZI11 (quartet) 

Z6,ZI1,E1,E2 2 
E1,E2 2 
Ell  (quartet) 

Z6,Z7 7 

CharacterCharacter scoring and phylogenetic significance 

Nematodess clearly do not have spiral cleavage (Lorenzen, 1996a; 
Nielsen,, 2001), contra E2, Costello (1955) and Anderson (1981). 

Reportss of spiral cleavage in Arthropoda (even Panarthropoda) 
aree restricted to some crustaceans, in particular the cirripedes (e.g., 
Anderson,, 1969; Costello & Henley, 1976), and pycnogonids (e.g., 
Anderson,, 1973; Nielsen, 2001). However, I follow the conclusions of 
Scholtz'ss (1997) detailed discussion and regard the presence of spiral 
cleavagee in the arthropod ground pattern as unlikely (although not 
definitelyy disproven), in agreement with the scoring of Zrzavy et al. 
(1998,2001)) and Peterson & Eernisse (2001). 

Thee scoring of spiral cleavage for rotifers in Wallace et al. (1996) is 
nott without precedent, but the current literature showcases a wide 
rangee of interpretation of rotiferan cleavage, from spiral cleavage 
(Wallacee et al., 1996), through "modified" spiral cleavage (Costello, 
1955;; Costello & Henley, 1976; Anderson, 1981; Gilbert, 1989) to radial 
cleavagee (Valentine, 1997). This clearly illustrates that the early cleavage 
patternn of rotifers is very difficult to interpret and to characterize either 
ass radial or spiral cleavage. Siewing (1979) argued against the 
interpretationn of rotiferan cleavage as spiral or "modified" spiral 
primarilyy because the D quadrant in rotifers contributes chiefly to the 
ventrall  body side, in contrast to spiralians where the D quadrant 
denotess the dorsal side of the body (see also Table 31.1 in Nielsen, 2001). 
Initially ,, Nielsen (1995) rejected the comparison of the rotiferan 
cleavagee pattern with spiral cleavage, but later Nielsen (2001) suggested 
thatt the four cleavage quadrants of rotifers are reminiscent of the four 
quadrantss of the spiral quartet cleavage of spiralians. However, he 
notedd at the same time that "the spiral pattern is lacking" (Nielsen, 
2001:: 300). The interpretation of rotiferan cleavage as "modified" spiral 
appearss to hinge upon the phylogenetic position of Rotifera among 
spirall  cleaving phyla, which is a possibility, but by no means certain. I 
thereforee tentatively conclude that the scoring of Zrzavy et al. (1998, 
2001)) and Peterson & Eernisse (2001) are both supported by available 
data,, contra the scoring of Wallace et al. (1996). 
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AA similarly uncertainty exists about the cleavage pattern of 
acanthocephalans,, which has led some authors to conclude that they 
exhibitt a "distorted" spiral cleavage pattern (Crompton, 1989), but a 
clearr spiral pattern as scored for Wa31 is absent (Crompton, 1989; 
Nielsen,, 2001). Early syncytialization of the embryo and cell migrations 
aree not particularly indicative of spiral cleavage, warranting the scoring 
off  Zrzavy et al. (1998,2001) versus Wallace et al. (1996). 

Duett cleavage has been clearly documented for acoels (Boyer et 
al.,, 1996b; Boyer & Henry, 1998; Henry & Martindale, 1999; Henry et al., 
2000;; Nielsen, 2001). This highly distinctive cleavage pattern was almost 
universallyy interpreted as a form of modified spiral quartet cleavage, at 
leastt until recent molecular and morphological cladistic analyses 
suggestedd the possibility that the acoels as well as the 
nemertodermatidss might be the basal-most bilaterian crown taxa 
(Haszprunar,, 1996a, b; Ruiz-Trillo et al., 1999; Bagufta et al., 2001). The 
interpretationn of duet cleavage as related to spiral cleavage becomes 
muchh less plausible with this basal placement of the acoelomorphs. It is 
quitee obvious that the presumed phylogenetic placement of the acoels 
hass had a considerable effect upon the interpretation of their cleavage 
ass modified spiral quartet cleavage. This is clearly revealed by 
consideringg the change of opinion in the studies of acoel development 
byy B. C. Boyer, J. Q. Henry and M. Q. Martindale from 1996 to 2000. The 
turningg point occurred in 1999 when Ruiz-Trillo et al. (1999) published 
theirr remarkable 18S rDNA phylogeny that suggested that acoels were 
nott closely related to the other platyhelminths, but instead represented 
thee earliest diverging extant bilaterian lineage. This conformed to some 
earlierr ideas based upon phylogenetic analysis of morphological data 
byy Haszprunar (1996a, b). The papers up to and including 1999 (Boyer 
ett al., 1996b; Boyer & Henry, 1998; Henry & Martindale, 1999) all 
reportedd that duet cleavage could be interpreted as modified spiral 
quartett cleavage by focusing on potential similarities with this cleavage 
type,, while the paper published in 2000 (Henry et al., 2000) instead 
emphasizedd the distinctness of acoel duet cleavage and additionally 
suggestedd that certain features were perhaps more reminiscent of an 
affinityy to diploblast (in particular ctenophore) early development. In 
vieww of continuing controversy about the placement of acoels within 
thee Metazoa, it is therefore reasonable to expect ongoing debate about 
thee evolutionary origin of acoel cleavage. It should also be noted that 
althoughh some workers score the presence of spiral cleavage in 
nemertodermatidss (e.g., Littlewood et al., 1999a: L52), I could not trace 
anyy reliable published account, and Nielsen (2001) relies on a personal 
communicationn with O. Israelsson for the documentation of duet 
cleavagee in this taxon (see also Telford, 2001: 261). If acoels and 
nemertodermatidss are sister taxa, this leaves uncertainty about cleavage 
patternn in the acoelomorph ground pattern. 

Althoughh catenulid development is very poorly documented, 
theyy appear to have spiral quartet cleavage (Thomas, 1986; Rieger, 
1996c),, but modern investigations are badly needed to confirm the few 
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originall  reports from the mid-1900s by E. Reisinger and S. Bogomolow 
(II  have not been able to obtain these papers). 

Thee Pogonophora (including Vestimentifera) provide another 
instructivee example of how phylogenetic speculations can influence 
characterr interpretations (see Rouse & Fauchald, 1995 for the rather 
tumultuouss systematic history of pogonophorans). Rouse & Fauchald 
(1995:: 272) think that Ivanov's early reports of modified radial cleavage 
inn pogonophores "may have been an interpretation based on 
expectation""  because of the supposed affinity of pogonophores with 
hemichordates.. Later Ivanov (1988) reported modified spiral cleavage at 
thee same time as he advocated a phylogenetic affinity to both 
protostomess and deuterostomes. This is in line with the interpretation 
off  modified spiral cleavage reported in most recent papers (Ivanov, 
1988;; Bakke, 1990; Southward, 1999; Salvini-Plawen, 2000; Nielsen, 
2001). . 

Thee embryonic development of both loriciferans and kinorhynchs 
remainss unknown to date, contra Z7 (Nielsen, 2001). Note that these 
taxaa are also misscored in table 2.3 in Hall (1999), which summarizes 
thee distribution of metazoan cleavage patterns. Other taxa in this table 
forr which spiral cleavage was incorrectly scored include poriferans, 
ctenophores,, cycliophorans, gastrotrichs, and acanthocephalans. 

Variouss geometries have been proposed for nematomorph 
cleavage,, recently including modified spiral cleavage (Brusca & Brusca, 
1990),, radial cleavage (Zrzavy et al., 1998: Z5), or modified radial 
cleavagee (Valentine, 1997 after Bresciani, 1991, but I have failed to trace 
thee source of this information in Bresciani, 1991). The scoring of 
nematomorphss as lacking 'unmodified' spiral cleavage in Wallace et al. 
(1996),, Zrzavy et al. (1998), and Peterson & Eernisse (2001) appear to be 
justified. . 

Inn the only modern study of early tardigrade embryology Eibye-
Jacobsenn (1996/1997) postulated that the cleavage pattern may be 
modifiedd spiral. However, the data is not compelling, and all observed 
scoringss can currently be defended. 

Althoughh El and E2 scored a '?' for onychophoran spiral cleavage 
andd M18 scored it present, cleavage has been described for a number of 
species,, without revealing any traces of spiral cleavage (Anderson, 1973; 
Ruhberg,, 1990; Nielsen, 2001), thus justifying the scoring in Zrzavy et 
al.. (1998,2001) and Peterson & Eernisse (2001). 

Itt is perhaps surprising to learn that the widely adopted inclusion 
off  gnathostomulids in the Spiralia is primarily based upon a sole report 
off  spiral cleavage from more than 30 years ago by Riedl for 
GnathostomulaGnathostomula jenneri (Riedl, 1969; Mainitz, 1989). Nevertheless, spiral 
quartett cleavage was observed, contra the scoring for El. 

Becausee the colonial choanoflagellates do not develop through 
embryonicc cleavage stages, they should be scored as 'inapplicable' in 
agreementt with Z6 and Z7, and contra P29. 

Zrzavyy et al. (1998) included mesozoans in their analysis, and 
theyy scored spiral cleavage for rhombozoans. Although the early cell 
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divisionss indeed appear  to be consistent with a spiral cleavage pattern, 
itt  is more difficul t to characterize the later  cleavages (see figs. 3 and 4 in 
Furuyaa et al., 1992). However, molecular  phylogenetic information from 
18SS rRNA and 18S rDNA sequences, as well as a characteristic Hox gene 
peptidee motif indicate that dicyemid rhombozoans are bilaterians, and 
possiblyy lophotrochozoans closely related to phyla with spiral cleavage 
(Katayamaa et al., 1995; Pawlowski et al., 1996; Peer  &  Wachter, 1997; 
Kobayashii  et al., 1999; see also Telford, 2000). This would buttress the 
interpretationn of their  cleavage as spiral quartet cleavage. 

N20,, NI18, S26, L52, and Hald combined cleavage pattern and 
sourcee of mesoderm into one complex character. This combination 
appearss to be justified for  trochozoans, where mesoderm is typically 
derivedd from the 4d-cell. However, for  some taxa this combination 
leadss to erroneous scorings. First, even accepting spiral cleavage in the 
arthropodd ground pattern (but see above), the sources of mesoderm are 
nott  in agreement with those in the trochozoans, i.e., not from 
mesentoblastt  4d (Anderson, 1973; Siewing, 1979; Scholtz, 1997; Nielsen, 
2001).. The scorings of N20 and S26 for  arthropods should be changed 
fromm '1' to '0'  accordingly. Second, although spiral quartet cleavage 
mayy be accepted for  Gnathostomulida, their  later  development, 
includingg the source of mesoderm, has not yet been traced. NI18, S26, 
andd L52 should be rescored from '1' to '?'  accordingly. Finally, the 
scoringg of a '?' for  S26 for  ctenophores is inaccurate. Recent cell lineage 
tracingg studies have unequivocally established the unique cleavage 
programm of ctenophores, with no similarit y in either  the cleavage 
patternn or  the cell fates (including mesoderm) to spiral cleavage 
(Martindal ee &  Henry, 1999). 

Iff  we study the distributio n of spiral (quartet) cleavage on the 
mostt  recent comprehensive morphological phylogenies that included 
thiss character, some interesting conclusions emerge. First, a single 
evolutionaryy origin of spiral cleavage is supported by Eernisse et al. 
(1992),, Nielsen et al. (1996), Nielsen (2001), Zzravy et al. (1998, 2001), 
S0rensenn et al. (2000), and Peterson &  Eernisse (2001), with two possible 
exceptions.. The spiral cleavage reported for  Rhombozoa may have 
independentlyy evolved (Zrzavy et al., 1998), but in view of the 
continuingg uncertainty about their  phylogenetic position, which may be 
amongg other  spirally cleaving phyla (Kobayashi et al., 1999), a definitive 
conclusionn is not yet possible. The second possible instance of 
independentt  evolution of spiral cleavage was suggested by the analysis 
off  Zrzavy et al. (2001) for  gnathostomulids. In their  analysis 
gnathostomulidss grouped together  with gastrotrichs to form a clade 
Neotrichozoaa (the total evidence analysis of Zrzavy et al., 1998 and 2001 
alsoo supported this grouping, in contrast to the morphological analysis 
off  Zrzavy et al., 1998), that formed the sister  group to the remaining 
protostomes.. However, as is discussed in detail under 
Gnathostomulida,, the morphological character  support for  this clade is 
limitedd to protonephridial features, which exhibit a variety of scoring 
problems.. Moreover, the synapomorphies that group all protostomes 
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exceptt gnathostomulids and gastrotrichs are also not compelling (see 
underr Gnathostomulida). It can thus be concluded that the probability 
off  gnathostomulids independently evolving spiral cleavage from the 
remainingg spiralians is not high. 

Second,, the phylogenetic positions of several phyla that have 
difficul tt to interpret cleavage patterns suggest that they may indeed 
havee modified plesiomorphically present spiral cleavage. These include 
ectoproctss (Nielsen et al., 1996; Nielsen, 2001; Peterson & Eernisse, 
2001),, panarthropods (Nielsen et al., 1996; S0rensen et al., 2000; Nielsen, 
2001),, and syndermates (Sorensen et al., 2000; Nielsen, 2001; Zrzavy et 
al.,, 2001). However, reports of "modified" spiral cleavage patterns ixi 
gastrotrichss and nematodes receive no support through their 
phylogeneticc placement. The phylogenetic significance of reports of 
earlyy spiral-like cleavages in hydrozoans, scyphozoans and anthozoans 
(Uchidaa & Yamada, 1968; Salvini-Plawen, 1978) are uncertain at best. A 
varietyy of cleavage patterns is found within the Cnidaria, but although 
somee species exhibit invariant cleavage geometries, the plesiomorphic 
statee may rather be more or less "chaotic" cleavage, in which no regular 
cleavagee pattern can be discerned, even between embryos from the 
samee spawning (Davidson, 1991; Martindale & Henry, 1998; Martin, 
1997).. Whatever the precise ancestral cleavage pattern, regular spiral 
cleavagee is unknown for cnidarians. Similarly, the phylogenetic 
significancee of the recently described hexactinellid spiral cleavage 
(Boury-Esnaultt et al., 1999) is doubtful. 

Biastula a 

AA blastula stage of development can be recognized in members of all 
metazoann phyla. It represents the developmental stage before the germ 
layerss are formed. Two types of blastula are commonly recognized in 
animalss with eggs containing littl e to moderate amounts of yolk, a 
coeloblastula,, and a sterroblastula (also stereoblastula). The 
coeloblastulaa is hollow, with a central blastocoel surrounded by a single 
celll  layer thin epithelium. A sterroblastula is solid, lacking a blastocoel. 
Generallyy one finds coeloblastulae in taxa that exhibit radial cleavage, 
whereass taxa with spiral cleavage frequently, but not exclusively, 
displayy sterroblastula. 

CharacterCharacter coding 

P27:: blastula stage a/p 
Zll :: coeloblastula a/p 

CharacterCharacter scoring and phylogenetic significance 

P277 scores all metazoan taxa for which there is evidence of the early 
embryologicall  stages as having a blastula, in agreement with the 
universall  interpretation of the blastula stage as a shared character of all 
Metazoa. . 
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Zrzavyy et al. (1998) introduced a character on the presence of a 
coeloblastulaa for sorting animal relationships. Most non-bilaterians and 
alll  deuterostomes are scored to possess a coeloblastula, while many 
protostomess received a '?.' The phylogenetic significance of this 
characterr appears to reside mainly in the support it provides for several 
taxaa that have supposedly lost a hollow blastula, namely Silicispongea 
(demospongess and hexactinellids), Syndermata, and Platyhelminthes 
(nemertodermatidss and catenulids were scored '?'). Several comments 
onn scoring and character definition are in order. 

Althoughh it is true that silicisponges typically form a solid 
blastulaa stage, a coeloblastula has been observed in various 
demospongess (Fell, 1989; Harrison & De Vos, 1991). Similarly, Z l l 
scoress rotifers as unambiguously lacking coeloblastulae, but a small 
blastocoell  has at least been observed during parthenogenetic 
developmentt in the monogonont rotifer Asplanchna (fig. 3.1 in Gilbert, 
1989).. This hints at an important aspect of blastula formation 
throughoutt different phyla: it is highly variable with a resulting 
uncertaintyy about the ground pattern states of many groups. 

AA major determinant of variation in early ontogenetic processes 
suchh as blastulation and gastrulation is the amount and location of yolk 
inn the eggs, as is clearly illustrated by the divergent early 
embryogenesiss of many arthropods, cephalopod molluscs and amniotes 
withh yolk-rich eggs (e.g., Arendt & Niibler-Jung, 1999b). It is therefore 
nott surprising to discover that many phyla with holoblastic cleavage 
exhibitt both coelo- and sterroblastulae. This is, for example, clearly 
illustratedd by nemerteans, platyhelminths (coeloblastulae are described 
forr proseriates, and acoels [Convoluta sp.] may also possess a blastocoel; 
J.. A. M. van den Biggelaar, pers. comm., but they are lacking in 
polyclads),, molluscs, annelids, tardigrades, sipunculans, and cnidarians 
(Uchidaa & Yamada, 1968; Anderson, 1973; Verdonk & Biggelaar, 1983; 
Thomas,, 1986; Fautin et al., 1989; Galleni & Gremigni, 1989; Rice, 1989; 
Eibye-Jacobsen,, 1996/1997; Ellis & Fausto-Sterling, 1997; Henry & 
Martindale,, 1997; Younossi-Hartenstein & Hartenstein, 2000). This 
intraphylumm character variation indicates the likelihood of widespread 
convergentt evolution. 

Itt it important to note that the differences between a typical 
coeloblastulaa and sterroblastula are not sharp. The only consistent 
differencee that distinguishes solid from hollow blastulae is the amount 
off  interstitial space between the basal surfaces of the blastomeres. It 
onlyy takes a tiny amount of intercellular fluid to accumulate between 
thee basal sides of the blastomeres (e.g. nematodes: Schierenberg, 1997) 
too change from a solid sterroblastula to a hollow coeloblastula, and it is 
easyy to discern a continuum in organization from a solid sterroblastula 
too a coeloblastula with only a minimal blastocoel, such as in 
gastrotrichs,, nematodes and chaetognaths, to a 'textbook' coeloblastula 
ass is found in echinoderms and cephalochordates. Even when the many 
7'ss in the data matrix of Zravy et al. (1998) are filled in, in view of these 
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considerationss it is doubtful whether  this character  wil l yield an 
unambiguouss phylogenetic signal. 

LARVA LL  CHARACTERS 

Prototroch h 

Thee prototroch is one of the defining features of a trochophore larva 
(Rouse,, 1999; Nielsen, 2001). A prototroch can be defined as a pre-oral 
horseshoee or  ring of (usually) compound cilia on multiciliat e cells 
derivedd from trochoblasts which exhibit a constant cell lineage and 
patternn of organization (Damen &  Dictus, 1994; Nielsen, 1995; Rouse, 
1999).. The prototroch cilia usually beat posteriorly, and together  with 
thee post-oral metatroch and a circumoral ciliated field, it forms a 
complexx character, the downstream-collecting system, which is 
discussedd elsewhere in this paper. 

CharacterCharacter coding 

NI61:: larva with prototroch a/p 
P48;; E40; R130: prototroch a/p 

ScoringScoring conflicts for prototroch 

Platyhelminthes s 

Rotifera a 
Ectoprocta a 
Annelida a 

Nemertea a 
Pogonophora a 

absent t 
E40;; P48; 
R130 0 
R130 0 

E40 0 
(Clitellata) ) 
E40;; R130 

presentt ? 
NI61 1 

P48;NI61 1 
P488 NI61 
P48;NI61;R130 0 

P48;; NI61 
R1300 E40 

CharacterCharacter scoring and phylogenetic significance 

Thee contemporary polarized opinions about the homology of the 
ciliatedd larvae of platyhelminths and coelomate protostomes 
(trochophoree larvae) have at least been in place since the mid 1980s. At 
thiss time Ehlers (1985) established his hugely influential and 
comprehensivee phylogenetic system of the Platyhelminthes that 
providedd the first effective argument contra a line of reasoning with a 
longg history that defends a phylogenetic link between the ciliated, and 
presumablyy planktotrophi c platyhelminth larvae and trochophore 
larvaee (for  different styles of this reasoning through time see Balfour, 
1880;;  Jagersten, 1972; Ruppert, 1978; Salvini-Plawen, 1980b; Lacalli, 
1984;;  Nielsen, 1995, 2001; Telford, 2001). Ehlers' platyhelminth 
phylogenyy established a rigorous framework for  interpretin g the data 
onn ciliated platyhelminth larvae that allowed the formulation of two 
keyy revisions. 
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First,, only polyclad Götte's and Müller' s larvae posses a pre-oral 
bandd of relatively long cilia (not compound) on multiciliat e cells that 
rimm the ciliated lobes of the larvae that might be termed a prototroch. 
However,, the exact cell lineage origin of this ciliated band has nott  been 
elucidated.. Importantly , polyclads were not placed basal in Ehlers' 
phylogeny.. Catenulida, Acoelomorpha, and Macrostomida are the 
earliestt  diverging taxa, and all are characterized by the lack of a 
biphasicc life cycle with a ciliated larva (the significance of the Luther' s 
larvaa of the catenulid Rhynchoscolex simplex with multipl e pre-oral 
bandss is uncertain at best). Consequently, the likelihood of a ciliated 
larvall  form in the ground pattern of the Platyhelminthes would be low. 
Despitee changing positions of polyclads within the Platyhelminthes in 
moree recent cladistic analyses (e.g., Littlewood et al., 1999a), this 
conclusionn can essentially be maintained. 

Second,, the restricted distributio n of these ciliated larvae to 
certainn taxa within the Polycladida even leaves the polyclad ground 
patternn uncertain (see discussion under  Larva with strongly reduced 
hypospheree for  references). Therefore, it can be concluded that evidence 
forr  the existence of a prototroch in the ground pattern of platyhelminths 
(NI61)) is very weak. This argument based on information about the 
phylogeneticc distributio n of larval characters within phyla is also 
followedd by other  recent studies such as Ax (1995) and Haszprunar  et 
al.. (1995). Arguments in favor  of the primitiv e status of polyclad larvae 
resultt  either  from equating morphological similarit y with homology, or 
fromm a priori  assuming that convergent evolution is highly unlikely. 

AA closely parallel argument can explain the disagreement about 
thee presence of a prototroch in Nemertea. Although the lack of a 
cladisticc hypothesis of nemertean relationships hinders any definitive 
conclusionss (Sundberg et al., 2001), ciliated pilidiu m larvae possessing a 
ciliatedd band are restricted to the heteronemerteans (Henry & 
Martindale ,, 1997) (Maslakova et al., 1999 reported purported 
intracapsularr  development of "hidden larvae"  in the Hoplonemertea, 
suggestingg the possibility that indirect development may be ancestral 
forr  the entire phylum Nemertea, but pending further  information, the 
significancee of these findings remains uncertain). Nevertheless, Nielsen 
(1995,, 2001) (followed by Peterson &  Eernisse, 2001) interprets the 
classicall  cell lineage analyses of Hörstadius (1937) and the later  cell 
lineagee studies of Henry &  Martindal e (1998a) as providing support for 
thee thesis that the large ciliary band of pilidiu m larvae is homologous to 
aa prototroch, and thus part of the nemertean ground pattern. Henry & 
Martindal ee (1998a) found that in the pilidiu m larva of Cerebratulus 
lacteuslacteus the cells corresponding to the prototroch-formin g cells in other 
phylaa at least also contribute to the prototroch, but in addition other 
cellss contribute to the pilidiu m ciliary band as well. Gene expression 
experimentss of a trochoblast specific gene construct (derived from 
molluscs)) in nemerteans (Biggelaar  et al., 1997; Loon &  Biggelaar, 1998) 
doess not support the existence of a prototroch in the pilidiu m of 
CerebratulusCerebratulus (Klerkx , 2001, and pers. comm). 
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Nielsenn (1987, 1995, 2001) advocates the homology of the 
rotiferann trochus with the prototroch and the cingulum with the 
metatrochh of trochophore larvae, an argument followed by Peterson & 
Eernissee (2001) (note that P48 accidentally misscored Rotifera in the 
dataa matrix). Although these homology proposals are not buttressed by 
celll  lineage data on the source of the ciliary bands in rotifers, they are in 
accordancee with the widespread view that rotifers are paedomorphic 
animalss with respect to taxa that possess trochophore larvae (see Jenner, 
2001bb for logical conflict between this hypothesis and phylogenetic 
evidencee in Nielsen, 2001). However, available comprehensive 
morphologicall  or total evidence (+ 18S rDNA sequence data) cladistic 
analysess frequently position Rotifera outside a clade Trochozoa 
(characterizedd by trochophore larvae) (Meglitsch & Schram, 1991; 
Nielsen,, 1995; Nielsen et al., 1996; Zrzavy et al., 1998; S0rensen et al., 
2000;; Peterson & Eernisse, 2001). The paedomorphic origin of Rotifera 
andd homology of their ciliary bands with those of trochophore larvae 
thuss remain dependent upon outgroup comparison and the assumption 
off  a trochus and cingulum in the rotiferan ground pattern. 

Nielsenn (1995, 2000, 2001) suggest that the corona of 
gymnolaematee ectoproct cyphonautes larvae may be homologous to a 
prototroch.. This is based on the labeling of blastomeres according to the 
nomenclaturee of spiral cleavage, with a resulting identification of the 
sourcee of the corona as being very similar to that found for the 
prototrochh in spiralians. However, in view of the continuing 
uncertaintyy about ectoproct phylogeny (Woollacott & Harrison, 1997; 
Todd,, 2000) and the concomitant uncertainty about the ancestral 
ectoproctt lif e cycle, the scoring of a '?' seems the best option (NI61). 

Thee presence of a prototroch in clitellates is primarily based on 
thee presence of trochoblasts and transient ciliation in the embryos of 
somee species (Rouse, 1999). Absence of a genuine prototroch is likely 
secondary,, an argument that is indirectly supported by the undoubted 
nestingg of clitellates within a trochozoan clade, and possibly within a 
paraphyleticc Polychaeta (e.g., Westheide et al., 1999; McHugh, 2000; 
Martin,, 2001). Polychaetes are typically considered to be more 
representativee of the annelid ground pattern than clitellates. 

Theree is some disagreement about the presence of a prototroch in 
Pogonophoraa (including Vestimentifera). A pre-oral ciliary band of 
multiciliatedd cells has been demonstrated in the larvae and juveniles of 
pogonophoranss and vestimentiferans (Gardiner & Jones, 1994; 
Southward,, 1999; Nielsen, 2001), but the interpretation of this band as a 
prototrochh is not accepted by all current workers (e.g. Salvini-Plawen, 
2000).. However, it should be noted that the ciliary bands or rings may 
bee present before a stomodeum or mouth develops, making the exact 
identificationn of these bands problematic. 

Thee scoring of a prototroch in Cycliophora (P48) deserves a final 
comment.. This unambiguous scoring belies the tentativeness of the 
cluess offered by the morphology of the chordoid larva. Funch (1996) 
interpretss the chordoid larva as a "modified trochophore" chiefly on the 
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basiss of its ciliation pattern, with two anterior bands, a ventral field, and 
aa ciliated foot. From anterior to posterior these bands are compared to 
thee prototroch, metatroch, neurotroch, and telotroch of trochophore 
larvae.. However, neither of the two key diagnostic features that allow 
onee to designate a band of multiciliate cells as a prototroch is present. 
Thee cellular source of the ciliated bands is unknown, and the lack of a 
digestivee system and mouth in the chordoid larva does not allow the 
confirmationn of a pre-oral position of the anterior-most ciliary band or 
thee post-oral position of the second band (presumed metatroch). Other 
typess of pre-oral bands are known in annelid larvae, such as akrotrochs 
andd meniscotrochs (Rouse, 1999) and additional information is therefore 
neededd to ascertain the identity of the ciliary bands in the chordoid 
larva.. The fact that the chordoid larva is not planktotrophic argues 
againstt the presence of a metatroch homologue. Metatrochs are 
typicallyy lacking in lecithotrophic larvae (Strathmann, 1993; Nielsen, 
2001).. Also, the cilia of the presumed metatroch beat laterally (Funch, 
1996:: 236), which appears to indicate a direction of ciliary beat opposite 
too those of typical metatrochs, which beat towards the prototroch. 
Similarly,, information on the direction of ciliary beat has created 
ambiguityy about the interpretation of the post-oral ciliary band in 
sipunculann pelagosphera larvae, but I do not regard this data alone to 
bee sufficient for rejecting the presence of a metatroch. 

Inn conclusion, the different scorings of a prototroch for 
platyhelminths,, nemerteans, rotifers, ectoprocts, and clitellates can all 
bee defended, given that one ignores uncertainties about ground pattern 
states.. For platyhelminths, the availability of a phylogenetic framework 
allowss a relatively strong case to be built for the lack of a prototroch in 
thee ground pattern. Not until the ground pattern states of the other 
phylaa become better known, wil l we be able to decide whether the 
prototrochh evolved once and reversed subsequently in various phyla 
suchh as Gnathostomulida (Nielsen, 2001; Peterson & Eernisse, 2001) or 
evolvedd convergently in different phyla. 

Metatroch h 

AA metatroch is a post-oral ciliary band of compound cilia on multiciliate 
cellss found in protostome larvae. The direction of ciliary beat typically 
iss opposite that of the prototroch, i.e. directed anteriorly. 

CharacterCharacter coding 

P49;;  R131: metatroch a/p 

ScoringScoring conflicts of metatroch 

Rotifera a 
Mollusca a 

absent t 
R131 1 
R131 1 

present t 
P49 9 
P49 9 
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CharacterCharacter scoring and phylogenetic significance 

Nielsenn (1987, 1995, 2001) assumes the homology of the rotiferan 
cingulumm and the metatroch of trochophore larvae, followed by 
Petersonn & Eernisse (2001). See discussion under Prototroch for 
discussion. . 

AA metatroch is found in bivalves and gastropods among 
molluscs,, thus creating uncertainty about the molluscan ground 
pattern,, and making the character state found in the nearest outgroups 
particularlyy relevant. Although recent cladistic analyses have not yet 
comee to an agreement on the most likely sister group of the molluscs, 
mostt of them posses a metatroch. However, the detailed analysis of 
Rousee (1999) indicates that a metatroch has undeniably evolved 
independentlyy multiple times within Polychaeta (optimization criterion 
independent). . 

P499 score Cycliophora for having a metatroch. See discussion 
underr Prototroch for arguments contra this scoring. 

Nielsenn (1987, 2001) argues contra the scoring for R131 and P49 
thatt the post-oral band of compound cilia in sipunculan pelagosphera 
larvaee is not a metatroch but instead is an additional ciliary band that 
evolvedd within Sipuncula. Nielsen's chief argument is that the ciliary 
beatt of this band is directed posteriorly, a direction that is opposite that 
off  metatrochs in other phyla. However, an emphasis on positional 
informationn allows the identification of this post-oral ciliary band as a 
metatroch. . 

Larvaee or adults with downstream-collecting ciliary system 

Thee most widely adopted definition of a downstream collecting ciliary 
systemm is the presence of two opposed ciliary bands composed of 
multiciliatee cells that is used in feeding (Nielsen, 1987; 1995; Nielsen & 
Riisgard,, 1998). This system is also commonly referred to as the 
opposedd band or double band system (Strathmann, 1978,1993; Rouse, 
2000a;; Riisgard et al., 2000), and when strictly larvae are considered, it 
referss to the presence of both a pre-oral prototroch of relatively long 
ciliaa and a post-oral metatroch of relatively short cilia that enclose a 
circumorall  ciliated food groove (cells with single cilia). However, to 
accommodatee several polychaete taxa with feeding larvae lacking a 
metatrochh (solely using the prototroch), Rouse redefined a downstream-
collectingg ciliary system as any ciliary system that uses the prototroch 
forr downstream feeding (Rouse, 2000b, c). 

CharacterCharacter coding 

N22;; NI21; S29; Z136: larvae or adults with downstream-collecting ciliary system a/p 
M46:: downstream particle capture/upstream particle capture in adults 
M47:: downstream particle capture/upstream particle capture in larvae 
E42:: nutritive metatroch with opposed bands a/p 
Cal7:: downstream (multiciliate)/upstream (monociliate) feeding system 
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R140::  opposed band larval feeding a/p 

ScoringScoring conflicts ofdovmstream-collecting ciliary system 

Ectoprocta a 
Rotifera a 
Platyhelminthes s 

Sipuncula a 

Mollusca a 

Nemertea a 
Myzostomida a 

absent t 
N22;NI21;S29;Z136 6 
R140 0 
S29;;  E42; R140 

N22;NI21;S29;Z136; ; 
R140;E42 2 
R140 0 

R140;E42 2 
R140 0 

present t 
Cal7 7 
N22;NI21;S29;Z136 6 
N22;Z136(onlyin n 
Polycladida) ) 
Cal7 7 

N22;;  NI21; S29; Z136; E42 
(onlyy polymorphic in 
Conchifera) ) 
N22;S29;Z136 6 
Z136 6 

? ? 

NI21 1 

NI21 1 
--

CharacterCharacter scoring and phylogenetic significance 

Thee scoring of M46 and M47 is highly problematic, and therefore not 
includedd in the above table. These characters are discussed below. The 
phylogeneticc significance of downstream-collecting ciliary bands has 
generatedd a considerable amount of discussion in the recent literature. 
Nielsen'ss (1985,1987,1995,1998, 2001) detailed studies are responsible 
forr  the introduction of downstream- and upstream-collecting ciliary 
systemss into recent phylogenetic discussions. Although Nielsen initiall y 
developedd his ideas of the phylogenetic significance of these distinct 
typess of ciliary feeding systems in close connection with his 
controversiall  trochaea theory (Nielsen &  Norrevang, 1985), other 
authorss have readily incorporated these features into their  own 
phylogeneticc analyses (Meglitsch &  Schram, 1991; Eernisse et al., 1992; 
Zrzavyy et al., 1998; Rouse, 1999; Sarensen et al., 2000). In the 
contemporaryy phylogenetic literature, C. Nielsen and G. W. Rouse are 
thee most conspicuous exponents of conflicting views on the 
evolutionaryy significance of downstream-collecting ciliary systems. 
Nielsenn has vigorously defended the evolution of a larval downstream-
collectingg ciliary system in the stem lineage of Protostomia, and its 
retentionn as a plesiomorphy in the ground pattern of the Spiralia 
(Nielsen,, 1985,1987,1995,1998a, 2001). In contrast. Rouse (1999,2000a, 
b,, c) explicitly tested Nielsen's hypothesis with a cladistic analysis, and 
reachedd a rather  different conclusion that emphasized the multipl e 
independentt  origins of larval downstream-collecting ciliary systems 
(butt  see Jenner, in prep., for  problems with the testing power  of Rouse's 
approach).. Before I discuss the relative merits of their  respective views, 
II  will first attempt to resolve the observed scoring conflicts. 

Thee scoring of both sipunculans and ectoprocts for  Cal7 is 
inaccurate,, and results from an undue emphasis on the presence of 
multiciliat ee cells making up the ciliary bands rather  than on the actual 
feedingg mechanism in which these ciliary bands participate. Sipunculan 
trochophoress are lecithotrophic, and when a planktotrophi c 
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pelagospheraa larva is developed later  in ontogeny they do not use 
opposed-bandd feeding. However, their  exact feeding mechanism 
remainss unknown to date. Ectoproct larvae and adults employ a unique 
typee of upstream-collecting ciliary mechanism that uniquely uses 
multiciliat ee cells (Nielsen &  Riisgard, 1998). 

Rousee (1999) is the only study that included a character  on 
downstreamm ciliary feeding that did not score rotifer s as present. This 
hass two reasons. First, R140 only coded for  the presence of a 
downstreamm ciliary system in larvae, and in rotifer s it apparently only 
occurss in adults. Second, although the rotiferan ground pattern remains 
uncertainn in the absence of a generally accepted cladistic hypothesis of 
theirr  internal relationships, most recent authors accept that a ciliary 
systemm with opposed bands (pre-oral trochus and post-oral cingulum) 
iss derived, albeit commonly present, within the phylum (Haszprunar  et 
al.,, 1995; Lorenzen, 1996c). The uncertainty about the rotiferan ground 
patternn has allowed the other  analyses to adopt an opposite scoring. 
Interestingly,, outgroup comparisons in the most comprehensive and 
mostt  recent morphological and total evidence analyses do not support 
thee plesiomorphy of a downstream-collecting ciliary system in rotifer s 
(Nielsenn et al., 1996; Nielsen, 2001; Zrzavy et al., 1998,2001; Peterson & 
Eernisse,, 2001). Finally, it should be noted that the scoring of a 
downstream-collectingg ciliary system in seisonid rotifer s (S29) is 
erroneous.. Seisonids merely possess some rudimentary circumoral 
ciliationn (Markevich, 1993b; Ahlrichs, 1995). 

Nielsenn (2001: NI21) reconsidered the scoring of a downstream 
ciliaryy system for  platyhelminths (N22), and changed it from present to 
'?''  based on the presence of presumed planktotrophi c polyclad larvae 
(seee Z136). Considering that downstream ciliary feeding using 
compoundd cilia has never  been observed for  polyclad larvae (Nielsen, 
1987,2001),, nor  for  any other  platyhelminth, larval or  adult, the scoring 
off  S29, E42 and R140 is the most appropriate (absence of downstream 
ciliaryy system). 

Withi nn molluscs, downstream ciliary feeding is only known from 
gastropodss and bivalves, while the larvae of the other  major  taxa are 
strictl yy lecithotrophic. Available evidence from comparative 
embryologyy and gastropod phylogenetics indicates the likelihood of a 
primitiv ee lecithotrophic gastropod larva, while the primitiv e larval type 
off  bivalves remains uncertain (Haszprunar, 1992; Haszprunar  et al., 
1995;;  Cragg, 1996; Ponder  &  Lindberg, 1997; but see Page, 1994). This 
makess the presence of a lecithotrophic larva in the ground pattern of the 
Molluscaa currently the most likely hypothesis, in agreement with the 
scoringg of R140. 

Directt  observations on the feeding mechanism of presumed 
planktotrophi cc nemertean pilidiu m larvae are lacking (Nielsen, 1987, 
1998),, justifyin g the scoring of a '?' (NI21). Moreover, because pilidiu m 
larvaee are not assumed to be part of the nemertean ground pattern, the 
scoringg of N22, S29 and Z136 is inappropriate, and the scoring of 
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absencee of downstream ciliary feeding (E42, R140) is currently the most 
defensiblee option. 

Rousee (1999, 2000b) scored myzostomids as not having feeding 
larvaee although both a prototroch and metatroch may be present, while 
Zrzavyy et al. (1998) scored them for having downstream ciliary feeding. 
Thee scoring for myzostomids is currently uncertain at best. The feeding 
mechanismm of myzostomid larvae remains unknown (Jagersten, 1972; 
Nielsen,, 1998a), but Jagersten (1972) noted that myzostomid eggs are 
relativelyy yolk-poor, and that larvae possess well-differentiated guts 
withh a mouth and anus, which is often indicative of larval 
planktotrophy.. It should also be noted that pictures of trochophores of 
Myzostomidaa in the recent literature sometimes label the presence of a 
prototroch,, but these illustrations clearly show a post-oral ciliary band 
whichh cannot be interpreted as a prototroch (see for example Grygier, 
2000:: fig. 2.8; Nielsen, 2001: fig. 19.1; Jagersten, 1972: fig. 43; all these 
illustrationss are based on Jagersten, 1939). However, young trochophore 
larvaee of Myzostomum parasiticum may possess two bands, presumably a 
pre-orall  prototroch and a post-oral metatroch (Prenant, 1959: fig. 571), 
butt between three and four days of age the (meta-)trochophore appears 
too lose its pre-oral ciliary band (compare figs. 517D and E in Prenant, 
1959). . 

Thee scoring for Cycliophora also deserves a brief discussion, even 
thoughh the available analyses do not exhibit scoring conflicts. The 
cladisticc analyses that included this taxon (S0rensen et al, 2000; Zrzavy 
ett al., 1998) unambiguously score the presence of downstream-
collectingg ciliary feeding, while Z135 also scores larval planktotrophy 
forr Cycliophora. First, none of the free-living larval stages of Symbion 
pandorapandora has a digestive tract, ruling out larval planktotrophy, and 
necessitatingg a rescoring of Z135. Second, the homology of the 
downstream-collectingg ciliary system of the adult feeding stage of S. 
pandorapandora to other downstream ciliary systems is not straightforward. In 
theirr detailed functional study of downstream-collecting ciliary systems 
Riisgardd et al. (2000) describe for the first time the feeding mechanics of 
thee cycliophoran buccal funnel. After defining the downstream system 
ass being composed of two parallel ciliary bands of compound cilia 
surroundingg a ciliated mouth field of cells with separate cilia, they 
concludee that the ciliary feeding system of S. pandora conforms to this 
definition,, and is similar in structure and function to the downstream 
ciliaryy systems observed in the other taxa. However, the morphology of 
thee cycliophoran ciliary system does not conform precisely to the 
adoptedd definition. The feeding stage of S. pandora possesses a single 
ringring of compound cilia, not two bands (Riisgard et al., 2000 interpret the 
oppositee sides of the single circle of cilia as "opposed bands"), and a 
circumorall  ciliated field of cells with separate cells is lacking (the 
ciliationn of the mouth cavity consists of several rows of compound cilia 
onn multiciliate cells). Thus, although the cycliophoran ciliary feeding 
systemm is functionally very similar to that of spiralian ciliary feeding 
trochophoree larvae, its detailed morphology creates uncertainty about 
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itss homology with other downstream systems, contra the scoring of S29. 
Funchh & Kristensen (1997: 469) similarly conclude that "the cilia of the 
mouthh ring and buccal funnel in the Cycliophora do not work with 
opposedd bands/' 

Severall  comments on character coding are in order. It should be 
notedd that the character states of M46 and M47 do not display a 
complementt relation, resulting in misscoring of all phyla that lack 
ciliaryy feeding systems as adults or larvae. This resulted in the scoring 
off  downstream-collecting (and upstream-collecting) ciliary systems in 
phylaa such as mesozoans and nematodes. Obviously, M46 and M47 
havee to be recoded. 

Thee scoring of E39 wil l not be discussed here because the 
definitionn is not restricted to larval feeding, but also refers to larval 
locomotion,, resulting in a broader range of scored taxa. The definition 
off  an opposed-band ciliary feeding system for E42 reads "nutritive 
metatrochh with opposed bands; postoral (segmentally added) paired 
ciliaryy bands beating in opposite directions and serving in food 
capture/'' and is claimed to be derived from two sources in the 
literature:: Strathmann (1978) and Salvini-Plawen (1988). However, these 
sourcess do not offer such a definition of an opposed-band feeding 
system.. Instead, the definition incorporates one pre-oral and one post-
orall  ciliary band that beat towards each other. Multiple post-oral ciliary 
bandss are never involved in this feeding mechanism. 

Quitee different phylogenetic significances have been attached to 
thiss character in recent phylogenetic studies of the Metazoa (see also 
tablee 3 in Jenner & Schram, 1999). Nielsen has been the strongest 
advocatee of a single evolutionary origin of larval downstream ciliary 
feeding,, but Nielsen's computer-assisted parsimony analyses (Nielsen 
ett al., 1996; Nielsen, 2001) have not confirmed his narrative-based 
conclusions.. N22 was found to be apomorphic for Spiralia + Ectoprocta, 
andd convergently evolving in rotifers, with several reversals in 
sipunculans,, ectoprocts, and panarthropods. NI21 originated twice 
independently,, once in molluscs + annelids, and once m rotifers + 
entoprocts,, with reversals in gnathostomulids and panarthropods. The 
convergentt origin of downstream-collecting ciliary feeding is also 
supportedd by the analyses of Zrzavy et al. (1998) (three unambiguous 
convergentt origins of Z136 under ACCTRAN in rotifers, polyclads and 
thee rest), and Rouse (1999) (multiple convergences of R140 in 
entoprocts,, echiurans, and various times within the polychaetes). In 
fact/thee analysis of Sorensen et al. (2000) provided the only recent 
cladisticc support for a single origin of downstream ciliary feeding. 
However,, the single origin of S29 is caused by the scoring of 
'inapplicability'' or '?' in taxa such as Gnathostomulida and 
Micrognathozoa,, instead of 'absence' of downstream ciliary feeding. 
Inapplicabilityy scoring for, for example, Gnathostomulida can be 
defendedd only if S29 strictly coded larval morphology (gnathostomulids 
lackk larvae). However, S29 also coded for the adult situation, and 
thereforee logic would dictate the scoring for gnathostomulids as lacking 
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aa downstream ciliary system, just as rotifers (adults) were 
unambiguouslyy scored as possessing it. This would create results in 
accordancee with the convergent evolution of downstream ciliary 
feedingg as suggested by the other recent morphological cladistic 
analyses. . 

Thee major obstacle for reaching agreement on the phylogenetic 
significancee of downstream ciliary feeding is uncertainty and/or 
disagreementt about the ground patterns of several phyla. For example, 
opposedd band larval feeding in annelids is only known (functional 
studies)) for three families: Serpulidae, Oweniidae (Miner et alv 1999), 
andd Capitellidae (Pernet & Schroeder, 1999), while several other 
familiess do possess the necessary ciliary bands but confirmation of their 
functionn is lacking. Yet, with the exception of Rouse's (1999,2000a, b, c) 
analyses,, annelids, or at least polychaetes are scored as unequivocally 
havingg downstream-larval ciliary feeding. 
Currentt analyses at least suggest that a certain degree of convergence of 
downstreamm ciliary feeding in both adults and larvae is undeniable, in 
particularr supporting the independent origin of this trait in rotifers and 
thee other taxa. 

Larvaa with strongly reduced hyposphere 

Thiss character refers to larvae in which the post-prototrochal region 
(hyposphere)) is significantly reduced in size. However, because it is 
specificallyy applied to platyhelminth and nemertean larvae in which the 
existencee of a prototroch (defined on the basis of the cell lineage of the 
prototrochall  cells) is contentious, the hyposphere can be regarded as the 
partt of the larva posterior to the rim of long cilia in polyclad and 
pilidiumm larvae. Tlie infusion of a phylogenetic assumption into the 
definitionn of this feature makes it a particularly interesting character. 

CharacterCharacter coding 

S28;; NI20: larva with strongly reduced hyposphere a/p 

CharacterCharacter scoring and phylogenetic significance 

Thee reduction of the larval hyposphere is interpreted as a 
synapomorphyy for Platyhelminthes and Nemertea (Parenchymia) in 
Nielsenn (1995), Nielsen (2001), and Sorensen et al. (2000). Support for 
thee validity of this character is largely derived from the detailed 
comparativee studies of larval nervous systems and ciliary bands 
performedd by Lacalli (1982, 1983, 1984; Lacalli & West, 1985). These 
studiess demonstrated various morphological similarities shared 
betweenn polychaete trochophore larvae, polyclad Müller's and Götte's 
larvaee (lobophore larvae), and nemertean pilidium larvae. However, the 
definitionn of this character conflates a justifiable morphological 
componentt with a much more contentious theoretical assumption. 
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Thee character refers explicitly to a larva with a reduced 
hyposphere,, which embodies an a priori  assumption of the direction of 
evolutionaryy change: the derivation of a reduced hyposphere from an 
ancestrall  state with a more developed hyposphere. Sarensen et al. 
(2000)) (p. 301) qualify the character as "..a trochophora type of larva 
withh a strongly reduced hyposphere/' while Nielsen (1995) (p. 214) 
concludess that "...the larvae could perhaps be interpreted as 
trochophoress with strongly reduced hypospheres..." These 
interpretationss appear to be quite colored by the trochaea theory 
accordingg to which "...these larvae should be modified trochophores..." 
Nielsenn (1995) (p. 211). The introduction of a phylogeny-dependent 
elementt into a cladistic character is unjustifiably circular, and is in direct 
conflictt with the main goal of cladistic analyses, namely the 
establishmentt of patterns of character distribution that may function as 
startingstarting points of hypotheses of evolutionary character transformation. 
Att the very least, in order for this phylogeny-dependent character to be 
valid,, parenchymians should be nested within a clade of protostomes 
thatt are unambiguously characterized by the possession of trochophore 
larvaee with a more fully developed hyposphere. Although this may be 
consistentt with the results from Nielsen et al. (1996) and Sorensen et al. 
(2000),, other recent studies place platyhelminths and nemerteans 
outsidee a clade characterized by trochophore larvae, or do not indicate 
anyy close relationship between these two phyla in the first place 
(Eernissee et al., 1992; Haszprunar, 1996a; Rouse & Fauchald, 1995; 
Giribetetal.,2000). . 

Sincee this character is chiefly based upon information from the 
studiess of Lacalli, it should be noted that Lacalli himself is very reserved 
inn drawing concrete evolutionary conclusions with regard to the 
similaritiess of polyclad lobophore and pilidium larvae (Lacalli, 1982; 
Lacallii  & West, 1985). Interestingly, Lacalli's only explicit evolutionary 
scenarioo exhibits an opposite polarity of change to that proposed by 
Nielsenn (1995) and S0rensen et al. (2000). Lacalli (1984) envisions that 
polycladd larvae are the more ancestral larval form from which 
trochophoree larvae could have evolved. 

Distinctt from the difficulties that are introduced through the 
blendingg of a proper morphological component and an unnecessary a 
prioripriori  assumption of the direction of evolutionary change, it is 
questionablee whether the similarities of polyclad and nemertean 
pilidiumm larvae could be scored as primary homologies in the first 
place.. First, the placement of polyclads within platyhelminths on the 
basiss of current morphological and molecular phylogenetic data does 
nott support the hypothesis that polyclad Müller's and Götte's larvae are 
partt of the platyhelminth ground pattern (Carranza et al., 1997; Campos 
ett al., 1998; Zrzavy et al., 1998; Ruiz-Trillo et al., 1999; Giribet et al., 
2000).. Of course, this does not prove that these polyclad larval types 
couldd not in principle be primitive platyhelminth larvae retained from 
thee ancestral lif e cycle, but current data do not even unambiguously 
supportt the presence of Müller's and Götte's larvae in the polyclad 

274 4 



groundd pattern. More likely, these larvae evolved within the polyclads 
(Ehlers,, 1985; Ax, 1995). In addition, it is unlikely that pilidium larvae 
aree present in the nemertean ground pattern, as is admitted by Nielsen 
himselff  (1995,2001). He states that (2001:288): "...the lif e cycle involving 
aa pilidium larva is definitely not ancestral." This statement implies that 
pilidiumm larvae have evolved within a monophyletic Nemertea, thus 
beingg inconsequential for linking Nemertea to any other phylum (see 
Jenner,, 2001b for an example of logical conflict in Nielsen, 2001 centered 
uponn the presumed primitiveness of pilidium larvae). 

AA final comment concerns the similarities of polyclad lobophore 
andd pilidium larvae with respect to their small or reduced hypospheres. 
Althoughh the typical helmet-shaped pilidium indeed appears to possess 
aa very small post-trochal area or hyposphere, various different types of 
pilidiumm larvae are known, including two types called Pilidium 
recurvatumrecurvatum and P. incurvatum (figs. 21 and 23 in Jagersten, 1972; fig. 27.1 
inn Nielsen, 1995). These two types possess a hyposphere of "normal" 
proportions,, comparable in relative dimensions to that of many 
trochophoree larvae, and including a posterior telotroch. Interestingly, 
bothh JMgersten (1972: 99) and Nielsen (1985: 257) suggested that the 
typicall  helmet-shaped pilidium larva may well have evolved from this 
typee of pilidium with a normally proportioned hyposphere. Also, 
differentt types of Müller's or Götte's larvae may differ in the extent of 
theirr hyposphere, so that some forms may possess quite sizable 
hypospheres.. The determination of the primitive type of pilidium or 
Müller'ss or Götte's larva remains pure conjecture at this time. These 
considerationss further lessen the probability that a small or reduced 
hypospheree is homologous in polyclad and pilidium larvae. 

Prototrochall  lobes 

Thiss character describes whether or not the prototroch is located on 
lobes. . 

CharacterCharacter coding 

M66:: prototrochal lobes (velum, pilum) a/p 
Z139:: prototroch developed as ciliated lobes a/p 

CharacterCharacter scoring and phylogenetic significance 

M666 and Z139 both score only Nemertea and Mollusca. This character is 
aa striking example of what may go wrong when we strive too hard to 
fulfil ll  the key ingredient that makes a cladistic analysis such an effective 
testt of alternative hypotheses: the inclusion of all pertinent information. 
Althoughh there is some value in the dictum that one cannot separate 
goodd and bad characters prior to cladistic analysis, careful 
considerationn of morphology before the analysis can, and must, be used 
too distinguish potentially useful and obviously useless data. The fact that 
onee can discern superficial similarity between the ciliated lobes of 
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heteronemerteann pilidiu m larvae, and the velum that characterizes 
molluscann veliger  larvae should scarcely inspire the creation of a new 
character.. The presence of a pilidiu mm larva in the nemertean ground 
patternn is highly unlikely (Henry &  Martindale, 1997; Nielsen, 2001). 
Molluscann veliger  larvae are only found within bivalves and 
gastropods.. Even assuming that they are part of the bivalve and 
gastropodd ground patterns (but see Cragg, 1996, Salvini-Plawen & 
Steiner,, 1996, Hadfield et al., 1997, and Ponder  &  Lindberg, 1997 for 
argumentss based upon the distributio n of veligers within bivalves and 
gastropodss that they may not be ancestral characters for  both taxa, and 
thatt  convergent evolution of the veliger  even within gastropods is 
likely),, they are most likely not present in the ground pattern of the 
entiree phylum (lacking in aplacophorans, polyplacophorans, 
monoplacophorans,, scaphopods, and cephalopods) (Nielsen, 1995, 
2001).. This character  only illustrates the prevalence of convergent 
evolution,, and will only introduce noise into the phylogenetic analyses 
off  Meglitsch &  Schram (1991) and Zrzavy et al. (1998). 

BODYY CAVITIES 

"Hohlraumee sind begrifflich schwer zu fassen, da sie im Prinzip keine Eigenstruktur 
aufweisen,, so dass sie nur indirekt begriffen werden können. Ein Vergleich von 
Hohlraumenn stellt sich deshalb als besonders schwierig dar." -Ahlrichs (1995:151) 

"Inn der Tat lassen sich Hohlraume - also sozusagen negative Strukturen - nicht 
ebensoo homologisieren wie Organe mitt ihren positiven Strukturen" -Remane (1963a: 
483-384) ) 

Thiss section discusses body cavities located roughly between the 
epidermiss and gut. The interpretation of metazoan body cavities can be 
regardedd as one of the most controversial and influential subjects of 
comparativee zoology, perhaps only being rivaled in scope and intensity 
byy discussions on the evolutionary significance of larval forms. The 
evolutionaryy importance that body cavities have held in past thinkin g is 
reflectedd by extensive discussions of various competing historical 
theoriess of animal evolution that centered on divergent interpretations 
off  body cavities, such as the enterocoel and gonocoel theories, and by 
thee central role of body cavities in the naming of many different higher 
levell  animal taxa (Coelomata, Pseudocoelomata, Rhynchocoela 
[nemerteans],, Paracoelomata [approx. Ecdysozoa sensu lato Zrzavy et 
al.,, 1998], Procoelomata [stem-group metazoans above platyhelminth 
gradee of organization; Bergström, 1989], Archicoelomata [stem-group 
bilaterianss and some modern descendants [Ulrich , 1972], Coelomopora 
[Hemichordataa + Echinodermata]). 

Becausee a cavity by its nature lacks defining features, body 
cavitiess can only be characterized with reference to surrounding 
structures,, such as a peritoneal coelomic lining, or  structures internal to 
thee body cavity, for  example coelomocytes. Since the nature of an 
animal'ss body cavity is structurall y and functionally intimately related 
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too many of these structures, attempts to understand the evolution of 
bodyy cavities has to address a considerable variety of topics, including 
nephridial,, circulatory, muscular, and gonadal systems, body 
segmentation,, functional morphology of locomotion, and lif e cycles 
stages.. Consequently, discussions of the evolutionary significance of 
bodyy cavities have traversed a wide range of causal explanations, 
criteriaa for homology assessment, and methods of comparative zoology 
acrosss the entire Metazoa. 

Acoeloms.. pseudocoeloms. and coeloms. primary and secondary body 
cavities s 

Accordingg to body cavity design, bilaterian metazoans can be arranged 
alongg three grades of organization: acoelomate, pseudocoelomate, and 
coelomatee (Hyman, 1940; 1951a; Ax, 1995; Rieger, 1996a). This structural 
divisionn is frequently interpreted as a phylogenetic series in the classical 
Anglo-Saxonn literature, symbolizing the traditional textbook tree that is 
supposedlyy rooted in Hyman's influential multivolume work on The 
Invertebrates.Invertebrates. However, a close reading of Hyman reveals that although 
shee regarded the structural distinctions to be founded on firm 
anatomicall  observations, the phylogenetic significance of body cavities 
wass less clear (Jenner, 2000). This threefold distinction is based 
primarilyy on light microscopical data, but since then, electron 
microscopicall  studies have necessitated a revision of these concepts 
(Ruppert,, 1991a; Rieger, 1996a), primarily by showing that acoelomate 
andd pseudocoelomate organizations are arbitrary points along an 
ultrastructurall  continuum. In addition, insufficient attention has been 
paidd to the nature of animal lif e cycles in the scoring of body cavity 
characterss in recent cladistic studies, and this has seriously constrained 
recentt thinking about the evolution of animal body cavities (see Jenner, 
2001a). . 

Ultrastructurallyy there is a clear distinction between the 
acoelomate/pseudocoelomatee organization on the one hand and the 
coelomatee organization on the other. Acoelomate and pseudocoelomate 
animalss can be said to possess a primary body cavity and coelomate 
animalss a secondary body cavity. A primary body cavity ranges from a 
virtuall  absence of any cavity, such as the very narrow interstitial spaces 
inn gnathostomulids, to a more spacious cavity lined by ECM and 
borderedd by the basal surfaces of the epidermis and gut, such as found 
inn priapulids. A secondary body cavity is always in contact with the 
apicall  surfaces of its lining mesodermal epithelial cells. These terms 
havee been in the literature for a long time (Hyman, 1951a; Remane, 
1963a;; Salvini-Plawen & Splechtna, 1979), but they have not always 
beenn defined in a rigorous fashion, and in some cases different uses of 
thesee terms have been misleading. This paper wil l only discuss the 
secondaryy body cavity or coelom. 
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Secondaryy body cavity, coelom 

"Theree is nothing to indicate that the various coeloms are homologous, and this 
opinionn is now shared by most authors" -Nielsen (2001:86) 

"I tt is reasonable to consider that the coelomic cavity is an autapomorphy 
distinguishingg triploblasts from diploblasts" -Dewel (2000:43) 

Howw do we define a coelom? The scope of the chosen definition 
dependss crucially on the criteria of homology that one employs. It is 
importantt to distinguish between different levels of comparison, 
rangingg from descriptive histology and gross anatomy, to functional 
morphologyy and morphogenetic processes (Remane, 1963a; Siewing, 
1969;; Salvini-Plawen & Splechtna, 1979; Ahlrichs, 1995; Minelli , 1995). A 
failuree to make this distinction has led to confusing controversies, 
especiallyy in regards to particular structures in specific taxa, such as the 
naturee of the molluscan gono-pericardial system (Salvini-Plawen, 1968; 
Salvini-Plawenn & Splechtna, 1979; Salvini-Plawen & Bartolomaeus, 
1995;; Morse & Reynolds, 1996), the nemertean rhynchocoel and 
circulatoryy system (Turbeville & Ruppert, 1985; Turbeville et al., 1992; 
Bartolomaeus,, 1993a; Ax, 1995; Nielsen, 1995), and the body coeloms of 
chaetognathss (Telford & Holland, 1993; Christoffersen & Araüjo-de-
Almeida,, 1994; Schram & Ellis, 1994; Shinn, 1994; Ghirardelli, 1995; 
Nielsen,, 1995; Kapp, 1996; Stocker, 1998). The following section wil l 
discusss coeloms from three different perspectives: 1) structural, 2) 
ontogeneticc source, and 3) developmental or morphogenetic mode. 

nn Histological (ultrastructuraD. morphological, structural definition 

Too avoid unwarranted hypotheses of homology implied by the 
ambiguouslyy used term 'coelom' for mesothelium lined cavities in a 
widee variety of animals, Salvini-Plawen & Bartolomaeus (1995) 
recommendedd the application of the term 'mesothelocoel' to the broad 
categoryy of strictly structurally defined coeloms. This applies to all 
coelomicc cavities irrespective of ontogenetic origin, structural 
elaborationn (e.g., lined by a peritoneum or not), exact configuration, 
anatomicall  position, and function. Finding it unnecessary to introduce a 
neww term, but recognizing the merit of a clear homology proposal, I wil l 
usee in this paper the simple term 'coelom' as equivalent to 
'mesothelocoel.'' A 

Sincee its original formulation by Haeckel in the late 19 century, 
thee definition of a coelom has been constrained with respect to the 
vertebratee pleuroperitoneal cavity with its peritoneal lining (Ruppert, 
1991a).. Hyman's often adopted definition reflects this constraint: "A 
truetrue coelom is thus defined as a space between digestive tract and body wall 
whichwhich is bounded on all sides by tissue of entomesodermal origin and lined by 
peritoneum"peritoneum" (1951a: 23). This definition is echoed in many recent works, 
suchh as Brusca & Brusca (1990), Willmer (1990), Meglitsch & Schram 
(1991),, Eernisse et al. (1992) (E17,18), Brusca et al. (1997), Raff (1998), 
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Stockerr  (1998), Anderson (1998), and Almeida &  Christoffersen (2000). It 
impliess a pseudostratified or  stratified coelomic lining in which muscle 
orr  epithelio-muscle cells are entirely separated from the coelomic fluid 
byy a non-muscular  epithelial peritoneum. Although the coeloms of 
variouss invertebrates reasonably conform to this definition 
(chaetognathh trunk and tail coeloms are at least partiall y covered by 
peritoneocytes::  Shinn, 1994,1997; polychaete perivisceral coeloms with 
peritoneocytess covering the somatic lining: Fransen, 1988; 
Bartolomaeus,, 1994; nemertean rhynchocoel with non-muscular  lining 
cells::  Turbevill e &  Ruppert, 1985; Turbeville, 1991; echinoderm podia 
linedd with peritoneocytes: Rieger  &  Lombardi, 1987), many others do 
nott  answer  this definition since their  coeloms are lined by a simple 
myoepitheliumm lacking an overlying non-contractile peritoneum (many 
polychaetes::  Fransen, 1988; Bartolomaeus, 1994; hemichordates: Benito 
&&  Pardos, 1997; some echinoderms: Rieger  &  Lombardi, 1987). Current 
evidencee suggests that peritoneal linings have evolved convergently 
withi nn the coelomate bilaterians, such as withi n polychaetes, 
sipunculans,, echiurans, and echinoderms (Rieger, 1986a; Rieger  & 
Lombardi ,, 1987; Bartolomaeus, 1994). Note that Nielsen (1995, 2001) 
adoptss a broad definition of a peritoneum that coincides with what I 
acceptt  here as a definition of a mesothelium (Ruppert, 1991a), and 
whichh designates both genuine non-contractile coelomic linings and 
myoepitheliaa as peritonea. 

Otherr  authors adopted a less restricted definition of a coelom, 
exemplifiedd by Ruppert (1991a): a compartment in the connective tissue 
compartment,, between epidermis and gastrodermis, that is lined by a 
mesodermallyy derived epithelium, or  mesothelium. Corresponding 
definitionss are found in Nielsen (1985,1995), and Haszprunar  (1996a) 
(H26).. For  practical purposes, Ahlrich' s (1995) purely topographical 
definitionn of a secondary body cavity (as a compartment withi n a 
compartment,, i.e., the primar y body cavity, bounded by the gut and 
epidermis)) corresponds closely to this definition of a coelom (note that 
Salvini-Plawenn &  Bartolomaeus, 1995, strictly use this term to refer  to a 
truee l>ody coelom'). Eernisse et al. (1992) coded at least ten characters 
(E14-23)) directly related to body cavities, employing various homology 
criteria .. Other  recent phylogenetic studies, either  of the entire Metazoa 
orr  a subset of taxa, supplied no definition, but judging from their  data 
matrices,, Meglitsch &  Schram (1991) (M42), Zrzavy et al. (1998) (Z30), 
andd Wallace et al. (1996) (Wa2) employed broad structural definitions of 
aa coelom. Although gonocoels and metanephridia may also answer  this 
broadd definition of a coelom, they are not scored accordingly in these 
analyses. . 

CharacterCharacter coding 

H26;; Z30: histologically defined coelom a/p 
M42:: no body cavity/coelom (metacoel) 
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M422 suggests the homology of the coeloms of protostomes with only 
thee metacoel in deuterostomes, including lophophorates. Although this 
scoringg is not explicitly outlined in the text, it in fact reflects an 
assumptionn of metazoan evolution that coincides with a theory 
propoundedd by Salvini-Plawen (1982, 1985, 1998) on the origin of 
oligomerouss metazoans. 

ScoringScoring conflicts of histologically defined coelom (absent, present) 

Priapulida a 
Chaetognatha a 
Entoprocta a 

Myzostomida a 

Urochordata a 

absent t 
M42 2 
M42 2 
Z30, , 
H26 6 
Z30, , 
H26 6 
M42 2 

present t 
Z30 0 
Z30 0 
M42 2 

R125 5 

230 0 

CharacterCharacter scoring and phylogenetic significance 

Theree have been different opinions about the nature of the body 
cavityy of priapulid s in the literatur e (Land &  Nerrevang, 1985). 
However,, it is probable that the priapuli d ground pattern does not 
includee a coelom lined by a mesothelium, contrary to Zrzavy et al. 
(1998).. Instead, a spacious primar y body cavity represents the likely 
priapuli dd ground pattern (Storch, 1991; Neuhaus, 1994; Ahlrichs, 1995; 
Schmidt-Rhaesa,, 1996; Adrianov &  Malakhov, 1996). The body cavity is 
surroundedd by non-epithelial muscle cells (Storch, 1991). Earlier  reports 
off  the presence of an epithelial (peritoneal) coelomic lining resulted 
fromm the incorrect interpretation of ECM (basal lamina) surrounding 
non-epitheliall  muscle cells as a coelomic epithelium (Land & 
Norrevang,, 1985). Amebocytes may also be found in close apposition to 
thee longitudinal body wall musculature (McLean, 1984; Adrianov & 
Malakhov,, 1996) that give the appearance of scattered coelomic lining 
cells.. A genuine coelomic cavity that answers a histological definition 
occurss only in one of the 18 currently described extant species of 
priapulid ss (Shirley &  Storch, 1999). The small coelomic cavities 
surroundingg the mouth cone (in addition to the spacious non-coelomic 
majorr  body cavity) of the meiobenthic priapuli d Meiopriapulus fijiensts 
representt  a peculiarity within priapulid s (Storch, 1991). In addition, 
MeiopriapulusMeiopriapulus may be considered to be one of the most evolutionarily 
derivedd extant priapulid s (Adrianov &  Malakhov, 1996; but see Wills, 
1998).. t . . . . . 

Lackk of robust ultrastructura l data on the body cavity lining in 
chaetognaths,, the apparently aberrant developmental mechanism by 
whichh the body cavities arise in the embryo, and the questionable 
permanencee of these cavities throughout ontogeny have provided room 
forr  debate on the nature of chaetognath body cavities and their 
phylogeneticc placement (Hyman, 1959; Meglitsch &  Schram, 1991; 
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Schramm & Ellis, 1994; Backeljau et al., 1993, Brusca & Brusca, 1990; 
Willmer,, 1990; Ghirardelli, 1995). Current ultrastructural information 
favorss the interpretation that the chaetognath ground pattern comprises 
histologicallyy defined coeloms in the head, trunk and tail regions of the 
adultt body, contra Meglitsch & Schram (1991), e.g., Welsch & Storch 
(1982);; Shinn (1994,1997); Kapp (1996). Nielsen (1985,1995) considered 
thee chaetognath coeloms to be autapomorphies, and he placed greater 
emphasiss on the supposed aschelminth features of chaetognaths. The 
suggestionn by Telford & Holland (1993) that the lack of a peritoneum 
suggestss that the chaetognath coelom is a pseudocoelom either rests on 
thee employment of the term peritoneum to refer to any mesothelium 
(seee also Nielsen, 1995), or incorrectly interprets the peritoneum to be a 
diagnosticc feature of a coelom, and passes over the fact that at least an 
incompletee layer of peritoneocytes covers the adult trunk and tail 
coelomss (Welsch & Storch, 1982; Shinn, 1994,1997). 

Thee scoring of a coelom in Entoprocta in Meglitsch & Schram 
(1991)) is a lapsus, since entoprocts obviously do not possess a coelom 
duringg any stage of their lif e cycle (Nielsen, 1971; Emschermann, 1996). 

Urochordatess do not form the typical mesodermal coeloms 
(enterocoels)) that characterize various other deuterostomes (Nielsen, 
1995;; Welsch, 1995; Presley et al., 1996), although the pericardium of 
ascidianss and thaliaceans has been considered by some to be a coelom 
(Godeaux,, 1990; Burighel & Cloney, 1997). 

Tardigradess have been reported to possess every type of body 
cavityy distinguishable in invertebrates, including an enterocoel, 
schizocoel,, pseudocoelom, hemocoel, and mixocoel (Nelson, 1982; 
Kinchin,, 1994). Resolution of this problem has been hindered by the 
lackk of convincing embryological data, as well as by terminological 
ambiguitiess associated with body cavities. No coeloms have been 
reportedd in postembryonic stages, and the adult body cavity answers 
thee definition of a primary body cavity with all tissues and organs lined 
byy a basal lamina (Dewel et al., 1993). Nevertheless, Meglitsch & 
Schramm (1991), and Zrzavy et al. (1998) score presence of a coelom, 
whereass Eernisse et al.'s (1992) character scoring is apparently 
contradictory;; it scores both presence of a coelom and a pseudocoelom 
(E15,, E21, E23). Additional discussion of the tardigrade body cavity is 
providedd under Developmental or morphogenetic mode of the coelom. 

Thee possession of a coelom by myzostomids is disputed. Rouse & 
Fauchaldd (1995, 1997), Fauchald & Rouse (1997), Rouse (1999), and 
Westheidee (1996) accept the presence of a coelom or coelomoducts in 
myzostomids.. In contrast, Haszprunar (1996a), Zrzavy et al (1998), and 
Eeckhautt et al. (2000) argue against these interpretations. Eeckhaut 
(1995)) could not confirm the coelomic nature of the genital ducts, and 
sincee this is the most recent study on the internal ultrastructure of 
myzostomids,, it is reasonable to conclude on the basis of current 
informationn that myzostomids lack a coelom. 

Whatt is the phylogenetic significance of a structurally defined 
coelomm in the Metazoa? The phylogenetic analysis of Haszprunar 
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(1996a)) suggests the independent evolution of a histologically defined 
coelomm in Mollusca, Nemertea, and the clade (Sipuncula (Echiura 
(Polychaetaa Clitellata))), whereas the analysis of Zrzavy et al. (1998) 
suggestss the homology of the coelom in these taxa, and convergent 
evolutionn of a coelom in Panarthropoda, Chaetognatha, Priapulid, and 
thee clade (Lophophorata Deuterostomia). The analysis of Meglitsch & 
Schramm (1991) implied the monophyletic origin of a coelom as a 
synapomorphyy of the Coelomata. However, the incorrect scoring of 
entoproctss has an important effect, so that a re-analysis after rescoring 
off  entoprocts results in the collapse of the clade Coelomata. Nielsen 
(1995,1998b)) argued that coeloms in protostomes and deuterostomes 
aree convergent, but the phylogenetic analysis of Nielsen et al. (1996) 
doess not provide unambiguous support for or against the monophyletic 
originn of a coelom. 

Thee threefold convergence of the histologically defined coelom in 
Haszprunarr (1996a) is interpreted on the following topology: 
( N e m e r t e aa ( E n t o p r o c t a 
Mollusca)(Myzostomida(Sipuncula(Echiura(PolychaetaCHtellata)))) ) 
Thiss supposes the primary lack of a coelom in entoprocts and 
myzostomids.. However, it is equally parsimonious to suggest 
homologyy of coeloms in these taxa with the secondary loss of a coelom 
inn myzostomids and entoprocts. The same ambiguity results from the 
analysiss of Rouse (1999): homology of the coelom in euspiralians 
impliess secondary loss of the coelom in entoprocts and myzostomids, or 
primaryy lack of a coelom in entoprocts implies convergence of the 
coelomm in nemerteans and other euspiralians. Indeed some authors 
favorr the derivation of entoprocts from coelomate ancestors (Bergström, 
1997;; Cavalier-Smith, 1998), while others suggest it is more likely that 
entoproctss are derived from a small non-coelomate ancestor 
(Haszprunar,, 1996). The diversity of current phylogenetic hypotheses 
(eitherr morphological, molecular, or combined) for the placement of 
entoproctss defies any clear resolution. The same holds true for 
myzostomids.. Their traditional positioning within the Polychaeta has 
receivedd cladistic support from the analyses of Rouse & Fauchald 
(1997),, which is in line with a secondary absence of a coelom. Their 
nestingg within the coelomate neotrochozoans in Zrzavy et al. (1998) 
supportss the same conclusion. However, their placement in the analysis 
off  Haszprunar (1996a) is ambiguous as to the evolutionary significance 
off  their body cavity organization, whereas the analysis of Zrzavy et al. 
(2001)) appears to support their primary non-coelomate nature (see 
Jenner,, in prep., for a critical discussion of recent attempts to place 
Myzostomidaa within the Metazoa). 

Phylogeneticc analyses of metazoan relationships based primarily 
onn 18S rRNA/DNA data have yielded a range of different results and 
interpretationss for body cavity evolution that can broadly be classified 
intoo three categories: 
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1)) Homology of coeloms in early studies, that suffer seriously from 
taxonn sampling defects (especially the exclusion of non-coelomates), 
andd the incorporation of fast clock organisms, such as C. elegans (Field et 
al.,1988;; Raff et al., 1989; Ghiselin, 1989; Turbeville et al., 1992; Telford 
&&  Holland, 1993; Raff et al., 1994; Philippe et al., 1994; Winnepenninckx 
ett al., 1995b). Consequently, the phylogenetic support for a 
monophyleticc (Eu)Coelomata reported in these studies cannot be 
regardedd as reliable (see also Jenner, 2000). 

2)) Studies that do include a broader sampling of taxa, but in which 
phylogeneticc inferences are constrained by the influence of confusing 
interpretationss from the morphological literature. These analyses are 
stronglyy biased towards accepting coelomate monophyly on the basis of 
unsubstantiatedd ad hoc assumptions, and they derive non-coelomate 
bodyy organizations from coelomate precursors (Winnepenninckx et al., 
1995a;; Mackey et al., 1996; Balavoine, 1997,1998; Balavoine & Adoutte, 
1998;; Aguinaldo & Lake, 1998; Adoutte et al., 1999, 2000; Knoll & 
Carroll,, 1999). 

3)) Studies that include a broader sampling of taxa, supporting the 
potentiall  convergence of coeloms or the primary lack of coeloms in 
variouss non-coelomate bilaterians, although they do not necessarily 
explicitlyy discuss the evolution of body cavity organization in their 
paperss (e.g., Eernisse, 1997; Littlewood et al., 1998a; Ruiz-Trillo et al., 
1999;; Giribet & Ribera, 1998; Zrzavy et al., 1998; Giribet & Wheeler, 
1999;; Peterson & Eernisse, 2001). Although these comprehensive studies 
doo not yield a completely resolved bilaterian clade, a conservative 
parsimonyy estimation indicates that convergent evolution of a 
structurallyy defined coelom is more likely than its overall homology 
acrosss Bilateria (see also Jenner, 2000). However, the analyses of Giribet 
ett al. (2000) and Zrzavy et al. (2001) do not yield unambiguous 
conclusionss about the homology of coeloms. 

Whatt are we at this point to conclude? Comprehensive 
morphologicall  and molecular cladistic studies have not as yet supplied 
convincingg support for a monophyletic origin of the coelom, but this 
conclusionn is based upon the assumption that gain and loss of a coelom 
aree equally probable. Ultimately, a definitive conclusion wil l depend on 
ourr understanding of the relative probabilities of character gains and 
losses. . 

2)2) Ontogenetic source 

Thee embryonic origin of the mesoderm has been considered as 
especiallyy relevant for the consideration of the homology of secondary 
bodyy cavities. On the basis of comparative anatomy a classical 
distinctionn has been made between ectomesoderm (ectomesenchyme, 
mesectoderm)) and endomesoderm (mesendoderm or " t rue" 
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mesoderm),, and these being derived from ectoderm and endoderm 
respectivelyy (Hyman, 1951a; Salvini-Plawen &  Splechtna, 1979). A note 
onn terminology is in order  here. Ectodermally derived mesoderm is 
variablyy referred to in the literatur e as ectomesenchyme or 
ectomesoderm.. Careful use of terms is necessary since these terms are 
usedd by different authors to connote very precise homology proposals, 
especiallyy regarding the homology of mesoderm in the Bilateria and the 
mesogloeaa in cnidarians and ctenophores. Since mesogloeal cells do not 
formm true organs (although the rather  arbitrar y definition of an "organ" 
mightt  call this argument into question) it was suggested that 
designatingg them as a germ layer  (i.e., mesoderm) would be 
inappropriat ee (Siewing, 1969). Consequently, ectomesenchyme became 
thee preferred term for  cells located between the epidermis and 
gastrodermis.. For  different perspectives on terminology see Hyman 
(1951a),, Salvini-Plawen (1998a), Salvini-Plawen &  Splechtna (1979); 
Siewingg (1969,1977); Starck &  Siewing (1980); Hall (1998). It should be 
noted,, however, that most recent papers have settled with 
ectomesodermm and have not been explicitly concerned with issues of 
terminology.. In this paper  I use the terms ectomesoderm and 
ectomesenchymee interchangeably. 

Thee differentiation between ecto- and endomesoderm has long 
beenn regarded as very important for  resolving invertebrate 
relationships.. Various authors have argued for  the phylogenetic 
distinctnesss of ectomesoderm and endomesoderm with the former 
evolvingg before the latter  (Wilson, 1898; Hyman, 1951a; Siewing, 1969; 
Salvini-Plawenn &  Splechtna, 1979). Ectomesenchyme is widespread in 
spiralianss and diploblasts, and was thought to be totally lacking in 
deuterostomes.. In addition, the conviction that ectomesoderm solely 
contributedd to larval structures led to its designation as larval 
mesoderm.. Recently, zoologists have turned away from this rigid 
division,, and now generally admit an underlying unity between endo-
andd ectomesoderm (Ruppert, 1991a; Nielsen, 1995; Hall, 1998) as is 
reflectedd in the cladistic character  codings of mesodermal characters, 
e.g.,, N27, and Z17. Recent cell lineage studies, in particular  on the 
presumedd basal spiralian platyhelminths and nemerteans, confirm and 
extendd the results from earlier  studies that indicate that ecto- and 
endomesodermm are not strictly separate sources of larval and adult 
tissues,, respectively (confirmed also by unpublished observations of P. 
Damenn for  Patella). Both may contribute to larval and adult structures, 
andd frequently mix in the development of particular  structures. Both 
larvall  and adult tissues are composed of a mixtur e of ecto- and 
endomesodermm in a variety of spiralians (Boyer  et al. 1996a, 1998; Boyer 
&&  Henry, 1998; Henry &  Martindale, 1998a, 1999). The presence of both 
ecto-- and endomesoderm, derived from opposing ventrally and 
dorsallyy positioned blastomeres respectively, is posited for  the spiralian 
ancestorr  (Boyer  et al., 1996a, 1998; Henry &  Martindale , 1999). 
Ectomesodermm in spiralians may be derived from either  the first 
(leeches,, possibly echiurans), second (molluscs, polychaetes. 

284 4 



nemerteans,, and polyclads), or  thir d quartet micromeres (molluscs, 
nemerteans,, echiurans, and polychaetes) (Boyer  et al., 1996a; Boyer  & 
Henry,, 1998; Henry &  Martindale, 1998a, 1999). However, modern cell 
lineagee tracing methods are necessary to confirm these observations. 

Interestingly,, some profound evolutionary changes have 
occurredd in different taxa in the relative contribution of ecto- and 
endomesodermm to adult spiralian tissues. The mesoderm of the 
prosobranchh gastropod Paludina (Viviparus) has been reported to 
originatee either  as outpocketings of the archenteron, or  exclusively as 
ectomesodermm (Verdonk &  Biggelaar, 1983), and although the need for 
reinvestigationn is obvious, the second interpretation has attained 
widespreadd approval (Raven, 1966; Hyman, 1967; Webber, 1977; 
Salvini-Plawenn &  Splechtna, 1979; Nielsen, 1995). Similarly , all 
mesodermall  derivatives of the polychaete Eunice may be exclusively 
composedd of ectomesoderm (Nielsen, 1995). 

Deuterostomess are traditionall y regarded as completely lacking 
ectomesodermm (Salvini-Plawen &  Splechtna, 1979; Rieger, 1996a), but 
evenn in deuterostomes we can trace the ectodermal origin of various 
mesodermall  organs such as the pericardium in enteropneusts and 
asteroidss (Ruppert, 1991a). Although based on older  data, the reports of 
ectodermall  cells that ingress into the blastocoel of various phoronid 
speciess (see Bartolomaeus, 2001) also warrant a detailed 
reconsideration.. However, whether  exclusive homology can be 
maintainedd between ectomesodermal structures throughout the animal 
kingdom,, entirely separate from endomesodermal derivatives, is 
doubtful.. The ectomesodermal origin of structures in spiralians is firml y 
rootedd in corresponding cell lineages (first , second, and thir d quartet 
micromeres),, but the deuterostomal ectomesodermal derivatives 
mentionedd by Ruppert (1991a) do not share these origins. For  example, 
thee pulsatile vesicle developed from ectomesenchyme in the 
enteropneustt  tornari a larva (Ruppert &  Balser, 1986), and the 
ectomesodermall  structures developed from the second or  thir d 
micromeree quartet in the trochophore larva of gastropod molluscs 
(Verdonkk &  Biggelaar, 1983; Dictus &  Damen, 1997) are both formed in 
thee larva, and may both contribute to adult structures (the pericardium 
andd foot, respectively). However, there is nothing that suggests a single 
phylogeneticc origin of these ectomesodermal structures. So far, the lack 
off  convincing homology between the ectomesenchyme of non-
bilaterianss and bilaterians, or  protostomes and deuterostomes, leaves 
thee phylogenetic significance of the fundamental separation of ecto- and 
endomesodermm unresolved. 

Itt  should be noted that current textbooks provide a definition of 
endomesodermm that is inaccurate, and may lead to confusion with 
respectt  to the phylogenetic significance of endomesoderm. It is stated 
thatt  endomesoderm is derived from endoderm (e.g., Meglitsch &  Schram, 
1991;;  Gilbert &  Raunio, 1997), implying that mesoderm derives from 
alreadyy differentiated endoderm. A developmentally more accurate 
characterizationn of endomesoderm that is in line with recent 
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investigationss of the source of mesoderm in diverse animal phyla is 
rootedd in detailed cell lineage (Boyer  et aL, 1996; Boyer  &  Henry, 1998; 
Henryy &  Martindale, 1998a, b, 1999; Henry et al., 2000; Martindal e & 
Henry,, 1999). Endomesoderm would then be defined as mesoderm 
derivingg from cells that will produce both endodermal and mesodermal 
progeny.. Similarly, ectomesoderm is mesoderm deriving from cells that 
producee both ectodermal and mesodermal progeny. For  example, it was 
recentlyy found that the acoel platyhelminth Neochildia fusca produced 
onlyy endomesoderm (Henry et aL, 2000). This conclusion was based on 
thee fact that mesoderm derives solely from the progeny of thir d duet 
macromeres,, cells that only produce mesoderm and endoderm. 
However,, the thir d duet macromeres arise from second duet 
macromeress that also produce ectodermal offspring. Therefore, the last 
splitt  of developmental competence should be applied as an 
unambiguouss criterion to diagnose ecto- or  endomesoderm. These 
considerationss have some consequences for  character  scoring (see under 
Muscles). . 

Forr  the purpose of this discussion, I will provisionally accept all 
mesodermm to be homologous, coincident with a least restrictive 
topologicall  definition as the middle body layer  (Ruppert, 1991a), while 
furtherr  awaiting evidence hinting at the nature of the primitiv e form(s) 
off  mesoderm. Especially needed are detailed cell lineage studies on the 
originn of mesoderm in various aschelminths, and since mesoderm as a 
secondaryy germ layer  is a quintessentially inductive product (Hall, 
1998),, molecular  developmental analysis of mesoderm induction 
processess may hold the key to uncovering the evolutionary unity or 
truee diversity of mesoderm (see also below). 

Alternatively ,, one may distinguish different sources of mesoderm 
inn the Bilateria: the most common distinction made in recent cladistic 
studiess is between archenteron derived mesoderm, and mesoderm 
derivedd from one or  more cells near  the blastopore (N27, N28, NI25, 
NI26,Z17,, Z20, ZI2, ZI10, S33, S34, P36, P38, B18, B22, M19, Cal). 

CharacterCharacter coding 

N27;; NI25; S33; 217: mesoderm formed from 4d-cell, blastopore rim, or 
ectomesodermm a/p 
N28;; NI26; S34; Z20; ZI10; B22: mesoderm formed from archenteron a/p 
P36:: endomesoderm derived from gut a/p 
M19:: ectomesoderm/4d mesoderm 
Cal:: 4d mesoderm/mesoderm from archenteron (endomesoderm) 
B18:: mesoderm arises from mesentoblast (primitively the 4d cell) a/p 
E5;; P38; ZI2:4d (endo)mesoderm a/p 
H37;; Z19: entomesoblast (4d/2d) a/p 

ScoringScoring conflicts of archenteron derived mesoderm 

Ctenophora a 
Pterobranchia a 

absent t 
P36 6 

present t 
Z20;N28;NI26 6 
Z20;N28;NI26;S34; ; 

? ? 
S34 4 
P36 6 
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Cal l 
Phoronida a 

Ectoprocta a 

Cephalorhyncha a 
Tardigrada a 

Syndermata a 

Gnathostomulida a 
Cycliophora a 

S34 4 

Z20;N28;NI26; ; 
S34;ZI10 0 
ZI10;;  P36 

ZI10 0 

Z20 0 
S34 4 

Z20;N28;NI26;S34; ; 
ZI10;Cal l 

Z20 0 

P36;Cal l 

Z20;N28;NI26;S34 4 
N28;NI26;S34;P36; ; 
ZI10 0 
Z20;N28;NI26;S34; ; 
P366 (Rotifera) 
S34;ZI10;NI26;S34 4 
Z20;ZI10;P36 6 

ScoringScoring conflicts of mesoderm derived from Ad, blastopore rim, or 
ectomesoderm ectomesoderm 

Chaetognatha a 

Loricifer a a 

Tardigrada a 
Acanthocephala a 

Acoela a 
Gnathostomulida a 

absent t 
N27;NI25;Z17,Z19; ; 
ZI2;;  P38 
S33 3 

Z17;;  Z19; P38 
N27;NI25;Z17;Z19; ; 
ZI2 2 
P38 8 

present t 

E5 5 

Z17;Z19 9 
Z17;;  H37 

? ? 
S33 3 

N27;;  NI25; Z17; Z19; ZI2; 
P38 8 
N27;NI25;S33;ZI2 2 
S33 3 

NI25;S33;P38;ZI2;E5; ; 
Z19 9 

CharacterCharacter scoring and phylogenetic significance 

S0rensenn et al. (2000) doubted the presence of mesoderm as a germ 
layerr  in ctenophores (see discussion above), therefore scoring '?.' This 
reasoningg also explains why Peterson &  Eernisse (2001) scored 
mesodermm absent in ctenophores (P34, P36, P38), but this scoring is in 
apparentt  conflict with an earlier  study that supported endomesoderm 
ass a synapomorphy of ctenophores and bilaterians (Peterson & 
Davidson,, 2000), and the scoring for  P35 (presence of endomesodermal 
muscles).. The scoring conflicts hinge upon the definition of a germ 
layer.. If a germ layer  is strictly defined (classical definition) as an 
epithelium,, than ctenophores lack a thir d germ layer. However, when a 
broaderr  definition is accepted that is not restricted to an epithelium, but 
thatt  may also encompass individual cells, than ctenophores do possess 
endomesodermall  cells (as do bilaterians). Because ctenophores clearly 
possesss cells that later  develop such mesodermal structures as different 
muscles,, I support this latter  interpretation. 

Thee most complete account of pterobranch development is that 
forr  Rhabdopleura normani (Lester, 1988a, b). The embryo is largely filled 
withh a mass of yolk-filled mesenchymal cells which give rise to the 
coeloms,, and only during late metamorphosis to the gut. An 
archenteronn was not observed, tentatively justifyin g the scoring of P36 
contraa the other  studies. However, an invaginated archenteron has 
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supposedlyy been reported for Cephalodiscus (Nielsen, 2001), but I have 
nott been able to consult the original sources. 

Forr some phoronids an archenteral origin of at least ingressed 
individuall  mesodermal cells has been reported which supports the 
scoringg of most studies except S34 (Kumé, 1968b; Emig, 1990; Zimmer, 
1991,, 1997), but there remains conflict between different reports of 
phoronidd mesoderm (Lüter, 2000). An origin of mesoderm from the 
vegetall  plate of the embryo before gastrulation is reported for other 
species. . 

Mesodermm has not been reported to originate from the 
archenteronn in ectoprocts as is reflected in the scoring of most cladistic 
analyses,, but the exact source of the mesoderm remains a mystery, 
whichh justifies the scoring of P36 and Cal (Nielsen, 1971,1990; Reed, 
1991;; Lüter, 2000). 

Thee only cephalorhynch phylum for which some embryological 
dataa exists is Priapulida. The mesoderm does not appear to form from 
thee archenteron (Norrevang & Van der Land, 1989; Nielsen, 2001), nor 
hass a mesentoblast been observed, but I have not been able to consult 
thee few available original works on priapulid embryology. With 
nothingg known about the embryology of either kinorhynchs or 
loriciferans,, the scoring of a '?' for mesoderm source is currently the 
bestt option for cephalorhynchs. 

Sincee the first embryological studies of the Tardigrada, the origin 
off  their mesoderm has been problematic. Although the scoring of 
archenteronn derived mesoderm in Zrzavy et al. (1998) is frequently 
presentedd in the literature, a recent study by Eibye-Jacobsen 
(1996/1997)) revealed that most accounts of tardigrade embryology 
(basedd on only three papers with original observations from the late 19 
too the early 20th century) are based on questionable interpretations. 
Mesodermall  origin from the archenteron could not be confirmed and 
remainss as yet unknown (see also under Developmental or 
morphogeneticc mode), also contra E5 that scored presence of 
entomesoblastt for tardigrades. 

E55 scored 4d mesentoblast present for arthropods. Even accepting 
spirall  cleavage in the arthropod ground pattern (but see above), the 
sourcess of mesoderm are not in agreement with those in the 
trochozoans,, i.e.,zs not from mesentoblast 4d (Anderson, 1973; Siewing, 
1979;; Scholtz, 1997; Nielsen, 2001). 

H377 and Z19 scored myzostomids as possessing a 4d 
mesentoblast,, but in view of the absence of cell lineage data ZI2 
properlyy rescored them as'?.' 

Archenteronn derived mesoderrm has not been reported for 
syndermatess (ZI10), but the precise cellular source of the mesoderm 
remainss unknown, as reflected in the scoring of most analyses. 

Thee source of the mesoderm in gnathostomulids is unknown 
(Mainitz,, 1989), contra H37, Z17, Z19 and Z20. Two presumable 
mesoblastss were observed by Riedl (1969), but neither their identity as 
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descendantss from a 4d mesentoblast, nor their derivatives could be 
confirmed. . 

Thee source of mesoderm is unknown for Cycliophora, contra S34. 
Iff  the origin of chaetognath coeloms is a reliable proxy for 

estimatingg the source of the mesoderm, than mesoderm is formed from 
thee archenteron (Alvarifio, 1990; Nielsen, 2001), contra S33. However, 
seee discussion below on the current crude criteria for establishing 
mesodermm source. 

Althoughh ectomesoderm and a 4d mesentoblast are not found in 
acoelss (contra Z19), it is possible that mesoderm derives from the 
blastoporee (Z17) (Henry et al., 2000). However, it is also possible that 
thee mesoderm becomes only distinguishable after gastrulation has 
internalizedd the descendants of the third duet blastomeres which wil l 
eventuallyy produce mesoderm. 

AA note on character coding is in order here. Hald, H37, L52, and 
Z199 created characters that united cells 4d and 2d as the source of 
(endo)mesodermm in various spiralians. This inappropriately unites a 
truee source of mesoderm (4d) with an important source of ectoderm 
(2d).. The 2d cell is the primary somatoblast in neotrochozoans, and 
providess a major contribution to the ectoderm, for example the shell 
andd foot in molluscs, the segmented ectoderm in polychaetes, and larval 
ectodermm and peripheral nervous system in polyclads (Schroeder & 
Hermans,, 1975; Verdonk & Biggelaar, 1983; Boyer et al., 1998). Only in 
nemerteanss has 2d been reported to contribute to mesoderm (Boyer et 
al.,, 1996a; Boyer & Henry, 1998). The derivation of mesoderm from the 
2dd cell in acoel platyhelminths (e.g., Haszprunar, 1996b) is not 
supportedd by recent cell lineage analysis, which suggest that all acoel 
mesodermm derives from third duet macromeres (Henry et a l, 2000). 

Differentt analyses largely agree on the phylogenetic significance 
off  mesoderm derived from 4d, blastopore ridge, or ectomesoderm. 
Nielsenn et al. (1996) and Nielsen (2001) support this character as a 
synapomorphyy for Gastroneuralia + Ectoprocta, excluding Syndermata 
andd Chaetognatha, or Chaetognatha only, respectively. Zrzavy et al. 
(1998)) and Sorensen et al. (2000) support it as a synapomorphy for 
Gastroneuraliaa minus Chaetognatha and Ectoprocta. In contrast, their 
appearss to be some disagreement about the phylogeneticc significance of 
archenteronn derived mesoderm. Nielsen et al. (1998), Nielsen (2001), 
Petersonn & Eernisse (2001), and Zrzavy et al. (1998) suggest that the 
archenteronn is the plesiomorphic source of mesoderm in the Metazoa, 
whereass S0rensen et al. (2000) and Zrzavy et al. (2001) support 
archenteronn derived mesoderm as a synapomorphy for Brachiopoda, 
Phoronida,, and Deuterostomia (also including Chaetognatha in the first 
study). . 

Itt should be realized that these differences in the phylogenetic 
significancee of archenteron derived mesoderm are actually quite small. 
Thee alternatives appear to hinge upon a different scoring for 
Ctenophora,, which is the sister group to Bilateria in these analyses (not 
includedd in Zrzavy et al., 2001). The scoring of archenteron derived 
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mesodermm for ctenophores favors the optimization of this character as 
thee plesiomorphic source of mesoderm in the Metazoa. Alternatively, 
whenn ctenophores are scored absent for archenteron derived 
mesoderm,, than the character is favored as a synapomorphy for a clade 
off  lophophorates (minus Ectoprocta) and deuterostomes. An exception 
iss the analysis by Peterson & Eernisse (2001), which scored ctenophores 
ass lacking archenteron derived mesoderm, but which could support the 
archenteronn as the plesiomorphic mesoderm source by virtue of the 
basall  positions of taxa with this type of mesoderm in all major bilaterian 
clades. . 

Onee may be tempted to conclude that the widespread adoption of 
characterss that dichotomize the source of mesoderm as either the 
archenteron,, or the 4d mesentoblast, blastopore r idge, or 
ectomesoderm,, accurately reflects a unified understanding of the 
evolutionn of mesoderm sources in the Metazoa. I have serious 
reservationss about this. The interplay of three key issues needs to be 
confronted:: the criteria used to define characters or character states, the 
naturee of mesoderm as an induction product, and heterochrony in the 
timingg of mesoderm origin. 

Thee recent cladistic analyses at least universally agree on 
consideringg archenteron derived mesoderm typical for deuterostomes: 
"mesodermm is in all cases formed from the endoderm (archenteron), 
neverr from the blastopore lips as in the protostomes" (Nielsen, 2001: 
375).. This conclusion is actually very misleading. 

Thee main problem is that different criteria are used to diagnose 
thee origin of mesoderm in protostomes and deuterostomes, and these 
criteriaa maintain the existence of arbitrarily dichotomized characters or 
characterr states. The origin of mesoderm within protostomes has been 
bestt established for spiralians and nematodes. The exact cellular source 
off  mesoderm in these taxa is known through detailed cell lineage 
studies.. For most spiralian phyla, for example, it has been clearly 
establishedd that mesoderm originates from the 4d mesentoblast which 
mayy be distinguished as early as the 24-cell stage embryo 
(caenogastropods)) (Biggelaar & Haszprunar, 1996). In all these taxa the 
cellss that are specified to become mesoderm can be recognized early in 
embryogenesiss in an area around or close to the future blastopore, 
typicallyy before gastrulation commences, and thus before an 
archenteronn is formed (in the following discussion spiralian 
ectomesodermm is not considered, only 4d mesoderm and blastopore 
edgee mesoderm which are considered closely similar). Recent cladistic 
analysess thus score the origin of mesoderm in these phyla according to 
thee onset of mesoderm specification. In contrast, the source of 
deuterostomee mesoderm is diagnosed by a wholly different criterion, 
namelyy the first sign of a morphological differentiation in the mesoderm. 
Inn taxa such as echinoderms and enteropneusts this is the evagination 
off  coelomic sacs. However, as is also discussed for brachiopods under 
Developmentall  or morphogenetic mode, equation of the onset of 
coelomogenesiss with the timing of mesoderm origin is not 
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straightforward,, and this equalization has led to meaningless character 
scoringss in the recent cladistic analyses. Lüter (2000: 25) clearly 
illustratess this confusing perspective: "Although formation of coelomic 
compartmentss differs among echinodermate taxa ... enterocoely ... is 
thee only way initial mesoderm is formed in Echinodermata." 
Coelomogenesiss and mesoderm origin are, however, not the same. 
Applyingg coelomogenesis and mesoderm specification as different 
criteriaa to score mesoderm source in deuterostomes and 
gastroneuralians,, respectively, only serves to create a false impression 
off  their fundamental difference. 

Sincee mesoderm is an induction product (that does not 
automaticallyy exclude a role for segregated factors in cell fate 
specification),, it is critical to know the exact timing of this induction 
whenn we construct a character on the basis of the source or origin of 
mesoderm.. For those deuterostomes for which experimental and cell 
lineagee data exist, principally several echinoderms and ascidians (e.g., 
Davidsonn et al., 1998; Davidson, 2001; Sweet et al., 1999), it is beyond 
doubtt that mesoderm specification is already established during blastula 
stages,, long before the first signs of morphological differentiated 
mesodermm become apparent. 

Underr this new perspective it becomes immediately obvious that 
aa quintessential "mesoderm from archenteron" taxon such as 
Echinodermataa is actually a "mesoderm from blastopore edge" taxon. 
Forr example, when we consider that "stereotype for deuterostome 
development""  (Pearse & Cameron, 1991: 572), the sea urchin, we must 
concludee that the blastomeres that are specified as mesoderm can 
alreadyy be precisely identified on a blastula fate map. The same 
conclusionn can be drawn when we study the fate map of an ascidian 
cleavagee stage embryo. The prospective mesoderm cells in the blastulae 
off  these taxa are located around the blastopore edge before involuting 
intoo the archenteron where they wil l eventually form the source for 
morphologicallyy differentiated mesodermal derivatives. A focus on 
specificationn rather than morphological differentiation may also lead to 
differentt character scorings for vertebrates, even though embryonic cell 
lineagess play a far less prominent role in vertebrate development than 
inn embryos from most other phyla. Vertebrates are universallyy scored as 
havingg archenteron derived mesoderm, and lacking ectomesoderm, but 
mesodermm induction commences well before gastrulation with 
prospectivee endoderm inducing presumptive ectoderm cells (Kessler & 
Melton,, 1994; Hall, 1998). 

Interestingly,, this novel perspective might also provide a broad 
explanatoryy umbrella that can accommodate a cell type that is 
otherwisee often considered an echinoderm oddity: the mesodermal 
mesenchymee cells that contribute various cell types to the larval body 
plan.. Secondary mesenchyme cells develop from the tip of the growing 
archenteronn during gastrulation, and they are found in members of all 
livin gg classes, while primary mesenchyme cells develop from the 
vegetall  plate before gastrulation starts, but they are often considered a 
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peculiarityy for echinoids, ophiuroids, and holothuroids (Holland, 1991; 
Chiaa & Walker, 1991; Hendler, 1991; Pearse & Cameron, 1991; Smiley et 
al.,, 1991; Wray, 1997; Davidson et al., 1998). The presence of primary 
mesenchymee in these taxa appears to correlate with the presence of 
larvall  calcareous spicules or ossicles, and at least for echinoids and 
ophiuroidss it is known that the spicules are produced by ingressed 
primaryy mesenchyme cells. Crinoids, which are the acknowledged 
sisterr group to the other living groups (Littlewood et al., 1997), are not 
reportedd to have primary mesenchyme, but crinoid gastrulation 
(Hyman,, 1955; Holland, 1991) appears to start with a unipolar 
ingressionn of cells that might be interpreted as primary mesenchyme. I 
thereforee think that the presence of primary mesenchyme, or pre-
gastrulationn mesoderm in the ground pattern of Echinodermata (at least 
thee living groups) remains a viable hypothesis. 

Thee distinct characters or character states in the recent cladistic 
analysess merely formalize an arbitrary distinction that is maintained by 
applicationn of different diagnostic criteria of mesoderm origin in 
differentt taxa. I consider the perspective elaborated here to be better 
groundedd in observations on metazoan development. This perspective 
couldd serve for a revised character coding and scoring that clearly 
contradictss those adopted in recent cladistic analyses. The new 
perspectivee primarily argues against the exclusive scoring of mesoderm 
derivedd from around the blastopore for gastroneuralians, removing a 
potentiall  gastroneuralian synapomorphy, and raising the possibility 
thatt it represents a synapomorphy for a more inclusive clade, possibly 
thee Bilateria or Acrosomata. The possibility of the latter hypothesis 
hingess upon the scoring of ctenophores as possessing archenteron 
derivedd mesoderm rather than mesoderm derived from the blastopore 
regionn (Nielsen et a l, 1996; Nielsen, 2001; Zrzavy et al., 1998). Again, 
thiss character scoring formalizes an arbitrary distinction by giving a 
laterr ontogenetic state precedence over an earlier one. Ctenophore 
mesodermm is developed from oral micromeres that are formed at the 
orall  pole which is comparable to the vegetal or blastoporal pole in 
bilaterians.. Later during gastrulation the oral micromeres shift from 
theirr initial position in the area where the blastopore wil l form, to a 
positionn lining the archenteron (Martindale & Henry, 1997). In this 
context,, a recent statement by Martindale & Henry (1999) deserves 
somee comment. 

Untill  very recently the traditional interpretation of mesogloea in 
ctenophoress either questioned homology with bilaterian mesoderm 
(Rieger,, 1996a, b), or indicated a possible phylogenetic link with 
spiraliann ectomesoderm (Slewing, 1977; Salvini-Plawen & Splechtna, 
1979).. Recent studies have shifted their interpretation towards 
ctenophoress possessing true mesoderm uniting them with 
deuterostomess (Nielsen, 1995), or possessing endomesoderm as a 
possiblee synapomorphy of either ctenophores and protostomes 
(Martindalee & Henry, 1997), or ctenophores and bilaterians (Martindale 
&&  Henry, 1998, 1999; Peterson & Davidson, 2000). However, the 
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comparabilityy of ctenophore and bilaterian mesoderm is complicated by 
thee lack of consensus on the relationship between the oral-aboral axis of 
diploblastss and the antero-posterior axis of bilaterians (Goldstein & 
Freeman,, 1997; Henry & Martindale, 1998b). In the first modern fate 
mappingg study of the phylum, Martindale & Henry (1999) claimed that 
ctenophoree endomesodermal derivatives originate from the animal and 
nott the vegetal pole of the ctenophore embryo, which is apparently 
uniquee in the Metazoa. Comparability of blastopore edge derived 
mesodermm in bilaterians and ctenophores then becomes problematic. 
However,, Martindale & Henry (1999) place great emphasis on the site 
off  polar body extrusion as the marker of the embryonic animal pole, 
indicatingg that the ctenophoran blastoporal pole is shifted 180 degrees 
relativee to that of most bilaterians. Instead, I accept as a more likely 
alternativee the site of the blastopore as comparable across eumetazoans, 
withh a secondary shift in the site of polar body extrusion in ctenophores 
(Siewing,, 1977). This interpretation is indirectly supported by 
experimentall  data. Under normal, undisturbed conditions, the site of 
firstt cleavage and polar body formation coincide. When the site of polar 
bodyy formation is changed, as may sometimes occur under natural 
circumstances,, or by centrifugation experiments, the antero-posterior 
axiss of the embryo is developed in relation to the site where the first 
cleavagee is initiated (this becomes the oral pole) independent of the 
positionn of the polar bodies, a situation also found in Cnidaria (Freeman 
inn Goldstein & Freeman, 1997). Thus there appears to be littl e reason for 
nott comparing the blastoporal pole of ctenophoran and bilaterian 
embryos. . 

Finally,, the possibility of heterochronic shifts in mesoderm 
developmentt during evolution must be confronted if our goal is to code 
andd score meaningful phylogenetic characters. Because mesoderm 
inductionn takes place while the embryo undergoes cleavage and/or 
gastrulationn movements, a small change in the timing of mesoderm 
inductionn could mean the difference between mesoderm located around 
thee blastopore ridge, and mesoderm derived from endoderm 
invaginatedd into the archenteron. Finding out whether such 
heterochronicc changes are possible could inform us whether it would be 
betterr justified to code separate characters, or merely different character 
statess for mesoderm derived from the blastopore region (including 4d), 
andd the archenteron. The former coding method hypothesizes logical 
independencee of non-homologous traits, whereas the second method 
hypothesizess that the observed variation may be homologous, but 
different,, manifestations of the same character that may be transformed 
intoo each other. The majority of cladistic analyses adopt the coding of 
separatee characters (N27, NI25, S33, Z17, N28, NI26, S34, Z20, ZI10, B22, 
P38,, ZI2, B18), while only two studies reflect the variation as alternative 
characterr states (Cal, E7). Can we decide which is the best supported 
alternative? ? 

Interestingly,, the currently upheld dichotomy between 
blastoporee ridge and archenteron derived mesoderm has not always 
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beenn interpreted as fundamental. Already MacBride (1895) and Wilson 
(1898)) suggested that the fundamental source of bilaterian mesoderm 
wass the archenteron, either  located in one to a few cells 
(gastroneuralians),, or  more cells (deuterostomes). Simple differential 
growthh of the archenteron could bridge the gap between these opposite 
organizations,, and both authors indicated a belief in an evolutionary 
connectionn between these different sources of mesoderm (MacBride, 
1895).. The possibility of evolutionary changes in the developmental 
timingg of the origin of mesoderm (heterochrony) can, for  example, be 
generallyy illustrated for  gastropods and other  spiralians (Biggelaar  & 
Haszprunar,, 1996; Ponder  &  Lindberg, 1997; Guralnick &  Lindberg, 
2001),, and specifically for  a shift from blastopore edge to archenteron 
derivedd mesoderm in the mollusc Chiton polii (Raven, 1966), and 
betweenn early (blastopore edge) and late (archenteron) development of 
skeletogenicc mesenchyme as indicated by the sea urchin Eucidaris 
(Davidsonn et al., 1998). The distinction between primar y and secondary 
mesenchymee cells in echinoderms may also be a reflection of 
heterochronicc changes. It is at least suggestive to regard the observed 
variationn in the timing of mesenchyme development (before or  during 
gastrulation)) within the different echinoderm taxa (Strathmann, 1988) 
ass the results of heterochrony. Also, simply looking where mesoderm is 
locatedd at different times during the development of a single animal 
indicatess no fundamental distinction between mesoderm from the 
blastoporee region or  the archenteron. For  example, before the left and 
rightt  mesentoblasts in the scaphopod mollusc Dentalium start to 
producee endodermal and mesodermal cells, they remain part of the 
archenteronn lining during gastrulation (Verdonk &  Biggelaar, 1983), a 
situationn similar  to that claimed typical of deuterostomes. Similar 
exampless for  the presence of blastopore edge mesoderm in 
deuterostomess are given earlier. Taken together, I believe it is better 
justifiedd to create a single character  to describe the different sources of 
metazoann mesoderm (with the possible exception of spiralian 
ectomesoderm),, rather  than to construct separate characters. 

Althoughh the incorporation of the timing of cell specification 
processess into our  character  definitions will be important for  a proper 
understandingg of the evolutionary significance of different mesodermal 
sources,, recognizing specified mesoderm before it is morphologically 
recognizablee poses a practical problem. Solving this problem is 
necessaryy if we want to depart from the currently used crude 
morphologicall  criteria , e.g., the formation of coelomic sacs, for 
determiningg the cellular  source of mesoderm. 

Inn summary, different criteri a for  diagnosing the origin of 
mesodermm in protostomes (specification) and deuterostomes (coelomic 
pouching)) have lead to artificiall y dichotomous character  coding and 
scoringg that hinders a proper  understanding of mesoderm origins. 
Studiess of mesodermal induction in deuterostomes show that 
mesodermm may be determined in a comparable region near  the 
blastoporee as in gastroneuralians (Arendt &  Nübler-Jung, 1997). In 
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addition,, a demonstration of the possibility of heterochronic shifts in 
thee timing of mesoderm specification in various taxa, and the significant 
proportionn of taxa with unknown origins of mesoderm scored in recent 
studiess (Nielsen et al., 1996, Zrzavy et al., 1998; Sorensen et al., 2000), 
leadss to the conclusion that blastopore ridge derived mesoderm may 
nott be a reliable synapomorphy for gastroneuralians. 

3ÏÏ  Developmental or morphogenetic mode 

"I tt is reasonable, then, to regard an enterocoelous method of coelom formation as 
symplesiomorphicc in Bilateria..." -Dewel (2000:43)-

"Thee enterocoelous condition of deuterostomes apparently is a myth..." 
-Bergströmm (1997:11)-

Schizocoelyy and enterocoely are generally presented as the two 
principall  alternative morphogenetic modes for coelom formation in the 
Bilateria,, and characteristic for protostomes and deuterostomes, 
respectivelyy (Hyman, 1951a; Ruppert & Barnes, 1994; Rieger, 1996a; 
Bruscaa et al., 1997). This traditional division is maintained in recent 
largee scale morphological cladistic analyses of the Metazoa (Brusca & 
Brusca,, 1990; Meglitsch & Schram, 1991; Eernisse et al., 1992; Zrzavy et 
al.,, 1998) that characterize different taxa by one or the other 
morphogeneticc mode. Such a clear dichotomy is simplistic and does not 
accuratelyy reflect the variation seen between or within bilaterian taxa 
(orr even individuals). The difficulty of maintaining this clean 
dichotomyy is effectively demonstrated in different parts of the most 
recentlyy published (as it happens the last of the 20th century) English 
languagee textbook on comparative embryology (Gilbert & Raunio, 
1997),, where Brusca et al. (1997) characterize the deuterostome branch 
off  their phylogeny by possession of an 'enterocoelous coelom,' and 
Whittakerr (1997: 371) writes on "...schizocoely, a more deuterostomal 
andd vertebrate characteristic." 

AA related but not identical division derives mesoderm either from 
epitheliall  or non-epithelial cells. Mesoderm of epithelial origin forms by 
evaginationn of pouches from the archenteron, and coincides with 
coelomm formation through enterocoely (Ruppert & Barnes, 1994; 
Salvini-Plawenn & Splechtna, 1979). In contrast, non-epithelial mesoderm 
cann be derived from both ectoderm and endoderm and is generally 
referredd to as (ecto- or ento-) mesenchyme. Hyman (1951a: 19) 
summarized:: "Since in fact all methods of mesoderm origin except the 
enterocoelouss are more or less mesenchymal, no very sharp line can be 
drawnn between them." Embryonic mesenchyme may either be retained 
ass mesenchymal mesodermal tissue in the adult, or reorganize into 
coelomicc epithelium by undergoing a mesenchymal-to-epithelial 
transition,, a process referred to as schizocoely. However, it should be 
notedd that not all schizocoelous mesoderm originates from non-
epitheliall  mesoderm. Some species of polychaetes, for example, may 
derivee their mesoderm from epithelially organized mesoderm bands 
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(Turbeville,, 1986; Rieger, 1986a). At this time not enough species from 
differentt phyla have been investigated by ultrastructural methods to 
derivee phylogenetic information from the tissue organization of the 
embryonicc mesodermal bands in teloblasticans (schizocoelians). 

Thee syntecocoel (Salvini-Plawen & Splechtna, 1979; Salvini-
Plawen,, 1995), or neocoel (Remane, 1963a), or mesenchymal coelom 
(Hyman,, 1951a) is usually not discussed and is never scored in cladistic 
studies,, although it is an equally distinctive developmental mode of 
coelomm formation as entercoely and schizocoely. It refers to coeloms 
linedd by an epithelium arising through a coalition of individual 
mesenchymall  cells, such as the molluscan pericardium and the 
phoronidd preoral hood coelom (protocoel). However, it should be noted 
thatt a recent ultrastructural investigation of the ontogeny of phororud 
coelomss by Bartolomaeus (2001) could not confirm the presence of a 
protocoel.. Instead, the presence of a large extracellular cavity is 
suggestedd in the actinotroch pre-oral hood. 

Itt may appear surprising that various authors regard the 
mechanicallyy rather simple processes of schizocoely and enterocoely as 
soo fundamentally distinct that they cannot even conceptualize how one 
developmentall  mode could have given rise to another, while other 
authorss have devised schemes of linear evolutionary transformations 
betweenn schizocoely and enterocoely with opposite polarities of change 
(ee e a change from schizocoely to enterocoely in Hadzi, 1953; Salyim-
Plawenn & Splechtna, 1979; Salvini-Plawen, 1982; Ivanov, 1988; Dzik, 
1993;; Christoffersen & Araujo-de-Almeida, 1994, or from enterocoely to 
schizocoelyy in Remane, 1963b; Siewing, 1972; Cavalier-Smith, 1998; 
Knolll  & Carroll, 1999; Dewel, 2000). 

Consideredd as mechanical processes, schizocoely and enterocoely 
doo not represent complex features strictly associated with coelom 
formation.. Enterocoely is mechanically identical to outpouching, 
foldingg or invagination processes that are common in the development 
off  many epithelial structures in metazoans, such as embolic formation 
off  the archenteron, neurulation movements in chordates, formation of 
pharyngeall  pouches in vertebrates, or the formation of stomodeum and 
proctodeumm in many phyla. Schizocoely is the hollowing of a solid cell 
masss and is likely effected by the secretion of fluid between the cells. 
Secretionn is a basic feature of many cell types, and schizocoelic 
formationn of cavities can be seen in the development of a host of 
structuress in many taxa across the Metazoa, from the development of a 
spaciouss blastocoel in mollusc embryos (Verdonk & Biggelaar, 1983), to 
thee formation of the gonocoels in nematomorphs (Lanzaveccnia et al., 
1995),, and the hollowing out of the entocodon in hydrozoan gonozoids 
too form the subumbrella of the medusa (Boero et a l, 1998). 

Iff  we accept that schizocoely and enterocoely as purely (and 
clearlyy defined) mechanical processes do not constitute features of great 
complexity,, then it becomes crucial to precisely qualify the spatio-
temporall  characteristics of these mechanisms. It is the link of these 
processess mesoderm source which is important for a proper 
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understandingg of their phylogenetic significance. This realization holds 
thee key for resolving some problematic character scorings, notably for 
brachiopodss and phoronids (see discussions below). 

CharacterCharacter coding 

B19:: schizocoel (E17: schizocoel lined by peritoneum) a/p 
B23:: body tripartite and enterocoelous (E18: enterocoel lined by peritoneum) a/p 
M52;; Z27: schizocoel/enterocoel 
Cal9:: schizocoely/enterocoely/highly modified enterocoely 
RI2,, R125: coelom (schizocoel) a/p 
CI:: schizocoel/anterior three pouches enterocoelic/all vestiges of schizocoelic 
metameryy are lost 
Hymann (1951a), Ruppert & Barnes (1994): mesenchymal vs. epithelial origin of 
coelom m 

ScoringScoring conflicts of mode of coelomogenesis 

Tardigrada a 
Onychophora a 

Arthropoda a 

Brachiopoda a 

Phoronida a 

Ectoprocta a 
Urochordata a 

Cephalochor--
data a 
Vertebrata a 

Pterobranchia a 
Nemertea a 
Pogonophora a 

enterocoely y 

M52 2 

M52,, Z27 
(articulates), , 
CI,, Cal9 
C l ,, E18, 
Cal9 9 

C1,Z27 7 

C l ,, Z27, 
M52 2 
CI I 

Cl,, Z27, B23 

schizocoely y 

M52,, RI2, 
W59 9 
M52,, RI2, 
W59 9 
Cal9 9 
(lingulaceans) ) 

M52 2 

M52 2 
E17 7 
(Chordata) ) 
E17 7 
(Chordata) ) 
E17 7 
(Chordata) ) 

M52,, E17 
E17,M52,RI2 2 

polymorphic c 
(schizocoely/ / 
enterocoely) ) 

E17,, E18 

CI I 

?? (unknown) 

727 727 
E17,, E18, Z27 

Z27 7 

Z277 (inarticulates), 
Cal9 9 

Z27 7 

Cal9,, Z27 

Z27 7 

M52 2 
Z27 7 
Z27 7 

CharacterCharacter scoring and phylogenetic significance 

Thee enterocoelic origin of tardigrade coelomic cavities is an example of 
aa poorly documented character that nevertheless, and due to paucity of 
neww investigations, became ensconced as textbook fact and cladistic 
dataa matrix entry (Pollock, 1975; Nelson, 1982; Meglitsch & Schram, 
1991:: M52). Nielsen (1995, 1997) expressed serious reservations about 
thee reliability of the few published works on tardigrade embryology, 
andd Eibye-Jacobsen (1996/1997) could not confirm the enterocoelic 
naturee of tardigrade coeloms. These present findings are compatible 
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withh a schizocoelic origin of the coelom as well, but at present the mode 
off  coelomogenesis remains uncertain. 

Modernn accounts of onychophoran development are still 
primarilyy based on the observations of Manton (1949). Following 
Manton,, Slewing (1969), Anderson (1973), and Nielsen (1995) describe 
andd depict the origin of solid mesodermal bands in onychophorans and 
thee subsequent formation of pairs of coelomic cavities by schizocoely. 
Walkerr (1995) confirms schizocoely of somites in Opisthopatus cinctipes. 

II  accept schizocoely in arthropods for which Anderson (1973) 
summarizedd the classical support. However, new studies of 
onychophorann and arthropod coelomogenesis wil l be of considerable 
interestt to illuminate the problem of the homology or analogy of 
metamerismm in onychophorans, arthropods, and annelids. 

Brachiopodss have been assigned all possible scorings for mode of 
coelomogenesiss throughout almost a century of reports (Lüter, 2000). A 
resolutionn of their true mode(s) of coelomogenesis is of considerable 
importancee considering the conflicting phylogenetic placements of 
brachiopodss and phoronids suggested by morphological and molecular 
sequencee data (rDNA and Hox genes) (Lüter & Bartolomaeus, 1997). 
Morphologicall  analyses typically support an affinity of brachiopods 
withh deuterostomes, which frequently, but not universally, exhibit 
enterocoelyy (the protostome relationship supported by the analysis of 
Petersonn & Eernisse, 2001 is an exception), and molecular data 
unambiguouslyy places them among protostomes which are typically 
schizocoelouss (I know of no confirmed instances of enterocoely in 
protostomes,, except perhaps for the unique mode of 'enterocoely' 
reportedd for chaetognaths; Kapp, 2000). 

AA process closest to typical enterocoely in which the arcnenteral 
epitheliumm evaginates to form the rudiments of the coelomic sacs has 
beenn reported for articulate brachiopods only. This mode of 
coelomogenesiss is usually called modified enterocoely and it is 
characterizedd by downwards growing cellular curtains that subdivide 
thee archenteral lumen into a central future gut lumen flanked by two 
laterall  coelomic sacs (Long & Strieker, 1991). This is the strongest 
indicationn of enterocoely in brachiopods, but recent studies by Freeman 
(1993)) and Lüter (2000) could not confirm this mode of coelom 
formation.. Instead, Freeman reported that mesoderm delaminates from 
thee dorsal-anterior region of the archenteron, and Lüter's data supports 
schizocoelyy (contra Lüter's own interpretation) (see below for 
commentss on Lüter's definition of schizocoely and enterocoely). 
Schizocoelyy is supported by descriptions for inarticulate embryology as 
welll  (e.g., Hyman, 1959; Kumé, 1968a; Chuang, 1990; Long & Strieker, 
1991;; Zimmer, 1997), but convincing pictorial support appears weak 
(Hyman,, 1959; Kumé, 1968a). Enterocoely in one form or another is not 
reportedd for inarticulates. 

Nielsenn (1991) reported that in the inarticulate craniid brachiopod 
CraniaCrania mesoderm originates as a single cell layer thin sheet that spreads 
betweenn ecto- and endoderm, a process that might be interpreted as 
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highlyy modified enterocoely. However, a clear  evagination of the 
archenteron,, i.e., the key feature of enterocoely, was not observed. 
Moreover,, Freeman (2000) could not confirm Nielsen's results. Freeman 
(2000)) instead found that the mesoderm originates through ingression 
off  individual cells from the archenteron (also reported for  the 
inarticulat ee Discinisca; Freeman, 1999). This mode of mesoderm 
formationn excludes enterocoely as the process of coelomogenesis and is 
att  least consistent with schizocoely. 

Thee recent investigations of brachiopod coelomogenesis by Lüter 
(2000)) merit special attention. Being acutely aware of the danger  of 
terminologicall  confusion with respect to coelom formation, Lüter  (2000) 
attemptedd to give clear  definitions of schizocoely and enterocoely. 
Unfortunately,, he adds to the confusion by combining mode of 
coelomogenesiss and source of the mesoderm in his definition of 
enterocoely.. Lüter  (2000: 23) states that schizocoely is "onl y a 
mechanism,""  while in contrast enterocoely "describes both a 
developmentall  process and the origin of the mesodermal cells 
involved.""  This definition of enterocoely is unproblematic as long as 
theree is a obligatory link between the archenteron as the mesoderm 
sourcee and the process of enterocoely, an interpretation frequently 
promotedd by textbooks. For  example, Kozloff (1990: 835) writes: 
"[deuterostome]]  mesoderm is derived from the archenteron, so they are 
enterocoelous.""  However, this strict correlation is refuted in exactly 
thosee articulate brachiopods that Lüter  (2000) has chosen to study. He 
clearlyy describes that in both investigated species the mesoderm 
originatess as a solid mass that later  hollows out. Consequently he writes 
thatt  "withou t looking at the origin of the mesoderm cells, one could 
concludee that proliferatio n of a solid mesodermal anlage ... is to be 
consideredd schizocoely"  (Lüter, 2000: 26). Yet, instead he concludes that 
thee actual mechanism of coelom formation is "of secondary interest,"  and 
thatt  "as long as the mesoderm ... originates from the archenteral 
epitheliumm the mode of coelom formation is to be described as 
enterocoely""  (Lüter, 2000: 23). Lüter  clearly gives primacy to the source 
off  the mesoderm as the final arbiter  on the mode of coelomogenesis. I 
thinkk this line of reasoning only leads to confusion. It is very important 
too apply clear  definitions, because it may be of major  phylogenetic 
consequence.. Recent authors, perhaps justifiabl y so, tend to emphasize 
thee phylogenetic significance of mesoderm source over  that of mode of 
coelomogenesiss (Lüter, 2000; Nielsen, 2001), leading to a grouping of 
brachiopodss and phoronids with deuterostomes (based on the 
archenteronn as the source of mesoderm, but see discussion under 
Ontogeneticc source). However, an emphasis on mode of 
coelomogenesiss might instead support a position of these phyla among 
schizocoelouss protostomes such as the neotrochozoans, a position at 
leastt  more compatible with 18S rRNA/DNA phylogenies. However, I 
doo not wish to defend the phylogenetic primacy of either  mesoderm 
sourcee of mode of coelomogenesis, but merely want to stress the 
importancee of clear  definitions, and to caution against unwanted 
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constrainingg effects that improper definitions may have on phylogenetic 
reasoning. . 

Inn conclusion, I am reluctant to unambiguously score a particular 
modee of coelomogenesis as plesiomorphic for brachiopods based on my 
studyy of the recent investigations of brachiopod embryogenesis (I have 
beenn unable to study most older sources), but despite the unambiguous 
determinationn that mesoderm derives from the archenteron or its base 
(bothh in inarticulates and articulates), I tentatively conclude that reports 
off  enterocoely (i.e. epithelial folding) appear unsupported, contra M52, 
Z27,, CI, Cal9, Nielsen (1991, 2001), Lüter (2000), and Bartolomaeus 
(2001).. This would remove one potential synapomorphy for 
brachiopodss and deuterostomes. However, the archenteral origin of 
mesodermm would still support a relationship to deuterostomes. 

Howw distinct is the mesodermal origin in brachiopods and, for 
example,, neotrochozoans? To answer this question, we first need to 
estimatee which of the living brachiopod taxa is most likely to be 
representativee of the primitive mode of development. Recent 
morphologicall  and molecular phylogenetic analyses indicate strong 
supportt for a monophyletic Articulata, but the monophyly of 
inarticulatess (lingulaceans, discinaceans, and craniaceans) is less 
robustlyy supported. In fact, both morphological and molecular (bbU 
rDNA)) phylogenetic analyses provide some support for a paraphyletic 
inarticulatee grade at the base of a monophyletic Articulata (Carlson, 
1995-- Williams et al., 1996; Cohen et al, 1998; Cohen, 2000). It may thus 
bee most profitable to consider inarticulate development. Interestingly, 
mesodermall  cells are found to arise either at the base of the archenteron 
att the junction between ectoderm and invaginating endoderm (Glottidta 
andd Discinisca: Freeman, 1995, 1999), or from various regions of the 
invaeinatingg archenteron where they ingress into the blastocoel as 
individuall  cells (Crania: Freeman, 2000), and in Ltngula solid 
mesodermall  cell masses are found flanking the archenteron (Chuang, 
1990-- Long & Strieker, 1991; Zimmer, 1997). These findings show some 
strikingg resemblances to the origin of mesoderm in neotrochozoans. For 
example,, in polychaetes and molluscs the 4d mesentoblast is located at 
thee posterodorsal side of the archenteron, in close connection with it 
(Anderson,, 1973; Verdonk & Biggelaar, 1983). Mesodermal bands are 
alsoo formed as solid cell masses that cavitate by schizocoely to form the 
coeloms.. The presence of individual mesodermal cells or mesodermal 
celll  masses in inarticulates is at least compatible with schizocoely (or 
withh syntecocoely), and not with enterocoely, but more studies are 
definitelyy needed. The origin of mesodermal cells from an already 
invaginatedd archenteron as observed in Crania and articulates may be 
derivedd within Brachiopoda, and may simply be the result of ashif t in 
thee timing of mesoderm origination to somewhat later stages. This also 
hass a counterpart in the neotrochozoans. For the scaphopod Dentahum 
itt has been observed that the left and right mesentoblasts remain part of 
thee archenteral lining, before they start dividing to form enterobiasis 
andd mesoblasts (Verdonk & Biggelaar, 1983). These similarities appear 
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too indicate that a fundamental gap in the source of mesoderm and mode 
off  coelomogenesis does not exist between brachiopods and various 
protostomes.. This may be a significant conclusion considering the 
placementt of brachiopods among the protostomes in molecular 
phylogeneticc studies, and it underscores the potential importance of 
consideringg heterochrony for understanding the relationships between 
apparentt differences in mesoderm source and mode of coelom 
formationn (see also under Ontogenetic source and Budd & Jensen, 
2000).. Naturally, more modern embryological studies are imperative for 
ann eventual definitive conclusion. It is both possible that the reports on 
differentt sources of mesoderm and different modes of coelomogenesis 
aree reflections of a highly variable developmental program in 
brachiopods,, or that reported variations (e.g. Nielsen, 1991, Freeman, 
2000,, and Grobe, 2000 on Crania) are merely artifacts resulting from the 
usee of different analytical techniques (light or electron microscopy and 
nonee of the available studies used a mesoderm specific marker to 
recognizee mesoderm). 

Thee (modified) enterocoely reported for phoronids in Emig 
(1982),, Brusca & Brusca (1990), Eernisse et al. (1992), Carlson (1995), 
Williamss et al. (1996), and Bartolomaeus (2001) refers to the archenteron 
ass the source of the mesoderm and ultimately the coelom. As is 
discussedd above for brachiopods, the source of these problematic 
scoringss is a conflation of mode of coelomogenesis with source of the 
mesoderm.. Although phoronid mesoderm arises from the archenteron, 
genuinee outpocketings of the archenteron, i.e., enterocoely, have not 
beenn observed for any phoronid (Bartolomaeus, 2001:136 cites a study 
byy Malakhov & Temereva, 1999 for a report a "pouching of entodermal 
material""  which would hint at true enterocoely. Unfortunately, I have 
nott been able to consult that publication). In fact, phoronids exhibit 
variouss modes of coelom formation during the ontogeny of a single 
individual,, and between different species, depending on which coelom 
(proto-- meso- or metacoel) is considered (Emig, 1982, 1990; Zimmer, 
1991,, 1997). However, Bartolomaeus (2001) concluded that a protocoel 
iss absent in phoronids. 

Itt is also tempting to conclude that a priori  hypotheses of the 
phylogeneticc placement of phoronids have colored the interpretation of 
phoronidd mesoderm and coelom development to a certain extent. For 
example,, the modified enterocoely reported in some works fits nicely 
withh the deuterostome affinity of lophophorates suggested in those 
samee works (e.g., Brusca & Brusca, 1990; Carlson, 1995; Williams et al., 
1996).. In general, the lophophorates are frequently favored as 
intermediaryy taxa bridging the gap between protostomes and 
deuterostomes,, as is illustrated in various works including Hyman 
(1959),, Salvini-Plawen (1982,1998a, b), and Christoffersen & Araüjo-de-
Almeidaa (1994). 

Inn Ectoprocta one may observe syntecocoely, schizocoely (of 
tentaclee coelom), and unique modes of coelomogenesis (Reed, 1991; 
Mukai,, 1982). The obscure origin of mesoderm, and the unique and 
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variablee modes of coelomogenesis in ectoprocts (Mukai, 1982; Reed, 
1991;; Zimmer, 1997) has led some authors to doubt the homology of 
ectoproctt coeloms with those of other bilaterians (Nielsen, 1971,1995; 
Meglitschh & Schram, 1991). Nevertheless, ectoprocts do possess a 
histologicallyy defined coelom, albeit frequently with only incomplete 
coelomicc linings (Mukai et al., 1997). At this time our limited 
understandingg of mesodermal differentiation in ectoprocts does not 
alloww any unambiguous character scoring. 

Thee presence of a coelom has not yet been unequivocally 
confirmedd for urochordates (see under Secondary body cavity, coelom 
forr references), with the pericardium as the best candidate. The 
appearancee of the pericardium within a solid mass of mesodermal cells 
inn thaliaceans (Godeaux, 1990) might be suggestive of schizocoely, but 
thiss information is not sufficient to infer with any certainty the mode of 
coelomogenesis.. Although mesoderm cells may be derived from the 
archenteronn wall, enterocoely has never been reported (Schaeffer, 1987). 
Thee observed character scorings thus appear to be unfounded. 

Al ll  somites of amphioxus are derived from the archenteron, and 
enterocoelyy of at least the first pairs of coelomic cavities has been well 
establishedd for approximately a century (Schaeffer, 1987; Presley et al., 
1996;; Holland et al., 1997; Stach, 2000; Nielsen, 2001). The more 
posteriorlyy formed somites, however, are more solid and the cavities 
thatt can be discerned in them may arise through schizocoely. 

Itt is difficult to unambiguously determine the characteristic mode 
off  vertebrate coelomogenesis (Schaeffer, 1987; Ghiara, 1995; Nielsen, 
2001).. The textbook deuterostome character of enterocoely is not 
generallyy present in most major vertebrate taxa (Romer & Parsons, 
1986),, and vertebrate enterocoely is by some authors denied altogether 
(Ghiara,, 1995). Nevertheless, a mode of enterocoely similar to that of 
cephalochordatess is at least observed for the anterior coeloms of the 
phylogeneticallyy basal lampreys, and this may tentaUvely be accepted 
ass a vertebrate ground pattern state (Goodrich, 1958; Schaeffer, 1987; 
Presleyy et al., 1996; Nielsen, 2001). Summarizing the data available for 
Chordataa as a whole, it can be concluded that their characterization as 
strictlyy schizocoelous (El 7) is clearly incorrect. 

Inn contrast to enteropneusts, coelom formation has not been 
exhaustivelyy studied in pterobranchs, and consequently the mode of 
coelomogenesiss remains uncertain (Hyman, 1959; Hadfield, 1975). For 
example,, Bergström et al. (1997) claim schizocoely, Brusca & Brusca 
(1990)) and Zravy et al. (1998) score enterocoely, and Meglitsch & 
Schramm (1991) score unknown mode of coelomogenesis. Since 
embryologicall  studies have not convincingly demonstrated enterocoely, 
thee scoring of this character in recent cladistic studies is incorrect, and 
mustt have a different explanation. The demonstration of the 
archenteronn as the source of mesoderm, and the prevalent phylogenetic 
assumptionn of enterocoely as a quintessential deuterostome 
synapomorphy,, have likely biased the interpretation of pterobranch 
coelomogenesiss towards accepting enterocoely (see earlier for a similar 
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explanationn of the problematic scorings of enterocoely in brachiopods 
andd phoronids). Schizocoely of meso- and metacoels and the pericardial 
cavity,, on the other hand, has been demonstrated (Lester, 1988a, b), but 
thiss information has so far not entered cladistic data matrices. 

Laterall  vessels in the nemertean Prosorochmus americanus develop 
byy schizocoely from longitudinal solid mesodermal tissue strands 
(Turbeville,, 1986). This remains the sole recent study supporting 
schizocoelyy in nemerteans, justifying the scoring for M52 and E17. 

Overr thirty years of debate about the origin of pogonophoran 
(includingg vestimentiferans) mesoderm and mode of coelomogenesis 
havee not been able to resolve the controversy (e.g., Ivanov, 1988; 
Gardinerr & Jones, 1994; Rouse & Fauchald, 1995; Southward, 1993,1999; 
Salvini-Plawen,, 2000). Notwithstanding, great phylogenetic significance 
hass been attributed to the mode of coelomogenesis as the ultimate 
arbiterr for either protostome or deuterostome affinities of 
pogonophoranss in past (Ulrich, 1972) and recent studies (Christoffersen 
&&  Araujo-de-Almeida, 1994; Malakhov et al., 1997). In this context, it is 
interestingg to note that the studies that score schizocoely for 
pogonophoress (Meglitsch & Schram, 1991; Eernisse et a l, 1992; Rouse & 
Fauchald,, 1995) all place them among protostomes. Reports for perviate 
(frenulate)) pogonophorans range from species with either schizocoely 
orr enterocoely to species that exhibit both modes in the embryology of a 
singlee individual, and for vestimentiferans schizocoely has been 
reported.. Consequently, recent cladistic studies have variously scored 
pogonophorans.. Perhaps surprisingly, none of these studies scored 
exclusivelyy enterocoely despite that enterocoely seems to be on a 
strongerr evidential footing than schizocoely (Ivanov, 1988; Soutward, 
1993;; Salvini-Plawen, 2000). I wil l not attempt to 'resolve' the issue here 
byy arbitrary allegiance to one of the alternatives, and conclude that it is 
nott possible to assign a typical or primitive mode of coelomogenesis to 
pogonophores. . 

II  do not attach great phylogenetic significance to mode of 
coelomogenesiss when separated from the source of mesoderm. 
Variationn within phyla with undoubtedly homologous coeloms, such as 
inn enteropneusts or ectoprocts, or the presence of more than one mode 
off  coelom formation during the ontogeny of different coeloms in a 
singlee individual, such as possibly in cephalochordates, support this 
conclusion.. This would also imply that the coding of separate characters 
forr different modes of coelomogenesis is not warranted. This is in 
agreementt with various other studies that tend to downplay the 
phylogeneticc importance of mode of coelomogenesis (Nielsen, 1995; 
Nielsenn et al., 1996; Bergström, 1997; Budd & Jensen, 2000). 

Coelomocytes s 

CharacterCharacter coding 

H29;; Z33: coelomocytes a/p 
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CharacterCharacter scoring and phylogenetic significance 

Haszprunarr (1996a) introduced a character on the presence of 
coelomocytess into metazoan phylogenetics. Although he considered it 
too be a potential synapomorphy of eucoelomates (all protostome, 
lophophorate,, and deuterostome coelomates), his restrictive taxon 
samplingg did not allow this hypothesis to be tested. Coelomocytes were 
scoredd present for Nemertea, Sipuncula, Echiura, and Annelida. Zrzavy 
ett al. (1998) adopted this character with the same scoring, despite their 
broaderr taxon sampling which included other eucoelomate phyla. 
Consequently,, coelomocytes were incorrectly scored as absent in taxa 
suchh as pterobranchs, enteropneusts, echinoderms, brachiopods, 
phoronids,, ectoprocts, and possibly cephalochordates (Heinzeller & 
Welsch,, 1994; Benito & Pardos, 1997; Herrmann, 1997; James, 1997; 
Mukaii  et al., 1997; Ruppert, 1997). Thus, the phylogenetic significance of 
coelomocytess remains to be assessed. This wil l be a challenging task if 
wee want to elevate the definition of coelomocytes above that used in 
Haszprunarr (1996a): 'cells within the coelom.' Coelomocytes come in a 
varietyy of forms and functions (including immune system), and these 
undoubtedlyy include several taxon specific types that are not useful for 
elucidatingg the phylogenetic relationships between phyla, for example 
thee multicellular coelomic urns of sipunculans and the holothuroid 
crystall  cells (Rice, 1993; Smiley, 1994). 

NERVOUSS SYSTEM AND SENSORY ORGANS 

Cerebrall  ganglion, brain 

Anteriorlyy located ganglion (not necessarily the largest), typically 
associatedd with the anterior sense organs, and located (antero-)dorsally 
too digestive tract when that is present. Also often referred to as brain or 
supraesophageall  ganglion. 

CharacterCharacter coding 

H13;; 7237: cerebral ganglion a/p 
Hallla:: central nervous system with paired cerebral ganglion at anterior end a/p 

N46;; S55; ZI46: dorsal nerve concentration/brain behind apical organ/apical pole 
a/p p 
Z238:: dorsal brain, neural concentration a/p 

CharacterCharacter scoring and phylogenetic significance 

II  wil l not attempt here to discuss the voluminous literature that deals 
withh the structure and development of the central nervous systems 
acrosss the Metazoa, but some comments on character scoring are 
neverthelesss necessary. The bilaterian central nervous system is 
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distinguishedd from that of the non-bilaterian phyla by consisting of an 
anteriorr nervous concentration (cerebral ganglion) and one to several 
mainn longitudinal nerve cords, but such an organization is by no means 
universall  within Bilateria. Habitually, several different bilaterian 
nervouss system organizations are recognized, such as a deuterostome, a 
chordate,, a gastroneuralian, a spiralian, and a cycloneuralian nervous 
systemm (e.g., Rieger, 1996a; Salvini-Plawen, 1998; Nielsen, 2001). The 
challengee is to examine whether these distinct nervous system 
configurationss can be regarded as variations upon a common theme. 
Thee problem of the homology of cerebral ganglia in the different groups 
iss one of the unsolved issues. 

Thee observed scoring for H13 and especially Z237 are rather poor 
reflectionss of the comparative morphology of invertebrate cerebral 
ganglia.. H13 scored a cerebral ganglion present in catenulid and 
rhabditophorann platyhelminths, gnathostomulids, Lobatocerebrum, 
nemerteans,, entoprocts, myzostomids and neotrochozoans. Zrzavy et 
al.. (1998) copied this character from Haszprunar (1996a) and adopted 
thee exact same scoring despite considerable differences in taxon 
sampling.. Several changes in scoring can be made. 

First,, both H13 and Z237 misscored Echiura, which lack any 
anteriorr or cerebral ganglia (Pilger, 1993; Purschke, 1996). 

Second,, in view of the fact that a cerebral ganglion is scored for 
entoproctss based upon the presence of a frontal ganglion in the larva, 
Cycliophoraa (scored '?') should be rescored for Z237. Al l free living 
stagess in the cycliophoran lif e cycle (female, male. Pandora larva, 
chordoidd larva) have well developed dorsally located bilobate brains 
(Fundi,, 1996; Funch & Kristensen, 1997), and, although not included in 
theirr analysis, Micrognathozoa have bilobed cerebral ganglia as well 
(Kristensenn & Funch, 2000). 

Third,, adopting the definition of a cerebral ganglion provided by 
Haszprunarr (1996a), which is not restricted to a particular cellular 
architecture,, it could be concluded that a cerebral ganglion is a 
synapomorphyy for bilateria ns, excluding acoelomorphs (see also 
Haszprunar,, 1996b). Even when a more circumscribed definition is 
adopted,, such as an anteriorly located ganglion (anterodorsal to 
digestivee system when that is present), which may be paired, with 
peripherallyy located perikarya which are distributed more or less 
evenlyy around a central neuropile, and which may be surrounded by a 
basall  lamina (subepidermal location) or not (basi- or intraepithelial 
location),, than many of the scored '?s' for Z237 could be rescored as ' 1 ', 
includingg Rotifera, Acanthocephala, Gastrotricha, Tardigrada, 
Onychophora,, and Chaetognatha (Schürmann, 1987; Clément & 
Wurdak,, 1991; Dunagan & Miller , 1991; Ruppert, 1991b; Ahlrichs, 1995; 
Dewell  & Dewel, 1996; Shinn, 1997). Especially in taxa with more 
complexx brains, such as arthropods and cephalopods, the perikarya 
mayy be more unevenly distributed across the brain, and the perikaryal 
layerr may also exhibit variation in its degree of development according 
too the brain region considered (e.g., Sandeman, 1982; Joly & Descamps, 

305 5 



1987;; Budelmann, 1995), but the overall structural plan is similar. The 
cycloneuraliann brain, or at least that of nematoidans and scalidophorans 
mayy be unique (Nebelsick, 1993; Neuhaus, 1994; Schmidt-Rhaesa, 1996; 
Nielsen,, 2001), but these taxa do, however, possess an anterior 
circumentericc brain (cerebral ganglion) with a distinct regionation of 
perikaryaa and neuropil. 

AA anterodorsally located (paired) cerebral ganglion is widely 
consideredd as a bilaterian autapomorphy (Brusca & Brusca, 1991; Ax, 
1995;; Rieger, 1996b; Nielsen, 2001), but the observed character scoring 
forr "brain" characters emphasizes the supposed distinctness of 
protostomee and deuterostome (+ lophophorate) brains. This may lead 
too apparently contradictory character scorings. For example, Z237 
scoress absence of a cerebral ganglion for deuterostomes and 
lophophorates,, while in contrast Z238 scores phoronids and 
deuterostomess as having a dorsal brain (scored as absent in all 
protostomes).. This scoring can also be observed for N46, S55, and ZI46 
whichh score a dorsal brain present only in deuterostomes and 
phoronids.. The scorings thus assume the evolutionary independence of 
"dorsal""  gastroneuralian and "dorsal" deuterstome + lophophorate 
brainss (and often also the main nerve cords). This contrast between the 
widespreadd acceptance of an anterior brain as a synapomorphy of 
bilaterianss on the one hand, and the divergent scoring for protostome 
andd deuterostome brains on the other is in need of an explanation. 

Furthermore,, Zrzavy et al. (1998) score Ectoprocta is lacking both 
aa cerebral ganglion and a dorsal brain. This ignores the presence of a 
cerebrall  ganglion between mouth and anus, a location that is typically 
regardedd as dorsal (Mukai et al, 1997). Nevertheless, neither Nielsen et 
al.. (1996), nor Sorensen et al. (2000) and Zrzavy et al. (2001) score a 
dorsall  nerve concentration in Ectoprocta. Curiously, these studies do 
unambiguouslyy score echinoderms and enteropneusts (or 
hemichordates:: ZI46) as possessing dorsal brains. The unique 
organizationn of the echinoderm body and nervous system defies any 
straightforwardd comparison with any other bilaterian, and recent 
authorss have not even reached any consensus about the orientation of 
bodyy axes in the echinoderms. Interestingly, two recent attempts to 
tacklee this problem converged upon the same interpretation of 
echinodermm anteroposterior axis orientation: the A/P axis runs from the 
anteriorlyy located mouth through the adult coeloms to the posteriorly 
locatedd right somatocoel (Hotchkiss, 1998; Peterson et a l, 2000b). This 
modell  implies that the five ambulacra are outgrowths from the primary 
bodyy axis, and thus analogous to limbs. This body orientation appears 
too shed some light on earlier ideas about the circumoral nerve ring as 
thee coordinating center or brain of echinoderms, by suggesting that tfus 
nervee ring is located anteriorly in the body. However, recent studies do 
nott support the idea that the circumoral nerve ring is the coordinating 
echinodermm brain (Cobb, 1995), and when the issue is approached 
morphologically,, it can be concluded that the nerves that come off the 
circumorall  ring in taxa such as ophiuroids, asteroids, and holothuroids 
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aree more organized and ganglionated (Byrne, 1994; Chia &  Koss, 1994; 
Smiley,, 1994) than the nerve ring itself. In any case, it must be 
concludedd that a clear  dorsal (or  ventral) brain is not present in 
echinoderms,, and the character  scorings in the cladistic studies should 
bee adjusted accordingly. 

Thee presence of a dorsal brain in enteropneusts is equivocal at 
best.. A well-defined cerebral ganglion is not present (Bullock, 1965d). 
Thee neurochord that is located dorsally in the collar  can be excluded as 
aa brain since its functions merely as a through-conducting fiber  tract, 
butt  the thickened nerve fiber  layer  that is located in the posterodorsal 
regionn of the proboscis has been considered as an equivalent of a brain 
(e.g.,, Nübler-Jung &  Arendt, 1999). Yet, that does not explain why the 
adoptedd character  scorings suppose that this morphology is more 
reminiscentt  of that in other  deuterostomes rather  than that of 
gastroneuralians. . 

Inn conclusion, I regard the currently adopted character  scorings 
forr  brain characters as artificiall y maintaining a dichotomy between 
protostomess and deuterostomes (+ lophophorates) while being a rather 
poorr  reflection of the comparative morphology of bilaterian brains. 

AA tentative basis for  a revised character  scoring may be offered by 
recentt  gene expression studies that increasingly appear  to support a 
commonn plan, and by extrapolation, a single evolutionary origin of 
protostomee and deuterostome central nervous systems, including 
brainss and major  nerve cords (Arendt &  Nübler-Jung, 1996, 1999a; 
Nielsen,, 1999; Nübler-Jung &  Arendt, 1999). These recent ideas are part 
off  a widespread reconceptualization of dorso-ventral body axis 
organizationn throughout the Bilateria that was initiated in the early 
1990ss by the discovery of a strikingl y similar  dorso-ventral patterning 
systemm that operates during the development of insects and vertebrates. 
Thee probable homology of several of the involved genes in vertebrates 
andd insects lead to the hypothesis that this dorso-ventral patterning 
mechanismm is retained from Urbilateria , the last common ancestor  of 
vertebratess and arthropods. These findings fostered the beginnings of a 
fruitfu ll  interdisciplinar y synthesis that explored the underlying unity of 
bilateriann "backs"  and "bellies"  from an fascinating diversity of 
perspectives,, including developmental genetics, embryonic fate maps 
andd gastrulation patterns, nervous system morphology, pharyngeal and 
endostylee morphology, and dorsal-ventral orientation during chordate 
locomotionn (Arendt &  Nübler-Jung, 1994,1997; Robertis &  Sasai, 1996; 
Kimmel,, 1996; Lacalli, 1996d; Bergström, 1997; Holley &: Ferguson, 1997; 
Bergströmm et al., 1998; Nielsen, 1999; Nübler-Jung &  Arendt, 1999; 
Ruppertt  et al., 1999; Gerhart, 2000). At the same time, these 
developmentss have led to a remarkable, if somewhat anachronistic, 
rehabilitatio nn of some of the seemingly more fanciful ideas of the 
leadingg 19th century French transcendendal morphologist Étienne 
Geoffroyy Saint-Hilaire, a few years after  he resurfaced in the current 
biologicall  literatur e in connection with the discovery of homologous 
HoxHox genes in vertebrates and insects (Gould, 1986, Nübler-Jung & 
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Arendt,, 1994; Panchen, 2001). This exciting conceptual flux may 
eventuallyy form the foundation for a cladistic character scoring that is 
logicallyy fully consistent for all metazoans with respect to dorso-ventral 
bodyy organization, notably those relating to the position of the 
componentss of the central nervous system in bilaterians. 

Adultt brain derived from or associated with larval apical organ 

Inn several phyla, notably the neotrochozoans, platyhelminths, and 
nemerteans,, it has been reported that the adult brain develops in close 
associationn with the larval apical organ (sometimes with portions of the 
apicall  organ actually being incorporated into the brain). However, 
modernn cell tracing methods and electron microscopy wil l have to 
reveall  the intimacy of this association and the degree of variation 
betweenn different taxa. 

CharacterCharacter coding 

NI45;; ZI45: adult brain derived from or associated with larval apical organ a/p 
N44;; S53; Z145: adult brain derived from or associated with larval apical 
organ/apicall  pole a/p 
Z146:: larval apical organ incorporated into brain (special case of Z145) 
M62:: brain not derived from any part of larval apical organ/brain in part derived 
fromm larval apical organ, main nerve cord ventral 

ScoringScoring conflicts for adult brain derived from or associated with larval apical 
organ organ 

Cnidaria a 

Ctenophora a 

Echiura a 
Myzostomida a 
Nemertea a 

Arthropod a a 

Tardigrada a 

Onychophora a 

Platyhelminthes s 

Cycliophora a 
Pogonophora a 

absent t 
M62;; ZI45 
(diploblasts) ) 
M62;ZI45;Z146 6 
(diploblasts) ) 
S53 3 

M62;S53;Z146 6 

M62 2 

Z145 5 

present t 
N44;; NI45; S53 

Z145;N44;NI45;S53 3 

Z145;; ZI45; M62 
Z145 5 
Z145;; N44; NI45; 
ZI45 5 
N44;NI45;S53; ; 
ZI45;M62 2 
M62 2 

M62 2 

N44;NI45;S53;ZI45 5 
(Rhabditophora) ) 

M62 2 

? ? 
Z145 5 

ZI45;; Z146 

Z145 5 

N44;NI45;S53; ; 
Z145;; ZI45 
N44;NI45;S53; ; 
Z145;ZI45 5 
Z145 5 

S53;; ZI45 
Z145 5 

CharacterCharacter scoring and phylogenetic significance 
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Althoughh it is commonly reported that cnidarian planula larvae often 
possesss a ciliated apical organ, these are only known from anthozoan 
planulae,, and their presence is probably correlated with their 
planktotrophicc habits (Chia & Bickell, 1978; Fautin & Mariscal, 1991; 
Schafer,, 1996). Because neither anthozoans nor any other cnidarians 
developp an adult brain, N44, NI45, and S53 should be rescored. 

Ctenophoress possess a complex apical organ, part of which is a 
concentrationn of nerve cells which has been referred to as "an 'ancestor' 
off  a cephalic ganglion" (Hernandez-Nicaise, 1991). However, a proper 
larvall  stage is never developed, and development proceeds directly to a 
juvenilee stage (cydippid 'larva') that already contains the apical organ 
thatt is retained in the adult stage (Komai, 1968; Martindale & Henry, 
1999).. Thus, strictly speaking there is no larval apical organ which 
contradictss the scoring of Z145, N44, NI45, and S53. It is difficul t to 
decidee what the potential relationship of the apical organ of 
ctenophoress could be to the bilaterian brain, but its unique structure 
suggestss that it may be considered as a ctenophoran autapomorphy 
(Nielsen,, 2001). 

Becausee adult echiurans do not possess a brain, Z145, ZI45, and 
M622 should be rescored. Ax (1999), however, reported that the 
prostomiall  nerve ring develops from the "Gehirnanlage in der 
EpisphSree der Trochophora" on the basis of work by Korn (1960). 
Unfortunately,, I have not been able to consult this source, but more 
recentt reviews of echiuran development have not commented upon the 
originn of the prostomial nerve ring (in contrast to the origin of the 
ventrall  nerve cord) (Pilger, 1978,1997; Davis, 1989). 

II  am not aware of any studies that have traced the development 
off  the nervous system from larvae to adults in myzostomids, justifying 
thee scoring of ZI45 and Z146, contra Z145. 

Heteronemerteann pilidium larvae possess largely non-neural 
apicall  organs, that exhibit no relationship to the developing adult brain 
(Lacallii  & West, 1985; Hay-Schmidt, 1990, 2000). In contrast, in directly 
developingg palaeonemerteans the adult cerebral ganglia develop from a 
singlee pair of ectodermal cells located laterally to the apical organ 
(Iwata,, 1960, 1968; Cantell, 1989; Nielsen, 2001). Because direct 
developmentt appears primitive for the phylum (see elsewhere in this 
paper),, this information supports the scoring of Z145, N44, NI45, and 
ZI45. . 

Thee scoring in various studies of an adult brain derived from a 
larvall  apical organ in panarthropods is very weak. None of these taxa 
exhibitt a larval apical organ, and scoring them as present for a brain 
derivedd from a larval apical organ would reduce a specific character to 
onee that could be scored for any taxon with a roughly anteriorly located 
adultt brain. 

AA close contact between the larval apical organ and the 
developingg juvenile/adult brain has clearly been established for 
polycladss that develop through a Goette's larval stage (Ruppert, 1978; 
Younossi-Hartensteinn & Hartenstein, 2000). Nevertheless, the 
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assumptionn of this trait in the platyhelminth ground pattern is unlikely 
givenn the existence of serious doubts about the primitiveness of indirect 
developmentt in Platyhelminthes (see under Larva with strongly 
reducedd hyposphere). 

Bothh scorings observed for Cycliophora have some support. A 
larvall  apical organ has not been found, justifying the scoring of Z145, 
butt the absence of any data on the embryology of the nervous system 
alternativelyy supports the scoring of S53 and 7145, 

II  have not been able to locate any study that supports the scoring 
off  M62 for Pogonophora. The data of Callsen-Cencic & Flügel (1995) 
showw a connection between the apical organ and the main larval 
nervouss system in settled larvae of Siboglinum, but no information on 
laterr stages is available to show whether the adult brain that is 
developedd in the antero-ventral part of the cephalic lobe bears any 
relationshipp to the larval apical organ. 

Thee cephalochordates deserve some mention here, even though 
theree are no evident scoring conflicts between different studies. Al l 
cladisticc analyses that included a character coding for the presence or 
absencee of an apical organ have scored Cephalochordata as possessing 
onee (Nielsen et al., 1996; Zrzavy et al., 1998; Sorensen et al., 2000; 
Nielsen,, 2001; Peterson & Eernisse, 2001; N21, Z144, S27, NI19, and P45 
respectively).. This scoring is largely based upon the detailed and wide-
rangingg morphological studies of T. C. Lacalli, part of whose work has 
focusedd on elucidating the morphological unity of chordate and non-
chordatee deuterostome larvae as is seen reflected in various tissues and 
organs,, notably larval ciliary bands, nervous systems, and mesodermal 
derivativess (e.g., Lacalli, 1994,1996a, b, c, 2001; Lacalli et al., 1990,1999). 
Partt of this work is a proposal of the homology of the frontal eye 
complexx in larval amphioxus and the apical organs that are widespread 
inn marine invertebrate larvae (Lacalli, 1994, 1996a). This postulated 
homologyy has now been incorporated into cladistic data matrices. In 
orderr to maintain logical consistency throughout the data matrix, the 
scoringg of an apical organ in Cephalochordata would have to be 
accompaniedd by the scoring of the adult brain being derived from or 
associatedd with the apical organ because the larval central nervous 
system,, including the frontal eye complex, is retained in the adult. 
Interestingly,, none of the cladistic studies followed this scoring, 
resultingg in scoring conflicts within the different analyses: NI19 versus 
NI45,, N21 versus N44, and S27 versus S53. 

Nielsenn (1995, 2001) states that in brachiopods "there is no 
indicationn that the apical organ becomes incorporated in the adult 
nervouss system" (Nielsen, 2001: 403), and brachiopods are scored 
accordinglyy in all the studies considered here. However, the fate of the 
brachiopodd apical organ is at best uncertain. While it appears certain 
thatt the apical cilia of various articulate brachiopods are cast off after 
settlementt (Chuang, 1990), this does not necessarily inform the fate of 
thee neuronal cells in the apical organ. In fact, Hyman (1959: 574) and 
Kuméé (1968a) report that cells from the apical plate of articulate larvae 
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contributee to the adult supraenteric (supraesophageal) ganglion in a 
mannerr that is "extremely reminiscent of the trochophore larva" (Kumé, 
1968a:: 277), and Hay-Schmidt (1992: 203) states that "both the larval 
apicall  ganglion and the ventral ganglion must be retained as the adult 
nervouss system" in inarticulates, but this statement is apparently 
withoutt empirical support. Clearly, the currently adopted scoring for 
brachiopodss is uncertain at best and potentially erroneous. Until more 
reliablee information is obtained the best solution is to score brachiopods 
as'?'' for fate of the larval apical organ. 

Zrzavyy et al. (1998) coded five characters for the presence, 
ontogeneticc fate, and morphology of the apical organ (Z144-148) which 
reveall  several scoring problems. First, Z144 codes for the presence of an 
apicall  organ, and misscored non-anthozoan cnidarians and Cycliophora 
ass possessing an apical organ. Second, the scoring of Z145 and Z146 is 
inn conflict for Ctenophora, with the first character implying the 
developmentt of the adult brain from or near the apical organ, but with 
thee second implying that the adult brain does not develop from the 
apicall  organ. However, ctenophores do not develop separate larval and 
adultt anterior nervous concentrations, and the 'larval' apical organ 
thereforee equals the adult Ijrain' (see also discussion above). Third, 
Cycliophoraa do not possess a larval apical organ and should therefore 
nott be scored as losing it during metamorphosis (Z148). 

Thee phylogenetic significance of this character very much 
dependss upon the adopted character coding. Nielsen et al. (1996), 
Zrzavyy et al. (1998), and S0rensen et al. (2000) coded for adult brains 
thatt are derived from, or develop in association with the larval apical 
organn or apical pole (N44, S53, Z145), whereas their later cladistic 
studiess (Nielsen, 2001; Zrzavy et al., 2001) revised the character coding 
soo that it no longer encompassed taxa where the adult brain only 
developss in association with the apical pole (NI45, ZI45), which merely 
meanss that the brain is developed anteriorly. Zrzavy et al. (1998) 
includedd a separate character (Z146) strictly coding for adult brains 
derivedd from the apical organ. Strictly adopting the first coding strategy 
wouldd necessitate the rescoring for N44, S53 and Z145 for all phyla that, 
althoughh lacking an apical organ, develop their brains at the anterior 
(apical)) end of the body. This would yield a character that is merely 
redundantt with respect to a character that simply scores the presence or 
absencee of an anterior cerebral ganglion (see under Cerebral ganglion, 
brain).. The second coding method yields a much more specific, and 
trulyy novel, character that should only be scored as present in taxa 
wheree the adult brain develops from, or in association with the larval 
apicall  organ. In this context, it is important to be able to distinguish 
betweenn an adult brain that is "derived or initiated from" the apical 
organ,, which is thought to be characteristic for spiralians (e.g., Salvini-
Plawen,, 2000: 140), or one that develops largely independent of the 
apicall  organ, even if they are closely apposed. Modern ultrastructural 
andd cell labeling techniques need to be applied to reassess the 
differencess and similarities of the fate of the apical organ in different 
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phylaa because classical observations based on light microscopy may not 
alwayss be reliable. Even when contact between the apical organ and the 
developingg brain can be discerned, that does not necessarily imply that 
thee larval apical organ has contributed to the developing adult brain. 
Thiss is illustrated by the development of the brain in the indirectly 
developingg polyclad Imogine mcgrathi where brain development is 
alreadyy well underway before one axon bundle establishes contact with 
thee apical tuft cells (Younossi-Hartenstein &  Hartenstein, 2000). This 
contrastss with claims of the "inductiv e role"  (Salvini-Plawen, 2000:140) 
off  the apical organ in the differentiation of cerebral ganglia. In fact, 
althoughh characters such as NI45 and ZI45 unambiguously score 
neotrochozoanss as developing the adult brain from, or  in association 
withh the apical organ, such scorings are actually fairl y imprecise. If we 
considerr  Mollusca, for  which the morphology and developmental fate 
off  the larval apical organ have recently been most intensely investigated 
withh ultrastructura l and immunocytochemical techniques, no clear 
messagee is yet emerging. Although some papers claim that parts of the 
primar yy larval nervous system, including the apical organ, may be 
incorporatedd into the adult central nervous system, including the 
cerebrall  ganglia (e.g., Dickinson et al., 2000), others claim that the apical 
organn may be closely adjacent that the adult brain (cerebral 
commissure),, but that they are nevertheless clearly delineated from 
eachh other  (Kempf et al., 1997), or  that they may develop entirely 
independentt  from each other  (e.g, Marois &  Carew, 1997 for  the 
opisthobranchh Aplysia; Raineri, 2000). There may be variation between 
differentt  molluscan taxa, because in contrast, Lin &  Leise (1997: 184) 
reportt  that in the prosobranch Ilyanassa the "cerebral commissure was 
continuouss with the neuropil of the apical ganglion."  However, later  in 
developmentt  one of the most conspicuous changes in the nervous 
systemm was the decrease in the size of the neuropil of the apical 
ganglion,, and eventually in the postmetamorphic juvenile the complete 
losss of the apical ganglion. In fact, Lin &  Leise (1997:192) conclude that 
thee "apical ganglion appears to be the only significant neural structure 
thatt  is lost during prosobranch metamorphosis."  This may indicate that 
thee role of the apical organ is strictly limited to the larval phase, without 
contributin gg significantly to the adult nervous system. These latter 
conclusionss invit e a reconsideration of the supposedly distinct 
relationshipp between apical organs and brains in deuterostomes and 
protostomes,, with only the former  being characterized by a complete 
separationn of larval and adult nervous systems in all taxa. A proper 
understandingg of the relationship between the apical organ and adult 
brainn in deuterostomes is complicated considerably by taxa such as 
echinodermss and enteropneusts pautov &  Nezlin, 1992; Hay-Schmidt, 
2000;;  Nezlin, 2000; Beer  et al., 2001), which despite the possession of 
well-definedd apical organs, never  develop well-defined cerebral ganglia 
ass adults. One would expect this to be reflected in the scoring of 
echinodermss and enteropneusts, for  which N44, NI45, S53, Z145, and 
ZI455 are thus inapplicable, but instead they are scored the same way as 
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taxaa that do possess larval apical organs and adult cerebral ganglia 
whichh develop independently (e.g., Phoronida). Recent data on the 
expressionn of various developmental genes in the apical organs of 
polychaetee and molluscan trochophore larvae and enteropneust 
tornariae,, and the role of their presumed homologs in the development 
off  adult brains in chordates and insects are difficult to interpret at this 
time,, but they offer further tantalizing clues for the resolution of this 
fascinatingg issue (Tagawa et al., 2000; Arendt et al., 2001; Nederbragt, 
2002).. In conclusion, more research is necessary for a proper 
understandingg of the potential phylogenetic significance of these 
characters. . 

Seriall  repetition of nerve collaterals 

Thiss character is defined in Eernisse et al. (1992) as "ladder-like nervous 
systemm with ventrolateral nerve cords and lateral connectives." To 
avoidd confusion, it should be noted that longitudinal nerve cords are 
typicallyy called connectives and the connections between them 
commissuress instead of lateral connectives. 

CharacterCharacter coding 

Z236;; E53: serial repetition of nerve collaterals a/p 

ScoringScoring conflicts of serially repeated nerve collaterals 

polymor-- ? 
phic c 

Rhabditophoraa E53 Z236 

CharacterCharacter scoring and phylogenetic significance 

Eernissee et al. (1992) introduced this character into metazoan cladistics, 
andd the subsequent analysis of Zrzavy et al. (1998) took over the 
characterr with virtually identical scoring, except for Rhabditophora. 
Althoughh platyhelminths exhibit a substantial amount of variation in 
thee organization of the central nervous system, the homology of the 
orthogonall  organization of the rhabditophoran nervous system appears 
too be generally agreed upon (Reisinger, 1972; Reuter et al., 1998; Reuter 
&&  Halton, 2001). 

Accordingg to the character coding all taxa that possess at least 
twoo longitudinal connectives that form serially repeated commissural 
connectionss should be scored as present. That does, however, not 
explainn the observed character scoring. For example, both Priapulida 
andd Pogonophora are scored as having serially repeated nerve 
collaterals,, but Priapulida possess unpaired ventral nerve cords, and 
Pogonophoraa possess only small paired regions in their ventral nerve 
cords,, but apparently without serially repeated commissures (Bullock, 
1965d;; Gardiner & Jones, 1993; Southward, 1993; Westheide, 1996). 
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Also,, when Kinorhyncha are scored as present for this character, then 
theree is no reason why, for example, Nematoda should not be scored as 
presentt as well. Nematodes possess similar (but asymmetric) 
commissuress between the longitudinal nerve cords as kinorhynchs 
(Bullock,, 1965c; Wright, 1991; Nebelsick, 1993). 

AA complicating factor for accurately coding and scoring this 
characterr is the uncertainty about the homology of the longitudinal 
nervee cords in different taxa, and consequently, about the homology of 
thee commissures between them. A certain degree of convergent 
evolutionn seems likely, for example, within Platyhelminthes where 
particularr commissural patterns within various subtaxa are thought to 
havee evolved independently (Reuter & Gustafsson, 1995; Reuter et al., 
1998;; Reuter & Halton, 2001). Also, the scored taxa may exhibit 
strikinglyy different organizations, for example tardigrades and 
nemerteans,, with tardigrades showing only four segmental ganglia as 
thee only 'commissures7 between the paired ventral nerve cords, and 
nemerteanss which may possess numerous ventral and dorsal 
commissures. . 

Eernissee et al. (1992) and Zrzavy et al. (1998) both code separate 
characterss for an orthogonal nervous system (E103, Z245), and because 
regularlyy repeated transverse commissures are an integral part of an 
orthogon,, the taxa scored for these characters should also be scored for 
E533 and Z236. Nevertheless, this is not the case, indicating that the 
scoringg for both characters could be improved by careful restudy. 

Statocysts s 

Statocystss are sense organs functioning as receptors of gravitation, 
acceleration,, or vibration, and they are widely distributed throughout 
thee animal kingdom. They are usually rounded chambers containing a 
heavyy inclusion called otolith or statolith, and lined by sensory cells. 
Theree is considerable variation in the organization of statocysts between 
orr even within different phyla, including the absence or presence of 
speciall  sensory cells, ciliation of the receptor cells, association with 
nervouss elements, location in the body (e.g., associated with brain, 
intraepidermal,, cuticular), source and chemical composition of the 
statolithss (endogenous products of various kinds or extraneous 
elementss such as sand grains), fixed or free statoliths, simple or 
compoundd statoliths, and the number of statoliths. Their distribution 
withinn individual phyla is frequently patchy making it difficult to infer 
theirr evolutionary origins and to verify their presence in the ground 
patternss of phyla. A rigorous comparative study is necessary to 
elucidatee the complex evolutionary history of statocysts throughout the 
Metazoa. . 

CharacterCharacter coding 

Wal7;; Me60: statocysts a/p 
Z252:: number of statoliths one to few/10-40 
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Z253:: number of statocyst parietal cells few/ many 

ScoringScoring conflicts for statocysts 

absentt  present1" 
Syndermataa Wal7 Zrzavy et al. (1998); Me60 

(Rotifera) ) 
Nematoidaa Wal7 Zrzavy et al. (1998) 
Scalidophoraa Wal7 Zrzavy et al. (1998) 
Gastrotrichaa Wal7 Zrzavy et al. (1998) 
Gnathostomulidaa Wal7 Zrzavy et al. (1998); Me60 
11 Scoring for Zrzavy et al. (1998) is deduced from the scoring of Z252 and Z253; 
positivee scoring for these characters presupposes the presence of statocysts. 

CharacterCharacter scoring and phylogenetic significance 

Wallacee et al. (1996) introduced a character coding for the presence of 
statocystss into a phylogenetic analysis of the aschelminth phyla, and 
theirr analysis suggested that the secondary loss of statocysts is'an 
unambiguouss synapomorphy of (Gnathostomulida Gastrotricha 
Syndermataa Nematoida Scalidophora). Subsequently, two new cladistic 
analysess (Melone et al., 1998; Zrzavy et al., 1998) introduced statocyst 
characterss into an analysis of gnathiferans and the entire Metazoa, 
respectively.. However, these latter analyses introduced considerable 
characterr scoring problems. 

Althoughh neither the analysis of Wallace et al. (1996) nor that of 
Melonee et al. (1998) fulfilled the domain of definition for statocysts, the 
problemss of character scoring introduced in the analyses of Melone et 
al.. (1998) and Zrzavy et al. (1998) are more compromising for the 
results.. Available information resolves the recorded scoring conflicts in 
favorr of the analysis by Wallace et al. (1996) versus the analyses of 
Melonee et al. (1998) and Zrzavy et al. (1998). No convincing report of 
statocystss in syndermates exists in the literature. Acanthocephalans 
definitelyy lack statocysts (Bullock, 1965c; Dunagan & Miller , 1991), 
whereass early reports of rotiferan statocysts are likely erroneous 
(Bullock,, 1965c), and more recent studies do not describe any statocysts 
(Clémentt & Wurdak, 1991; Lorenzen, 1996c). Similarly, statocysts are 
nott reported for nematoidans, scalidophorans, or gnathostomulids 
(Bullock,, 1965c; Bresciani, 1991; Kristensen, 1991a; Kristensen & 
Higgins,, 1991; Storch, 1991; Wright, 1991), whereas the presence of 
unicellularr statocysts in gastrotrichs is equivocal (Bullock, 1965c) and 
nott confirmed in recent studies (Ruppert, 1991b; Lorenzen, 1996e). 
Consequently,, the presence of statocysts is not a valid synapomorphy of 
Gnathiferaa as suggested by the analysis of Melone et al. (1998). 

Zrzavyy et al. (1998) included two characters (Z252, Z253) that 
codee for specializations of statocysts, although a character coding for 
absencee or presence of statocysts was not included in that analysis. 
Additionally,, Z250 coded for the presence of an endon, which is defined 
ass a median cerebral ganglion and adjacent aboral statocyst. The scoring 
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off  Z250 for taxa such as acoelomorphs, gnathostomulids and 
polychaetess is problematic. Gnathostomulids lack statocysts, and 
thereforee also an endon. The unique organization of the anterior portion 
off  the acoelomorph nervous system indicates that a true cerebral 
ganglionn is lacking (Raikova et al., 1998; 2001), and therefore also the 
endon.. The scoring of polychaetes is ambiguous because of serious 
uncertaintyy about the ground pattern. Statocysts are only known in a 
feww burrowing and tubicolous families that are spread throughout the 
Polychaeta,, and they were unknown in Oligochaeta (Verger-Bocquet, 
1992;; Jamieson, 1992; Rouse & Fauchald, 1997) until the recent study by 
Lockee (2000) showed that enchytraeid oligochaetes of the genus Grania 
possesss statocysts. The patchy distribution of statocysts within phyla 
createss uncertainty about the ground patterns for various phyla, and the 
unambiguouss scoring of Z252 and Z253 for several taxa should be 
reconsideredd accordingly. For example, cnidarian statocysts have only 
beenn demonstrated in the medusae of medusozoans, being absent in 
medusozoann polyps and anthozoans, which is in agreement with their 
evolutionn within this phylum (Bullock, 1965b; Bridge et al., 1995; 
Grimmelikhuijzenn & Westfall, 1995; Schafer, 1996). For nemerteans, 
statocystss have only been reported for two interstitial genera of 
hoplonemerteanss (Bullock, 1965a; Turbeville, 1991, 1996). For 
echinoderms,, statocysts are only known from several holothuroids, and 
theyy do probably not belong in the ground pattern of Holothuroidea 
(Goldschmid,, 1996a; Ehlers, 1997). Sometimes statocysts are reported 
forr echinoids (e.g., Ruppert & Barnes, 1994), but these presumed 
ambulacrall  sensory organs are usually called sphaeridia, and neither 
theirr anatomical position not their structure indicate homology to the 
statocystss known from holothuroids (Cavey & Markel, 1994; Ehlers, 
1997).. These considerations make a certain degree of convergent 
evolutionn of statocysts very likely. Finally, the scorings for many phyla 
inn Zrzavy et al. (1998) have to be adjusted. Statocysts are unknown in 
Cycliophoraa (Funch, 1996; Funch & Kristensen, 1997), Phoronida 
(Hyman,, 1959; Bullock, 1965d; Herrmann, 1996), Chaetognatha (Shinn, 
1997),, Cephalochordata (Ruppert, 1997), and the aschelminth phyla as 
discussedd above. Furthermore, for those taxa that may possess 
statocystss in their ground pattern problematic scorings remain. 
Althoughh ctenophores and brachiopods are scored to possess one to a 
feww statoliths, the compound ctenophore statolith is made up of 100 
smallerr statoliths (Hernandez-Nicaise, 1991), while 40 statoliths have 
beenn reported for inarticulate brachiopods (James, 1997). 

Inn conclusion, the scoring of statocyst characters across the 
Metazoaa needs to be carefully reassessed taken the above comments 
intoo consideration. So far, the phylogenetic significance of statocysts 
andd associated characters remains unknown. 

NEPHRIDIALL CHARACTERS 
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Protonephridia a 

Protonephridiaa are widespread in the Metazoa, and although variations 
inn morphology are manifested in different ways (see following 
characters),, protonephridia are clearly definable as tubes that open 
throughh the epidermis through a nephropore, but that are proximally 
closedd by one or more terminal cells (cyrtocytes). The distal part of the 
terminall  cell forms a hollow cylinder typically perforated by clefts, and 
whichh serves to support an extracellular filtration membrane. The 
terminall  cells are joined to canal cells and nephropore cells, although 
thee exact configuration varies between taxa. Wilson & Webster (1974), 
Ruppertt & Smith (1988), and Bartolomaeus & Ax (1992) provide useful 
reviewss of protonephridial structure and function throughout the 
Metazoa.. Although Nielsen (1995, 2001) restricts the definition of 
protonephridiaa to ectodermally derived canals, his scoring for NI54 in 
thee cladistic data matrix does not exhibit this restriction. Taxa where 
mesodermm has been implicated to contribute to the formation of the 
protonephridiaa (either as the sole source or as a partial contributor), 
suchh as molluscs and annelids (Verdonk & Biggelaar, 1983; 
Bartolomaeus,, 1999), are scored as well. The paucity of reliable 
informationn of the germ layer source of protonephridia leads me to 
concludee that application of a structural homology criterion without 
considerationn of embryonic source is currently the best diagnosis for 
protonephridiaa across the Metazoa (see Ruppert, 1994 for an example of 
varyingg contributions of mesoderm and ectoderm to the homologous 
nephridiaa in larval enteropneust and asteroids). The significance of 
heterotopicc shifts in the origin of protonephridia remains to be studied. 

CharacterCharacter coding 

H20;; Hamb; N54; NI54; S63; Z48; ZI29; R139; L56; Wa40; Es6; E99 (emphasis on 
multiciliatedd cells): protonephridia a/p 
Eh6:: loss of protonephridia a/p 
M31:: no special excretory organ/protonephridia 
RI7:protonephridia/metanephridia/pericardioducts s 

ScoringScoring conflicts for protonephridia 

Phoronida a 

Loricifera a 

Nematoda a 

Annelida a 

Pogonophora a 
Echiura a 

absent t 
M31;E99 9 

Z48;ZI29;N54; ; 
NI54;S63;M31; ; 
E99 9 
M31;; E99; RI7 

M31;; E99; RI7 

present t 
Z48;ZI29;N54; ; 
NI54;S63 3 
Z48;N54;NI54; ; 
S63;Wa40 0 
L56 6 

N54;NI54;S63; ; 
Z48;; ZD9; H20 
RI7;E99;M31 1 
Z48;ZI29;S63; ; 
R139;H20 0 

? ? 

M31 1 

Z48 8 

polymorphic c 

Wa400 (for 
polychaetes) ) 
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Sipuncula a 

Mollusca a 

Nemertea a 

Brachiopoda a 

N54;; NI54; M31; 
S63;; ZI29; RI7; 
R139;; E99 
RI7;M31;E99 9 

E99 9 

ZI29;E99,M31; ; 
N54;; NI54; S63 

H20;N54;NI54; ; 
S63;Z48;R139; ; 
ZI29 9 
H20;; N54; NI54; 
S63;Z48;ZI29; ; 
M31 1 

H20;Z48 8 

R139 9 

Z48 8 

CharacterCharacter scoring and phylogenetic significance 

AA number  of the scoring conflicts can be reduced to different decisions 
aboutt  semaphoront choice. Rouse &  Fauchald (1995) scored their 
characterss according to adult morphology, and while explicit mention is 
lacking,, the scoring of protonephridia in Meglitsch &  Schram (1991) and 
Eernissee et al. (1992) is also consistent with an exclusive scoring of 
adults.. This would explain their  character  scoring for  phoronids, 
annelids,, echiurans, and molluscs (all scored as lacking protonephridia). 
Inn these taxa protonephridia are likely to be present in the larval ground 
patternn (Heimler, 1988; Smith &  Ruppert, 1988; Bartolomaeus, 1989a, b, 
1993b,, 1995, 1998, 1999; Zimmer, 1991, 1997; Hermann, 1997; Rouse, 
1999;;  Haszprunar  &  Ruthensteiner, 2000; Ruthensteiner  et al., 2001), 
whilee adult protonephridia are entirely lacking (phoronids) or  restricted 
too isolated cases not likely to be representative for  the phyla's ground 
patternss (dwarf male Bonellia in Echiura; adult paedomorphic Rhodope 
inn Mollusca; various polychaete annelids; Westheide, 1986; 
Bartolomaeus,, 1989c; Schuchert, 1990; Haszprunar, 1996d, 1997; Rouse, 
1999;;  Rouse &  Fauchald, 1997). Adoption of a structural homology 
criterionn necessitates that all semaphoronts are taken into account 
duringg character  scoring. 

Loricifer aa possess protonephridia (Kristensen, 1991), contra M31 
(thee chapter  on loriciferans in Meglitsch &  Schram, 1991 does report 
protonephridiaa contra the scoring in their  data matrix). 

Nematodess lack protonephridia (Wright , 1991), contra L56. 
Protonephridiaa have been reported for  both pogonophore larvae 

ass well as adults (reviewed in Rouse &  Fauchald, 1995; 1997; Salvini-
Plawen,, 2000), but pending a comparative ultrastructura l analysis of 
nephridiaa in different pogonophores, the ground pattern state may be 
scoredd as uncertain (Z48) (Southward, 1993; Rouse &  Fauchald, 1995). 

Protonephridiaa have never  been reported for  sipunculans, neither 
forr  adults nor  for  larvae. Because protonephridia are typically present 
inn the trochophore larvae of other  spiralian phyla, this may lead to a 
scoringg of a '?' as for  H20 and Z48. However, because we cannot predict 
whetherr  futur e studies will identify sipunculan protonephridia, and 
becausee their  absence is an accurate representation of our  current 
knowledge,, it is better  justified to score 'absence of protonephridia' as is 
donee in the remaining cladistic analyses. 
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Thee scoring of E99 for nemerteans is obviously erroneous. 
Nemerteanss evidently do have protonephridia in the adults, and 
reportss for larvae exist as well (Bartolomaeus, 1985; Turbeville, 1991). 
Thee scoring of a '?' for nemerteans for R139 can also be changed to 
'presencee of larval protonephridia.' Rouse (1999) considers them 
unknownn because "they appear late and do not really function in larvae 
perr se." However, he reports their demonstration in pilidium larvae, 
andd Bartolomaeus (1985) reported their presence in a Desor's larva 
(generallyy regarded as a modified lecithotrophic pilidium larva). This 
wouldd make the evidence for scoring larval protonephridia present in 
nemerteanss just as strong as that which justifies Rouse's scoring of 
larvall  protonephridia for platyhelminths (based on their demonstration 
inn Miiller' s larvae: Ruppert, 1978; see Rohde, 2001, figs. 19.1 and 19.8 for 
illustrationss of protonephridia in a Götte's larva). 

Protonephridiaa have never been observed during any stage of the 
brachiopodd lif e cycle, and this warrants their scoring as 'absent' contra 
Z48. . 

E999 defined protonephridia as being characterized by 
multiciliatedd cells. However, this does not explain the adopted scoring. 
Forr example, nemerteans typically have protonephridia with 
multiciliatedd cells, but were scored as lacking these, whereas 
gnathostomulidd protonephridia possess only monociliated cells (the 
terminall  cell), but that were scored as having multiciliated 
protonephridiall  cells (Lammert, 1991; Bartolomaeus & Ax, 1992). 
Furthermore,, considering the variation in protonephridial designs 
throughoutt the Metazoa, including the existence of non-ciliated, mono-, 
bi-- or multiciliated cells, and the observation that taxa may change the 
numberr of cilia per cell during ontogeny (see under Ciliation of 
protonephridiall  terminal cell) indicate that E99 adopts an unnecessarily 
restrictedd definition. Furthermore, it is essential to specify which 
protonephridiall  cells are multiciliated, because ciliation of terminal 
cells,, duct cells, and nephropore cells may vary independently between 
taxa. . 

Littlewoodd et al. (1999a) infused the coding of their character L56 
withh an unwarranted a priori  assumption about the direction of 
evolutionaryy change for acoelomorph platyhelminths. These were 
scoredd as ' 0 / 1' instead of '0' because their phylogenetic placement in 
previouss studies would suggest that they may have lost protonephridia, 
ratherr than that these were primitively absent. However, several recent 
molecularr and morphological phylogenetic analyses have suggested 
thatt acoels and also nemertodermatids may be the basal-most extant 
bilaterians,, and may consequently have never possessed protonephridia 
(Haszprunar,, 1996b; Ruiz-Trillo et al., 1999; Baguna et al., 2001). 
Littlewoodd et al.'s a priori  assumption about the evolution of 
protonephridiaa in acoelomorphs reflected in the character coding can 
onlyy lead to circular reasoning. 
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Notee that Rouse (1999) accidentally recorded the scoring for 
characterr R139 (protonephridia) in the wrong column of his Appendix 
4,, that of character R138. 

Al ll  cladistic studies considered here, with the exception of 
Haszprunarr (1996a, b), suggest that protonephridia are homoplastic 
withinn Bilateria, and have evolved not at the base, but within the 
Bilateria,, usually at the base of a large protostome clade. Instead, 
Haszprunarr (1996a, b) suggest that protonephridia are a unique 
synapomorphyy of all bilaterians except Acoelomorpha. However, for a 
properr interpretation of Haszprunar's analyses, one should take into 
accountt that his taxon selection did not fulfil l the domain of definition 
forr protonephridia. Interestingly, Nielsen et al. (1996), Nielsen (2001), 
Zrzavyy et al. (1998, 2001), and Sorensen et al. (2000) indicate that 
phoronidd actinotroch larvae have independently evolved 
protonephridia.. Furthermore, the analyses of Meglitsch & Schram 
(1991),, and Zrzavy et al. (1998,2001) indicate that the protonephridia of 
scalidophoranss may have evolved convergently with respect to those of 
thee other protostomes. Finally, multiple losses of protonephridia are 
indicatedd for taxa such as Panarthropoda, Nematoida, and 
Acoelomorphaa (Nielsen et al., 1996; Nielsen, 2001; Serensen et al., 2000; 
Zrzavyy et al., 1998,2001). 

Protonephridiaa with channel cell completely surrounding lumen 

Thiss character refers to protonephridia in which the lumen is located 
intracellularlyy in the canal cells. This contrasts with the situation in 
whichh the canal cells are folded around the protonephridial lumen, 
whichh can be recognized by the presence of intercellular junctions that 
closee off the extracellular lumen. Unfortunately, some terminological 
confusionn is present in the literature. Some authors restrict the term 
"percellular""  lumen to instances of a truly intracellular lumen (e.g., 
Ahlrichs,, 1995), whereas other authors apply this term also to instances 
inn which the protonephridial canal cell is folded around the 
extracellularr lumen as long as it enwraps the cilia and microvilli in the 
lumenn (e.g., Bartolomaeus, 1993b, 1995). 

CharacterCharacter coding 

A15;; HaVnic; P68; Z52: protonephridia with channel cell completely surrounding 
lumenn a/p 

CharacterCharacter scoring and phylogenetic significance 

Thiss character is uniformly scored for Gnathostomulida and 
Syndermata,, but insufficient information exists on the ultrastructure of 
acanthocephalann protonephridia to allow the unambiguous 
determinationn of their canal morphology. Consequently, Z52 needs to 
bee rescored as '?' for Acanthocephala. When assessing the phylogenetic 
significancee of intracellular canal lumens in rotifer and gnathostomulid 
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protonephridia,, it should be kept in mind that those of the former are 
mainlyy syncytial (although the cellular canal components also appear to 
havee an intracellular lumen), whereas those of the latter are cellular 
(Ahlrichs,, 1993a, b). Although not scored in the studies that included 
thiss character, further instances of true intracellular protonephridial 
ductss have been reported for various other phyla, including 
platyhelminths,, gastrotrichs, and polychaetes (Smith & Ruppert, 1988; 
Riegerr et al., 1991b; Ruppert, 1991b). Nevertheless, the scattered 
distributionn of these features causes doubt about their phylogenetic 
significance.. The computer-assisted cladistic analyses of Zrzavy et al. 
(1998)) and Peterson & Eernisse (2001) suggest convergence of this trait 
inn rotifers and gnathostomulids. 

Podocytess /terminal cells/nephrocytes 

CharacterCharacter coding 

P67:: podocytes/terminal cells/nephrocytes a/p/excretory organ of apomorphic 
designn with cells without any obvious similarity to podocytes 
H21;; Z43: podocytes a/p 

CharacterCharacter scoring and phylogenetic significance 

Haszprunarr (1996a) and Zrzavy et al (1998) both scored podocytes for 
Nemerteaa and Neotrochozoa, while the latter study additionally scored 
themm present for Phoronida and Enteropneusta. As noted in Jenner 
(2001a),, a variety of misscorings for Z43 could be identified, including 
onychophorans,, arthropods, echinoderms, pterobranchs, and 
vertebrates,, which were all incorrectly scored as lacking podocytes 
(Ruppertt and Smith, 1988; Storch and Ruhberg, 1993; Hessler and 
Elofsson,, 1995; Nielsen, 1995; Benito and Pardos, 1997). Note that the 
scoringg of a '?' for podocytes in pogonophorans in Zrzavy et al. (1998) 
cann be changed to '0' since a recent study failed to find support for their 
presencee (Schulze, 2001). Similarly, the scoring of podocytes for 
pogonophoranss and brachiopods in table 4 of Haszprunar (1996d) is 
unsupportedd by data. The true phylogenetic significance of podocytes 
wil ll  only emerge after this character is correctly scored across the 
Metazoa. . 

Petersonn & Eernisse (2001) did not code a character solely for 
podocytes,, but instead P67 proposes a primary homology of different 
celll  types that are all thought to be part of filtration nephridia 
(podocytess and nephrocytes are a component of metanephridial 
systems,, but the latter is a term usually restricted to arthropods and 
onychophorans,, and terminal cells are part of protonephridia). This 
scoringg is supported by data on the ontogenetic continuity of 
protonephridiaa and metanephridia in certain polychaetes and 
phoronids,, and by a continuum in cytological differentiation and 
functionn between the different cell types involved (Ruppert & Smith, 
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1988;; Smith & Ruppert, 1988; Bartolomaeus & Ax, 1992; Smith, 1992; 
Ruppert,, 1994; Haszprunar, 1996d). 

MUSCLES S 

Musclee cells 

Musclee cells contain a system of contractile filamentous actin-myosin. 
Theyy exist in two distinct varieties (Rieger & Lombardi, 1987; 
Bartolomaeus,, 1994). First, apolar cells that are completely surrounded 
byy extracellular matrix, and which are called myocytes or muscle cells. 
Second,, cells with a clear apical-basal polarity, basally resting on 
extracellularr matrix (a basal lamina), and with the apical end facing an 
innerr body space. 

CharacterCharacter coding 

M6:: no special muscle cells/well-developed muscle cells (note that coding of Schram m 
(1991)) is different and should be rescored accordingly) 
P35:: endomesodermal muscle cells a/p 
7157:7157: muscles a/p 

CharacterCharacter scoring and phylogenetic significance 

Musclee cells are universally considered as a eumetazoan 
autapomorphy,, which is in agreement with the analyses of Meglitsch & 
Schramm (1991) and Zrzavy et al. (1998). However, M6 misscored 
platyhelminths,, gnathostomulids, and gastrotrichs. These three phyla 
possesss well-defined muscle cells (Rieger et al., 1991b; Lammert, 1991; 
Ruppert,, 1991b). These accidental misscorings may be understood by 
consideringg the data matrix of Schram (1991). Although the data 
matricess of Meglitsch & Schram (1991) and Schram (1991) are virtually 
identical,, several characters have differing character codings, among 
themm M6. M6 codes as the primitive state "no special muscle cells" 
whilee character 6 in Schram (1991) codes "locomotion by action of cilia 
orr flagella." With identical character scorings this results in correct 
scoringss for the three phyla in Schram (1991) but incorrect scorings for 
M6.. The scoring of poriferans deserves a comment. Porifera is scored as 
lackingg muscle cells in both Meglitsch & Schram (1991) and Zrzavy et 
al.. (1998), but contractile cells superficially resembling vertebrate 
smoothh muscle cells are present in many cellularian sponges (Harrison 
&&  de Vos, 1991). These cells are usually referred to as myocytes, a term 
typicallyy used for eumetazoan muscle cells. Nevertheless, contractile 
cellss with a functional system of fibrillar actin and myosin are also 
foundd in other, unicellular non-metazoan eukaryotes (Bovee, 1991). The 
probablee presence of an actin/myosin system in sponges (Harrison & 
Dee Vos, 1991) is therefore no straightforward argument for the presence 
off  true muscle cells or myocytes, and accordingly special homology of 
contractilee sponge cells with eumetazoan muscle cells is not accepted 
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here.. Trichoplax also possesses contractile cells (fiber cells) (Grell & 
Ruthmann,, 1991), and these may perform both muscle and nerve cell 
functions. . 

Althoughh M6 scores mesozoans as entirely lacking muscle cells, 
contractilee cells have been demonstrated in orthonectids (Ax, 1995; 
Haszprunar,, 1996c), and these may be muscle cells as is reflected in the 
scoringg of Z257. 

Endomesodermall  muscle cells are considered an autapomorphy 
off  Acrosomata by Peterson & Eernisse (2001) in agreement with other 
recentt works (e.g., Martindale & Henry, 1998). However, many taxa 
weree not scored for P35, presumably because cell lineage data is not 
presentt to confirm the exact source of mesoderm. Interestingly, strict 
applicationn of the definition of endomesoderm (see also under 
Secondaryy body cavity, coelom; ontogenetic source) would necessitate 
thee rescoring of several taxa that were unambiguously scored as only 
possessingg endomesoderm. As an example let us consider Nematoda. 
Forr Caenorhabditis elegans the entire cell lineage is known, which should 
inn principle allow us to make a definite conclusion on the source of 
mesoderm.. Strikingly, the cell lineage of C. elegans clearly shows that all 
mesodermm is derived from cells that only form ectoderm and mesoderm 
(e.g... Table 37.1 in Nielsen, 2001), while the nematode endodermal cell 
lineagee is already completely separated from the sources of other 
organss at the eight cell stage (Voronov et al., 1998; Voronov, 1999). This 
leadss to the inescapable conclusion that this worm only possesses 
ectomesoderm!!  Similarly, although the resolution of the cell lineage of 
gastrotrichss is limited, it nevertheless shows that all mesoderm derives 
fromm precursor cells that wil l only produce ectoderm and mesoderm 
(Tablee 35.1 in Nielsen, 2001), and thus represent ectomesoderm. Similar 
indicationss for the presence of ectomesodermal muscles are reported for 
rotiferss (Nielsen, 2001: 300), and so, modern cell lineage tracing 
techniquess hold great promise when applied to the many poorly 
studiedd phyla (see Martindale & Henry, 1999 and Henry et al., 2000 for 
nicee examples of recent advances in our understanding of mesoderm 
sourcess in ctenophores and acoel platyhelminths). Obviously, we also 
needd to sample multiple species within phyla to assess character 
variability,, but these considerations at least show that the widely 
adoptedd interpretation of endomesoderm as a acrosomatan or bilaterian 
autapomorphyy deserves closer scrutiny. 

DIGESTIVEE SYSTEM 

Intestinall  cell ciliation 

Too create an accurate character definition, it should be clearly specified 
whatt part of the gut is scored for ciliation. Many phyla possess 
cuticularizedd fore- and hindguts from which cilia may be lacking, while 
att the same time the digestive midgut region without a cuticle can be 
ciliated.. It is therefore important to distinguish pharynx, esophagus. 
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stomach,, intestine, and rectum. I assume the coding of "gut" in P93 and 
Wa222 to refer to the intestine. 

CharacterCharacter coding 

Z225:: intestinal cells ciliated/non-ciliated 
P93:: digestive gut without cilia a/p 
Wa22:: ciliated gut a/p 

ScoringScoring conflicts for intestinal ciliation 

Chaetognatha a 
Nematomorpha a 
Gastroo tricha 
Rotii  f era 
Acoelomorpha a 

Rhabditophora a 

Polychaeta a 

Nemertea a 

absent t 

P93 3 
P93 3 

P93 3 

P93 3 

P93 3 

present t 

P93 3 

Z225 5 
P93;; Z225 
Z225;; Wa22 
(Turbellaria) ) 
Z225;; Wa22 
(Turbellaria) ) 
Z225;; P93 
(Annelida) ) 
Z225 5 

? ? 

Z225 5 
Wa22;Z225 5 

polymorphi i 
c c 

Wa22 2 
Wa22 2 

Wa22 2 

CharacterCharacter scoring and phylogenetic significance 

Chaetognathss possess ciliated absorptive and glandular intestinal cells 
(Shinn,, 1997), justifying a rescoring for Z225. 

Althoughh nematomorphs possess a reduced digestive tract that 
somee authors claim is not involved in the uptake of nutrients 
(explainingg the scoring of Wa22 and Z225), nematomorphs nevertheless 
doo possess some genuine intestinal cells adorned with microvilli , but 
lackingg cilia (Bresciani, 1991; Schmidt-Rhaesa, 1996). This is in 
accordancee with the scoring of P93. 

Mostt gastrotrichs lack intestinal cilia, but the several species in 
whichh ciliated intestinal cells do occur may be phylogenetically the 
mostt basal macrodasyoids (Hochberg & Litvaitis, 2000, 2001a). The 
resultingg uncertainty about the gastrotrich ground pattern is therefore 
bestt reflected in the scoring of Wa22. 

Whenn an intestine is present in rotifers, its lining cells are 
abundantlyy ciliated (Clément & Wurdak, 1991), in agreement with the 
scoringg of P93 and Z225. 

Acoell  platyhelminths appear to lack intestinal cilia, while earlier 
reportss of intestinal cilia in nemertodermatids remain to be confirmed 
(Riegerr et a t, 1991b). Ciliated intestinal cells do occur in catenulids, 
macrostomids,, and various other rhabditophorans, but the majority of 
turbellarianss is reported to lack intestinal cilia (Rieger et al., 1991b). In 
conclusion,, the ground pattern states remain at this time uncertain for 
acoelomorphss and rhabditophorans. 
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Althoughh there may be polychaetes that lack intestinal cilia, the 
sourcess available to me suggest their unambiguous presence 
throughoutt annelids, in agreement with the scoring of P93 and Z225 
(Michel,, 1988; Saulnier-Michel, 1992; Jamieson, 1992; Fernandez et al., 
1992). . 

Thee nemertean intestine is ciliated (Turbeville, 1991), in 
agreementt with the scoring of Z225. However, an unpublished revised 
versionn of the data set of Peterson & Eernisse (2001) (K. J. Peterson, pers. 
comm.)) corrected the scoring of P93. 

Z2255 also scored Xenoturbella as having non-ciliated intestinal 
cells.. However, in view of the fact that Zrzavy et al. (1998) do not 
providee an exact source for this information, and because 
ultrastructurall  studies of the gastrodermis of Xenoturbella have not yet 
beenn performed (Israelsson, 2000), scoring of a '?' appears at this time to 
bee the best defended option. 

Itt should be noted that P93 should be rescored for Fungi, 
Choanoflagellata,, Porifera, and Placozoa since these taxa lack a 
digestivee gut, and are thus 'inapplicable' for this character. 

Irrespectivee of which morphological phylogeny of the Metazoa is 
consulted,, it can be concluded that intestinal cilia have been lost at least 
aa number of times independently, namely in introvertans and 
p a n a r t h r o p o d s,, in Gna thos tomu l ida and Limnognathia 
(Micrognathozoa),, which also totally lacks intestinal cilia (Kristensen & 
Funch,, 2000), and possibly in acoelomorph platyhelminths. The loss of 
intestinall  cilia may thus be a synapomorphy (albeit convergent) of 
ecdysozoanss additional to those discussed by Schmidt-Rhaesa et al. 
(1998)) and Nielsen (2001), albeit a homoplastic one. Moreover, the 
newlyy defined clade Gnathifera that includes Micrognathozoa may also 
bee supported by the loss of intestinal cilia, with a subsequent reversal to 
ciliatedd intestinal cells in rotifers. Isolated instances of intestinal cilia 
occurringg in phyla that are otherwise characterized by the lack of 
intestinall  cilia, such as arthropods and nematodes, can reasonably be 
assumedd to be convergently evolved within the respective monophyla 
(Nielsen,, 2001). 

Anus s 

AA variety of studies included characters that coded for the presence of 
ann anus. Different character codings have been designed to incorporate 
informationn on the presence of a hindgut, rectum, or proctodeum. 

CharacterCharacter coding 

M16;; P94: no anus/anus 
RI5:: digestive tract with mouth only/anus present (at least transiently) 
Z72:: anus a/gnathostomulid-Iike/p 
Hll :: anus a/gnathostomulid type/true hindgut 
E96:: anus with proctodeum (completely unidirectional alimentary canal) a/p 
ZI25:: reduction of hindgut/anus system a/p 
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HaXIa;; L54: true hindgut with anal opening a/p 
Wa21:: complete gut terminating with a functional anus a/p 
NI32:: mouth and anus a/p (misscored platys) 

ScoringScoring conflicts of anus 

Gnathostomulida a 

Pogonophora a 
Acanthocephala a 

absent t 
M16;; E96; 
Wa21 1 
M16 6 

present t 
Z722 (autapo.); Hl l 
(autapo.);P94;NI32 2 
RI5 5 
M16;L54 4 

polymorphic c 

E96 6 

? ? 
L54 4 

Z72 2 

CharacterCharacter scoring and phylogenetic significance 

Alll  comprehensive morphological cladistic analyses support (although 
nott  unambiguously in all studies) the evolution of a unidirectional 
digestivee tract with an anus as an autapomorphy for  Bilateria (Zrzavy et 
al.,, 1998; Giribet et al., 2000; Meglitsch &  Schram, 1991; Nielsen, 2001; 
Petersonn &  Eernisse, 2001). Consequently, the absence of an anus in taxa 
suchh as platyhelminths (misscored for  NI32), pogonophorans, articulate 
brachiopods,, and acanthocephalans must be considered secondary. In 
contrast,, other  studies suggested the independent evolution of an anus 
inn protostomes and deuterostomes (Brusca &  Brusca, 1990; Rouse & 
Fauchald,, 1995; Ax, 1989,1995; see further  discussion under  Nemertea). 
However,, these studies only considered a restricted set of metazoan 
phyla,, and consequently, their  results do not constitute real tests of the 
homologyy of anuses throughout the Metazoa. 

Thee distinctive morphology of the gnathostomulid anal system 
defiess unambiguous interpretatio n (see discussion under 
Platyhelminthess for  details). Until very recently, the morphology of the 
terminall  end of the gnathostomulidan digestive tract appeared to be 
uniquee among metazoans as is reflected in the character  coding of Z72 
andd Hll . However, the anal system found in the newly described 
Micrognathozoaa is very similar  in ultrastructura l detail (Kristensen & 
Funch,, 2001). At present, all the adopted character  scorings listed in the 
abovee table can reasonably be defended, with the exception of L54. L54 
includedd the presence of a "tru e hindgut"  in the character  definition. 
Gnathostomulidss unequivocally lack a distinguishable (cuticle-lined) 
hindgut.. Inclusion of the presence of a hindgut in the character 
definitionn may also necessitate rescoring of gastrotrichs for  L54 and 
ZI255 (Ruppert, 1991b). The distributio n of hindguts within Gastrotricha 
(onlyy in paucitubulatinid chaetonotidans) suggests they evolved withm 
thee phylum (Hochberg &  Litvaitis , 2000). 

Thee scoring of M16 and E96 for  pogonophorans is misleading. 
Thee presence of an anus is well documented for  earlier  ontogenetic 
stagess in vestimentiferans (Gardiner  &  Jones, 1993: fig. 36A; 1994: fig. 
IE;;  Southward, 1999: fig. 6.9), and an anus has also been reported for  at 
leastt  one species of perviate pogonophore (Flügel &  Callsen-Cencic, 
1992).. This is in accordance with our  preference for  scoring characters 
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acrosss entire lif e cycles, rather than focusing on arbitrarily chosen 
semaphorontss (Jenner, 2001a; Jenner, in prep). Furthermore, none of the 
recentlyy proposed phylogenetic hypotheses for the placement of 
pogonophoranss has raised doubt as to the derived nature of the lack of 
ann anus. The phylogenetic significance of the ontogenetic reduction of 
thee anus in pogonophorans is therefore restricted to being diagnostic of 
thee group. 

Acanthocephalanss entirely lack a digestive system and M16 and 
L544 should therefore be rescored (Dunagan & Miller, 1991). 

Itt should be noted that several phyla that are habitually scored as 
possessingg a digestive tract with an anus, in fact possess a cloaca that 
functionss as a shared opening for the gut and the reproductive system, 
ass is found in nematodes, nematomorphs, and rotifers. 

Finally,, the character coding for ZI25 knowingly introduces an a 
prioripriori  phylogenetic conclusion (the lack of anus in platyhelminths as 
evolutionarilyy derived), resulting in a character that only serves to unite 
catenulidss and rhabditophorans on the basis of circular reasoning. 
Furthermore,, although gnathostomulids may posses an anus, justifying 
theirr scoring of a '?,' they should instead be scored as lacking a "true 
hindgutt with anal opening" since gnathostomulids definitively lack a 
truee hindgut (Lammert, 1991). As argued above, hindguts may have 
evolvedd within Gastrotricha. 

MISCELLANEOUSS CHARACTERS 

Frontall  gland complex 

AA broad definition of a frontal gland complex (frontal organ) specifies a 
collectionn of various glands (mucous, rhabdite, rhammite), that may or 
mayy not be associated with ciliary sensory cells, and that is located at 
thee anterior end of the animal. A frontal organ is a more narrowly 
definedd frontal gland complex that describes the special configuration 
foundd in acoelomorph platyhelminths, in which several independent 
glandd cell necks join in a common apical pore (Smith & Tyler, 1986; 
Riegerr et al., 1991b; Ehlers, 1992; Littlewood et al., 1999a: L47). 

CharacterCharacter coding 

P108:: frontal complex a/p 
Hale;; Z224; ZI56: frontal glandular system a/p 
HaVüc:: loss of frontal glandular complex 
H17:: frontal gland a/p/entoproct type 
HaVmd:: frontal (=praepharyngeal) glands a/p 

CharacterCharacter scoring and phylogenetic significance 

Zrzavyy et al. (1998, 2001) score a frontal glandular complex present in 
platyhelminthss (acoelomorphs and rhabditophorans), entoprocts, 
Lobatocerebrum,Lobatocerebrum, and nemerteans. In contrast, Peterson & Eernisse (2001) 
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onlyy score it present in platyhelminths, in agreement with Ehlers (1992) 
andd Ax (1995). A precise definition is the first requisite needed for an 
accuratee estimation of the phylogenetic significance of the frontal 
glandss found in such distantly related taxa. Expectedly, the central 
featuree of all frontal glands is the presence of glandular cells that may 
synthesizee and secrete a variety of products. However, authors may 
differr with regards to the inclusion of sensory elements in the character 
definition.. For example, with respect to the acoelomorph frontal organ, 
Smithh & Tyler (1986: 77) conclude that it "is strictly a glandular organ 
andd evidently is not sensory." In contrast, Rieger (1996c: 223-224) writes 
aboutt "das Frontalorgan, ein in einem speziellen Porus an der 
Vorderspitzee ausmündendes Drüsen- und Sinnesorgan..." To avoid 
confusionn about homology, the precise morphological conformation 
shouldd be clearly specified. For example, it should be noted that the 
frontall  organ in entoproct larvae is not considered glandular itself, 
ratherr glandular cells are reported to surround the frontal organ in 
loxosomellidd entoproct larvae (apparently not in pedicellinids and 
barentsiids)) (Nielsen, 1971, 2001). The frontal organ sensu stricto is 
regardedd as a sensory organ (Nielsen, 1971, 2001; Emschermann, 1996). 
However,, a close association of glandular and sensory cells appears to 
bee common, though not universal, for frontal complexes in the different 
taxaa (e.g., platyhelminths: Ruppert, 1978, Smith & Tyler, 1986; 
entoprocts:: Nielsen, 1971,2001; nemerteans: Turbeville, 1991). 

Thee phylogenetic significance of frontal glandular complexes has 
soo far not been resolved. Based on morphological differences between 
thee systems in different phyla, and the presence of similar but 
apparentlyy convergent glandular systems in other taxa such as 
polychaetess and bryozoans, Haszprunar (1996a) estimated a low 
probabilityy of homology. In addition, Turbeville (1997) has doubts 
aboutt the homology of platyhelminth and nemertean frontal complexes. 
Thee phylogenetic distribution of Z224 is equivocal about a single 
evolutionaryy origin of this character, but ZI56 indicates unambiguous 
convergencee of frontal glands in rhabditophorans and a clade of 
Entoproctaa + Lobatocerebrum + Nemertea, while the cladistic analysis of 
Haszprunarr (1996a) suggested unequivocal convergence in 
Acoelomorpha,, Rhabditophora, Entoprocts and probably 
LobatocerebrumLobatocerebrum + Nemertea. Finally, it should be noted that although 
Zrzavyy et al. (1998, 2001) included the Cycliophora in their analyses, 
theyy did not score the large glands that open at the anterior end of the 
bodyy of cycliophoran Pandora larvae, chordoid larvae, and the free 
swimmingg females (Funch, 1996; Funch & Kristensen, 1997). 
Consideringg the range of morphologies scored present for Z224 and 
ZI56,, it would be reasonable to score Cycliophora present for this trait 
ass well. The newly described Micrognathozoa lacks anterior glands 
(Kristensenn & Funch, 2000). 

Locomotion n 
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CharacterCharacter coding 

Z132:: free locomotion p/absent in adult 
Z258:: locomotion in adults ciliary/muscular 

CharacterCharacter scoring and phylogenetic significance 

Z1322 suffers from a major problem, namely the lack of any 
morphologicall  similarity that would justify homology of the character 
statess in different phyla. Moreover, many character scorings are 
puzzling.. For example, homology is proposed for the inability to 
locomotee freely as an adult in taxa as diverse as myzostomids, rotifers, 
echiurans,, pterobranchs, ectoprocts, brachiopods, poriferans, and 
cnidarians.. This scoring totally contradicts morphological evidence. For 
example,, cephalodiscid pterobranchs are not physically connected in 
contrastt to rhabdopleurids, and they are able to move freely as 
individualss within their tubes or even outside of them to start a new 
colonyy elsewhere in the face of local adverse conditions (Goldschmid, 
1996b;; Nielsen, 2001). Echiura are active burrowers in soft sediments or 
inhabitantss of rock crevices, and although they are sometimes described 
ass semi-sessile, they are anything but unable to move freely as adults. It 
iss furthermore unexplainable that enteropneusts, which inhabit similar 
environmentss and exhibit comparable habits to echiurans, are in 
contrastt scored as having free adult locomotion. Although 
myzostomidss live on, or in, echinoderm hosts, and sessile species do 
exist,, others can certainly move freely about as adults (Grygier, 2000). 
Finally,, scoring of the inability to move freely as adults needs to be 
carefullyy explained for medusozoan cnidarians. Rotifers are also 
typicallyy free living. Homology of the supposed inability to move 
amongg these taxa, and in taxa with truly sessile adults, such as 
ectoproctss (excepting the rare occurrence of actively moving colonies) 
andd articulate brachiopods, is entirely unsupported. The high degree of 
homoplasyy of this character on the morphological phylogeny of Zravy 
ett al. (1998) is in total agreement with the expected lack of any 
phylogeneticc significance of the inability to move as adults across 
distantlyy related phyla. 

AA logical conflict is introduced into the data matrix of Zrzavy et 
al.. (1998) for character Z258 for taxa that are scored as not typically 
movingg as adults. These taxa are scored by default as moving by means 
off  muscular action. This leads to conflicting scorings for taxa such as 
cycliophorans,, ectoprocts and brachiopods, which are claimed to be 
non-locomotoryy as adults, but which are also scored as moving by 
musclee action. Moreover, various taxa that exhibit adult locomotion are 
erroneouslyy scored, including Ctenophora (incorrectly scored for 
muscularr locomotion: Hernandez-Nicaise, 1991), monogonont rotifers 
(scoredd '?', but they move mainly by ciliary action: Lorenzen, 1996c), 
andd Lobatocerebrum which glides mainly through ciliary action rather 
thann through muscle activity. (Rieger, 1980). However, in several taxa 
locomotionn may be effected through the combined action of both cilia 
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andd muscles. For example, the exclusive scoring of molluscs for 
muscularr adult locomotion ignores the importance of muco-ciliary 
glidingg on a ventral foot, which is widely considered as one of the key 
autapomorphiess of the phylum (Salvini-Plawen, 1968, 1980a, 1990; 
Haszprunar,, 1992; Ax, 1999; Nielsen, 2001). Consequently, it must be 
concludedd that both Z132 and Z258 have merely contributed noise to 
thee cladistic analysis of Zravy et al. (1998). 

Lackk of mitosis in somatic or epidermal cells (eutely) 

Despitee frequent reference to eutely, or constancy of cell numbers, in 
thee morphological literature such as zoology textbooks, it is actually a 
veryy poorly understood character. Although eutely is traditionally 
discussedd in reference to adult animals, a clue to better understanding 
thee evolutionary significance of constancy of cell numbers may reside in 
betterr understanding cell fate determination in metazoan embryos and 
pre-metamorphicc larvae. 

CharacterCharacter coding 

Z191;; E28; K7 (eutelic epidermis a/p): epidermal mitosis a/p 
E10:: epidermal mitosis by parenchymal kinetosome<ontaining cells a/p 
M28;; Z10; A13 (absence mitosis in somatic cells): eutely a/p 

ScoringScoring conflicts of epidermal mitosis 

Nematoda a 
Acoelomorpha a 

Tardigrad a a 
Kinorhynch a a 
Syndermata a 
Friapulid a a 

? ? 

Z19 9 
1 1 

E28 8 

absent t 
E28 8 
E28 8 

E28 8 
E28 8 
K7 7 

present t 
Z191 1 

Z191 1 
Z191 1 
Z191 1 
Z191 1 

ScoringScoring conflicts of eutely 

Gastrotricha a 
Friapulid a a 
Kinorhynch a a 
Gnathostomulid d 
a a 
Nematomorpha a 
Mesozoa a 

? ? 
Z10 0 

Z10 0 
Z10 0 

M28 8 

absent t 

Z10 0 

M28 8 

M28 8 

present t 
M28 8 
M28 8 
M28 8 

Z10 0 
Z10 0 

Additionall  scoring conflicts exist for Platyhelminthes which is scored as 
havingg no eutely in Meglitsch & Schram (1991) but polymorphic for the 
variouss subtaxa in Zrzavy et al. (1998). 
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CharacterCharacter scoring and phylogenetic significance 

Basedd on the abundance of character scoring conflicts for eutely of 
epidermiss or whole organisms, it is obvious that further detailed 
comparativee study is required to evaluate the phylogenetic significance 
andd evolution of eutely in the Metazoa. Although I made no effort here 
inn resolving the observed scoring conflicts, a number of comments can 
bee made. 

Various,, typically small-bodied phyla (e.g., aschelminths, 
tardigrades,, appendicularian urochordates) are thought to be 
characterizedd by constancy in cell numbers, either of all somatic cells 
(eutely)) or of selected tissues or organs such as the epidermis. Eutely is 
relatedd to the lack of mitosis in differentiated cell types, but taxa that 
lackk mitosis in selected body parts are not necessarily eutelic. The 
platyhelminthss provide a clear example. Platyhelminths lack mitosis in 
thee epidermis or even all differentiated cells (Littlewood et al., 1999; 
L49).. This is correlated with the presence of neoblasts that function as 
replacementt cells responsible for the maintenance of a healthy 
populationn of differentiated somatic cells (Rieger, 1996c; Gschwentner 
etal.,2001). . 

Thee presence of eutelic tissues, organs or entire organisms is 
difficul tt to verify. Large-bodied (macroscopic) metazoans pose an 
obviouss challenge. It is difficult to precisely determine cell numbers in a 
largee organism, and available comparative data suggest that cell 
numberr variability is higher in larger species (Azevedo & Leroi, 2001). 
Dataa matrix entries of eutely in large-bodied animals should therefore 
bee interpreted with caution. For example, M28 scored eutely present in 
priapulidss and acanthocephalans. For priapulids it is probable that at 
thee very least the macrobenthic species are not eutelic (Lorenzen, 
1996d),, as is suggested by the possession of a body cavity filled with 
freee cells (erythrocytes and amebocytes; Storch, 1991) that are likely to 
bee replenished throughout life, and the documentation of regenerative 
abilitiess (Hyman, 1951b: 195; Land, 1975). Similarly, acanthocephalans 
mayy reach considerable body size, ranging from a few to as much as 70 
cmm in some species. Interestingly, recent molecular (18S rDNA) and 
morphologicall  phylogenetic data (Near et al., 1998; Garda-Varela et al., 
2000;; Monks, 2001) indicate that the largest acanthocephalans are found 
inn the basalmost taxon (which may be paraphyletic), the 
Archiacanthocephala,, which may indicate that small body size and the 
possibilityy of eutely may have evolved within this phylum. It is 
thereforee logical to expect a bias of reliable information for small-bodied 
taxa,, given the difficulties of determining exact cell numbers in large-
bodiedd taxa. Cunha et al. (1999) and Azevedo et al. (2000) showed that 
applicationn of a strict definition of eutely cannot even be applied to the 
paragonn of eutelic metazoans, the Nematoda. On the other hand, for 
manyy taxa not enough studies have been directed towards determining 
thee exact cell numbers, and it could well be that various eutelic tissues 
andd organs await discovery in different phyla. For example, Shinn 
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(1997)) reports a eutelic epidermis in chaetognaths, a scoring not yet 
includedd in any cladistic study. Also generally non-eutelic animals may 
havee eutelic tissues and organs. Drosophila wings and leech nerve 
ganglia,, for example, could be considered eutelic, and cell number 
variabilityy in organs of reputed eutelic animals such as rotifers or 
nematodess may actually be higher than cell number variability of 
selectedd organs in non-eutelic organisms (Azevedo et al., 2001). 
Interestingly,, although eutely is habitually mentioned for adult animals, 
pre-metamorphicc larvae of non-eutelic macroscopic animals can also 
exhibitt eutely. For example, echinoderm larvae may possess fixed 
numberss of cells forming skeletal rods, endoderm, muscles, neurons, 
etc.. Davidson et al. (1998: 3287) write:"...excluding the set-aside cells, 
thee [sea urchin] embryo/larva is essentially eutelic: its cells divide only 
aa set number of times and only a few times after cleavage has ended." 
Thesee data do not increase confidence in eutely as a robust indicator of 
phylogeneticc affinity. Entirely different genetic regulatory machinery 
underliess the development of eutelic organs in different animals, such 
ass sea urchin larvae or Drosophila wings (Davidson, 2001). In conclusion, 
thee probability of overall homology of eutelic organs in different 
animalss appears negligible, whereas the homology of eutely of whole 
organismss remains very poorly documented, giving littl e support to 
eutelyy as a synapomorphy for Platyhelminthes and Gnathifera (minus 
Micrognathozoa),, or for Plathelminthomorpha in Ahlrichs (1997) and 
Axx (1995), respectively. 

Lophotrochozoann Box cluster 

Rosaa et al. (1999) showed that distinct Hox genes could be characterized 
byy specific amino acid residues or peptides that flank, or are part of the 
homeodomainn of the proteins. Sharing such distinct Hox genes could 
thenn indicate phylogenetic relatedness between different phyla (see also 
Balavoine,, 1997, 1998; Adoutte et al., 2000). The Hox genes that were 
proposedd to be characteristic of lophotrochozoans are: Lox2, Lox4, Lox5, 
Post-1,Post-1, and Post-2. 

CharacterCharacter coding 

ZI59:: lophotrochozoan complement of Hox genes a/p 

CharacterCharacter scoring and phylogenetic significance 

Althoughh ZI59 scores the presence of a lophotrochozoan Hox cluster in 
Rhabditophora,, it should be noted that at that time not all the 
supposedlyy characteristic lophotrochozoan Hox genes had been 
documentedd in platyhelminths, but continual progress is being made 
(seee Saló et a l, 2001 for a recent overview of platyhelminth Hox genes). 
Moree importantly, however, Telford (2000,2001) warned that the lack of 
informationn on Hox genes in the non-bilaterians creates ambiguity with 
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regardss to character polarization. Finally, the very restricted scoring of 
ZI599 clearly indicates that lack of data for most taxa currently prevents 
thee full phylogenetic significance of this promising character to be 
revealed.. Yet, Hox signatures so far known in platyhelminths are at 
leastt consistent with a derived spiralian affinity, rather than a basal 
placementt in the Bilateria. 

Septatee junctions 

Septatee junctions are a type of occluding junction that bridge the 
intercellularr space between adjacent cells, and they function in sealing 
offf  the intercellular spaces from the surrounding environment. They 
typicallyy appear in electronmicroscopical pictures a parallel oriented 
septa. . 

CharacterCharacter coding 

N61;; NI3; S3; P3; Z179: septate junctions a/p 
H6:: septate junctions a/cnidarian type/type of remaining taxa/acoelomorph type 
B4:: septate/tight junctions a/p 

ScoringScoring conflicts for septate junctions 

Porifera a 

Ctenophora a 
Catenulida a 
Gnathostomulida a 
Lobatocerebrum m 
Entoprocta a 

Myzostomida a 
Echiura a 

absent t 
Z179 9 
(Calcarea) ) 
Z179;; H6; P3 

present t 
N61;; NI3; S3; P3 

N61;NI3;S3 3 
Z179 9 
Z179;S3 3 
Z179 9 
N61;NI3;S3;P3; ; 
Z179 9 
Z179 9 
N61;NI3;S3;P3; ; 
Z179 9 

? ? 
Z179 9 
(Silicispongea) ) 

H6 6 
H6 6 
H6 6 
H6 6 

H6 6 
H6 6 

CharacterCharacter scoring and phylogenetic significance 

Septatee junctions have been described for both calcareans and 
silicispongess (Green & Bergquist, 1982; Harrison & De Vos, 1991), 
contraa Z179. 

Hernandez-Nicaisee (1991) report that septate junctions have not 
beenn found in ctenophores, contra N61, NI3, and S3. 

II  have not been able to resolve the scoring conflict between Z179 
andd H6 for catenulids. 

Inn contrast to H6, a septate junctional complex has been described 
forr gnathostomulids, albeit weakly developed (Rieger & Mainitz, 1975). 

Inn contrast to Z179, the presence of septate junctions in 
LobatocerebrumLobatocerebrum remains to be confirmed (Rieger, 1981). 
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II  have not been able to resolve the scoring conflict between H6 
andd the other analyses for entoproct septate junctions. 

Contraa H6, septate junctions have been demonstrated in 
myzostomidss (Eeckhaut, 1995). 

Contraa H6, septate junctions have been demonstrated for 
echiuranss (Schuchert & Rieger, 1990). 

Septatee junctions have been described for virtually all phyla, 
includingg Porifera and Placozoa. A striking exception is Ctenophora, 
whichh appears to lack septate junctions completely, however, the 
phylogeneticc significance of this finding remains uncertain. The 
interpretationn of septate junctions as an autapomorphy for Metazoa 
thereforee remains probable. 

Compoundd cilia 

Compoundd cilia are composed of closely apposed single cilia that are 
bornee on either monociliate (e.g., phoronid actinotroch larva) or 
multiciliatee cells (e.g., prototroch of trochophore larvae), and they beat 
ass a unit, functioning in feeding and/or locomotion. 

CharacterCharacter coding 

H5;; Z186; ZI24: compound cilia a/p 
S13:: epidermis with compound cilia on multiciliate cells a/p 

ScoringScoring conflicts for compound cilia 

Ctenophora a 
Enteropneusta a 

Ectoprocta a 
Gastrotricha a 

absent t 
H5 5 
Z186;; ZI24 
(Hemichordata) ) 
Z186 6 
Z186;; ZI24 

presentt  ? 
Z186;S13 3 

S13 3 

ZI24 4 
S13 3 

CharacterCharacter scoring and phylogenetic significance 

Thee scorings of the characters on compound cilia in recent cladistic 
analysess are primarily based upon the detailed studies of Nielsen (1987, 
1995,, 2001), and it thus appears that the observed scoring conflicts 
reflectt divergent interpretations of his data. 

Ctenophorann comb plates are composed of large compound cilia 
arisingg from several multiciliate cells, but their unique structure and 
functionn make evaluation of their homology with other compound cilia 
difficult ,, so that all observed scorings appear to be justified. Curiously 
though,, none of the studies actually scored ctenophoran compound cilia 
ass present to test their homology to other ciliary systems of compound 
ciliaa by character congruence. 

Thee telotroch (called archaeotroch by Nielsen) of enteropneust 
planktotrophicc tornaria larvae is composed of compound cilia on 
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multiciliatee cells. Because a telotroch is also a conspicuous feature of the 
lecithotrophically,, "directly" developing harimaniids (Hadfield, 1975; 
Goldschmid,, 1996b) it can be assumed that a telotroch is an 
enteropneustt ground pattern character, even though the phylogeny of 
thee group remains unclear (but see Halanych, 1995; Cameron et al., 
2000;; Peterson et al., 2000a; Peterson & Eernisse, 2001). 

Althoughh ectoprocts have multiciliate epidermal cells, they do 
nott form compound cilia (Nielsen, 1987, 1998b; Nielsen & Riisgard, 
1998),, contra ZI24. 

Compoundd cilia have been reported in gastrotrichs (Nielsen, 1987 
basedd on Rieger, 1978), but their presence in the gastrotrich ground 
patternn appears uncertain. Note that basal gastrotrich taxa all possess 
monociliatee epidermal cells (Hochberg & Litvaitis, 2000). 

Sorensenn et al. (2000) scored Micrognathozoa as '?' for compound 
cilia.. This scoring can be changed, since it has been found that the so-
calledd head and trunk ciliophores, of which at least the latter are used 
forr locomotion, consist of compound cilia (Kristensen & Funch, 2000). 

Onee can find various other scoring conflicts for compound cilia in 
thee recent literature, for example for urochordates, echinoderms, 
pterobranchs,, ecdysozoans, acanthocephalans, gnathostomulids, 
clitellates,, and platyhelminths, but with the exception of the last 
phylumm where multiciliate cells are present but compound cilia have 
nott been reported, all these apparent conflicts merely reflect whether 
taxaa without epidermal cilia or with only monociliate cells, should be 
scoredd 'inapplicable' or 'absent' for compound cilia. Although different 
decisionss may effect different phylogenetic results, these alternative 
scoringss can all be defended. However, if one accepts the possible 
homologyy of compound cilia arising from both monociliate cells 
(reportedd for phoronid actinotroch larvae and an anthozoan Zoanthina 
larva;; Nielsen, 1987) and multiciliate cells (a proposal not followed in 
anyy of the studies considered here), than it would be inappropriate to 
scoree taxa with monociliate cells as 'inapplicable.' 

Thee morphological analysis of Zrzavy et al. (2001) suggest a 
singlee evolutionary origin of compound cilia, which contrasts with the 
twoo independent origins suggested by Zrzavy et al. (1998) (for rotifers 
andd the rest) and Sorensen et al. (2000) (for enteropneusts and the rest). 
Thee evolution of compound cilia within Anthozoa, probably 
Gastrotricha,, and Nemertea (only observed in pilidium larvae that are 
nott likely plesiomorphic for the phylum), indicate that the homology of 
compoundd cilia across the Metazoa is unlikely. Further analyses at least 
incorporatingg the proper scorings for both enteropneusts and 
Micrognathozoaa may further help us to decide whether compound cilia 
mayy be at least homologous within the protostomes. 

Respiratoryy pigments 

Respiratoryy pigments is a catch-all term for oxygen transporting 
proteinss that may either occur freely (extracellular) dissolved in the 
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bodyy fluids (hemoglobin, hemocyanin) or in 'blood' cells (hemoglobin, 
hemerythrin). . 

CharacterCharacter coding 

H24;; Z44: respiratory pigments (called blood pigments in Haszprunar, 1996a) a/p 
Ca49:: no special respiratory pigments/hemoglobin/hemerythrin 

ScoringScoring conflicts of respiratory pigments 

absent t 
Pterobranchiaa Ca49 
Myzostomidaa H24 

present t 
Z44 4 
Z44 4 

CharacterCharacter scoring and phylogenetic significance 

Althoughh free blood pigments reminiscent of hemoglobin have been 
reportedd from some species of enteropneust (Benito & Pardos, 1997), 
theyy have apparently not been reported for pterobranchs, contra Z44. 

Beingg unable to find any reports supporting the scoring of 
respiratoryy pigments in myzostomids, I tentatively support the scoring 
ofH24.. „ , 

Jennerr (2001a) discussed some additional scoring problems ot 
Z44,, but a more important problem is that of inappropriate character 
codingg for Z44, H24, and Ca49. These characters code arguably non-
homologouss respiratory proteins as parts of a single character, at least 
hemoglobinss and hemerythrin. Molecular support for this assumption 
iss lacking, and current molecular phylogenetic data instead suggests 
thatt the different oxygen-transporting proteins have evolved 
independentlyy from each other, including separate origins of arthropod 
andd molluscan hemocyanins, although these latter two may share a 
moree distant common ancestry (Holde, 1997; Holde et al., 2001; 
Burmester,, 2001). 

Gliointerstitiall  cell system 

Thiss is a system of granular cells that connects the system of glia cells in 
thee central nervous system with glia-like cells elsewhere in the body, 
oftenn where the peripheral nervous system connects to other tissue such 
ass epidermis (then called basal cells), gastrodermis, or muscles, but glia-
likee cells sometimes also occur as free cells. 

CharacterCharacter coding 

H16;; HaXIIa; PI 10; Z223; ZI50: gliointerstitial cell system a/p 

CharacterCharacter scoring and phylogenetic significance 
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Thiss character was introduced into metazoan cladistics by Haszprunar 
(1996a,, b) and his scoring has been adopted in various later studies 
(Zrzavyy et al., 1998,2001; Peterson & Eernisse, 2001). The gliointerstitial 
systemm was first and best described in molluscs and annelids (see 
revieww in Rieger, 1981), but potentially homologous cells are scored as 
presentt in Lobatocerebrum, nemerteans, echiurans, and sipunculans. The 
scoringg of gliointerstitial cells in deuterostomes in Peterson & Eernisse 
(2001)) was changed to absent in an unpublished new version of their 
matrixx (Peterson, pers. comm.). The currently adopted character scoring 
probablyy does not properly reflect the phylogenetic significance of this 
feature.. First, glia cells (which form part of the gliointerstitial system) 
associatedd with the central nervous system have a much wider 
distributionn among the Metazoa, as they occur in all major 
protostomiann and deuterostomian clades (e.g., echinoderms, 
chaetognaths,, gastrotrichs, platyhelminths: Rieger et al., 1991b; 
Ruppert,, 1991b; Byrne, 1994; Shinn, 1997), and they may come in an 
impressivee variety of forms, as for example in arthropods (Carlson, 
1987).. Second, equally compelling evidence for the presence of a 
gliointerstitiall  system as exists for echiurans and sipunculans, is 
availablee for several other phyla, including brachiopods, cycliophorans, 
cephalochordates,, and especially vestimentiferans (contra Z223, P110) 
(Gardinerr & Jones, 1993; Funch & Kristensen, 1997; James, 1997; 
Ruppert,, 1997). In these taxa glia cells are observed at neuro-muscular 
synapsess (Cycliophora), in association with nerves in the connective 
tissuetissue (Brachiopoda, Cephalochordata), and as part of a well-developed 
basall  cell system (Vestimentifera). I therefore conclude that further 
studyy of this character is necessary for a complete elucidation of its 
evolutionaryy history. 

CONCLUSIONS:: PROGRESS AND PROSPECTS 

Thiss study differs with respect to previous cladistic analyses in that it is 
fundamentallyy comparative. Instead of attempting to extract a 
phylogeneticc signal from a single data matrix, the phylogenetic signals 
inherentt in different published data sets are compared by careful 
characterr study. Different studies are compared in terms of several 
criteria,, the combined consideration of which yields novel insight into 
thee relative merits of different studies. Several conclusions can be 
drawnn (also applicable to the total evidence analyses). 

First,, progress in our understanding of the phylogenetic 
placementt of the 'acoelomate' worms is based on the incorporation of 
neww empirical data into the cladistic data matrices. For example, the 
incorporationn of characters on the ultra structural similarities of 
gnathiferann jaw elements into the most recent studies, implies that older 
studiess (Meglitsch & Schram, 1991; Eernisse et al., 1992), for which 
muchh of this information was not available, can no longer be considered 
ass effective summaries of current evidence. However, it is much more 
difficul tt to identify true progress in our understanding of the overall 
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placementss of the 'acoelomate' worms within the Metazoa because the 
publishedd analyses differ substantially with regard to various analysis 
parameters,, notably character choice and character scoring. This can be 
convincinglyy epitomized by a comparison of character selection for 
placingg the 'acoelomate' worms in two successive studies by the same 
researchh group: Zrzavy et al. (1998) and Zrzavy et al. (2001). Of the 18 
synapomorphiess support ing sister group relationships of 
platyhelminths,, nemerteans, and gnathostomulids in the first study, 
onlyy two were also coded in the second study! Two additional 
characterss in the second study are reminiscent but not identical to 
characterss coded in the first study. Strikingly, Zrzavy et al. (2001) 
providee no explanation at all for the exclusion of more than 75 % of the 
characterss that proved to be relevant for placing 'acoelomate' worms in 
theirr previous analysis. Obviously, given such untransparent and 
uncriticall  data matrix compilation, it seems hardly possible to claim an 
increasee in our understanding of metazoan relationships, rather than a 
meree change of opinions. 

Itt has been shown that single decisions about character coding 
cann have profound effects on the outcome of the analyses. This became 
apparent,, for example, for the decision to code sperm acrosome and 
subacrosomall  material (perforatorium) as either one or two characters 
inn the matrix of Peterson & Eernisse (2001). Similarly, incorrect 
characterr scorings can have distorting effects on the outcomes of a 
cladisticc analysis. Rescoring of one taxon for muscle type, and two taxa 
forr shape of pharynx lumen in the data matrix of Walllace et al. (1996) 
resultedd in the collapse of the strict consensus. Given that relatively few 
changess to data matrix content may result in profound changes in the 
outcomee of a cladistic study (see also Jenner & Schram, 1999; Jenner, 
2001a),, it is impossible to accurately predict the outcome of the analysis 
beforee all problematic data entries have been corrected. Because all 
analysess evaluated here can be adjusted in various ways, it becomes 
impossiblee to say at this point whether the heretofore published results 
wil ll  withstand scrutiny. 

Second,, it is shown that further study is necessary to elucidate the 
overalll  phylogenetic significance of many characters. Several characters 
havee been introduced in cladistic analyses with a restricted sampling of 
phyla,, and despite the fact that later more comprehensive studies took 
overr these characters, this has not always been accompanied by a 
carefull  reconsideration of character scoring, e.g., the characters 
concerningg the presence of cerebral ganglia, cuticle layers, and 
coelomocytes.. Other characters blend a proper morphological 
componentt with an unwarranted assumption about evolutionary 
transformation,, e.g., a larva with reduced hyposphere for 
parenchymians,, and a reduction of the hindgut in platyhelminths. 
Otherr charactes appear to uphold an artificial dichotomy between 
broadlyy protostomian and deuterostomian organization, such as source 
off  mesoderm and possession of a dorsal brain. Still other characters 
onlyy introduce noise into the analyses because there appears to be no 
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reasonn for primary homology, e.g., prototrochal lobes in nemerteans 
andd mollusc larvae, whereas overall homology of other characters 
acrosss the Metazoa is very doubtful, viz., filifor m sperm, internal 
fertilization.. The scoring of all these characters merits special attention 
inn future cladistic analyses. 

Givenn that phylogenetic analyses of 18S rDNA sequences have 
provenn not to be the panacea for placing the 'acoelomate' worms, 
continuedd attention to morphological evidence remains crucial. A 
futuree consensus is dependent upon the continued reassessment of 
morphologicall  data included in cladistic data matrices. Uncertainties 
aboutt the ground pattern character states for the phyla, differing 
assumptionss about semaphoront choice, and different decisions about 
characterr coding make this a challenging task. 

Thee observation that the different cladistic analyses exhibit 
substantiall  differences in character selection leads to the conclusion that 
thee unique strength of cladistics to arbitrate between alternative 
hypothesess has not yet been fully exploited. To achieve this, all 
pertinentt information has to be included into a single analysis to 
preventt the results from being determined by biases in the selection of 
inputt data. If our goal is to translate time's arrow of merely changing 
opinionss about metazoan phylogeny into genuine progress in 
understanding,, we have to abandon the use of cladistics as an easy tool 
too generate "novel" hypotheses of metazoan relationships, and employ 
cladisticss more critically as an effective instrument to test the relative 
meritt of available multiple alternative hypotheses. 
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UNLEASHIN GG THE FORCE OF CLADISTICS ? METAZOA N 
PHYLOGENETIC SS AND HYPOTHESIS TESTING 

"Thee matrix is the world that has been pulled over your eyes to blind you from the 
truth.""  - Morpheus in The Matrix (1999) by A. Wachowski & L. Wachowski. 

SYNOPSIS.. The accumulation of multipl e phylogenetic hypotheses for 
thee Metazoa invites an evaluation of current progress in the field. I 
discusss three case studies from the recent literatur e to assess how 
cladisticc analyses of metazoan morphology have contributed to our 
understandingg of animal evolution. The first case study on cleavage 
crosss patterns examines whether  a decade of unanimous character 
scoringg across different cladistic studies can be considered a reliable 
indicatorr  of accumulated wisdom. The two remaining case studies 
illustrat ee how the unique strength of cladistic analyses to arbitrat e 
betweenn competing hypotheses can be crippled when insufficient 
attentionn is directed towards the construction of the data matrix. The 
secondd case study discusses a recent morphological cladistic analysis 
aimedd at providing insight into the evolution of larval ciliary bands 
(prototrochs)) in the Spiralia, and the thir d case study evaluates how 
fourr  subsequent morphological cladistic analyses have contributed to 
ourr  understanding of the phylogenetic placement of a problematicum, 
thee Myzostomida. I conclude that current phylogenetic analyses of the 
Metazoaa have not fully exploited the power  of cladistics to test available 
alternativee hypotheses. If our  goal is to generate genuine progress in 
understandingg rather  than stochastic variation of opinions through 
time,, we have to shift our  attention from using cladistics as an easy tool 
too generate "novel"  hypotheses of metazoan relationships, towards 
employingg cladistics more criticall y as an effective instrument to test the 
relativee merit of available multipl e alternative hypotheses. 

MORPHOLOGICA LL  CLADISTIC S OF THE METAZOA : ASSESSING CURRENT 
PROGRESS S 

"Studyy of the higher  level phylogeny of multicellular  animals has been 
somethingg of a backwater  for  decades, largely because all the 
morphologicall  clues had been pushed beyond their  limits, and 
mutuallyy contradictory speculations led only to dead ends"  (Patterson, 
1990:199).. Patterson's perspective painted a rather  discouraging picture 
forr  expected futur e progress in morphological metazoan phylogenetics 
aa decade ago. Luckily , Patterson's prophecy did not discourage the next 
generationn of phylogeneticists. Higher-level animal phylogenetics is 
currentl yy bustling with activity. Seminal work in molecular  systematics 
jumpp started renewed interest in animal relationships in the late 1980s 
(Fieldd et al, 1988; Raff et al, 1989), and this initia l impulse was 
reinforcedd at the beginning of the 1990s when a new era of phylogenetic 
researchh on the Metazoa was ushered in by the publication of the first 
comprehensivee computer-assisted cladistic analyses of animal 
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morphologyy (Brusca and Brusca, 1990; Meglitsch and Schram, 1991; 
Schram,, 1991). These analyses set a new standard for  metazoan 
phylogenetics,, especially through the use of explicit taxon by character 
dataa matrices (Meglitsch and Schram, 1991; Schram, 1991), the use of 
whichh greatly facilitated the transparency of cladistic analyses. 

Sincee then, a substantial number  of comprehensive 
morphologicall  and total evidence (combined molecular  and 
morphologicall  data) cladistic analyses of the Metazoa have been 
publishedd (Jenner  and Schram, 1999), including no less than five 
analysess published in the first two years of the new millenium (Zrzavy 
etet ah, 2001; Giribet et al, 2000; Serensen et a/., 2000; Nielsen, 2001; 
Petersonn and Eernisse, 2001). Phylogenetic analyses of 18S rRNA/DN A 
sequencess quickly monopolized the field of molecular  metazoan 
cladistics,, and the discovery of apparently conflicting phylogenetic 
signalss inherent in morphological and molecular  data sets has since 
generatedd an exciting dialogue between the molecular  and 
morphologicall  subdisciplines of metazoan phylogenetics. Discussions 
aboutt  the phylogenetic placements of acoels and nemertodermatids 
(basal-mostt  extant bilaterians or  derived lophotrochozoans?), 
brachiopodss and phoronids (lophotrochozoan protostomes or 
deuterostomes?),, and arthropods and annelids (monophyly of 
Ecdysozoaa or  Articulata?) are among the more conspicuous of the 
currentt  debates (e.g., Lüter  and Bartolomaeus, 1997; Ruiz-Trill o et a\.f 
1999;;  Bagufta et al, 2001; Wagele et al, 1999; Wagele and Misof, 2001; 
Zrzavy,, 2001; De Rosa, 2001). The resolution of these debates wil l 
eventuallyy be dependent upon the reconciliation of molecular  and 
morphologicall  phylogenetic evidence. However, before we can hope for 
suchh an overarching consensus, we first have to secure a more modest 
goal::  to establish the contribution of a decade of morphological cladistic 
researchh towards our  current understanding of metazoan relationships. 

Onee way to assess progress in the field is to discuss topological 
congruencee between different studies to identify taxa with uncertain 
phylogeneticss positions. This strategy is most commonly employed in 
recentt  studies. Another  possible strategy, however, instead focuses on 
characterr  assessment across different studies to examine whether 
characterss shared between analyses are interpreted in the same way. 
Forr  example, one may investigate whether  unanimous character  scoring 
acrosss different cladistic analyses is a reliable indication of accumulated 
understanding.. This issue will be explored in the first case study by a 
comparisonn of character  scoring for  cleavage cross patterns across 
differentt  cladistic analyses. Another  tactic is to explore how cladistic 
analysess are used to test available hypotheses of body plan evolution or 
phylogeneticc relationships. In the second case study, I explore in how 
farr  a cladistic analysis specifically designed to assess hypotheses for  the 
evolutionn of larval ciliary bands (prototrochs) in the Spiralia (Rouse, 
1999)) has aided our  understanding of body plan evolution. In a last case 
study,, I explore how subsequent cladistic analyses have contributed to 
ourr  understanding of the phylogenetic position of a phylogenetic 
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problematicum,, the Myzostomida. These three examples are specifically 
selectedd for the clear insights they offer into the strenghts, and 
especiallyy several seemingly unrecognized limitations of morphological 
cladisticc analyses of the Metazoa. 

THREEE CASE STUDIES: STRENGTHS AND LIMITATION S OF MORPHOLOGICAL 
METAZOANN CLADISTICS 

DissolvingDissolving unanimity: the phylogenetic insignificance of cleavage cross 
patterns patterns 

Whenn one compares the scoring of characters shared between two or 
moree morphological cladistic analyses of the Metazoa, it becomes 
apparentt that scoring conflicts are not difficult to find. For example, the 
studyy of synapomorphies supporting alternative sister group 
hypothesess for the 'acoelomate' worms (Platyhelminthes, Nemertea, 
Gnathostomulida),, which have been proposed by cladistic analyses 
publishedd over the last decade, reveals that roughly 35 % of these 
characterss shared between studies exhibit scoring conflicts for one or 
moree taxa (unpublished data, R. A. Jenner). In contrast, other characters 
aree scored identically in all recent phylogenetic studies that included 
them.. Characters coding for spiralian cleavage cross patterns belong to 
thiss category. 

Thee cleavage cross pattern refers to a stereotypical pattern of 
blastomeress organized around the apical pole in the embryos of various 
taxaa with spiral quartet cleavage (see Brusca et al, 1997 for terminology 
off  spiral cleavage). Two geometries are distinguished: the molluscan or 
radiatee cross with cross arms composed of the micromeres la12-Id12 

andd 2al l -2d" and their derivatives; and the annelid or interradiate cross 
withh cross arms composed of the micromeres la112-ld112 and la2-ld2 and 
theirr derivatives (Raven, 1966; Siewing, 1969; Verdonk and Biggelaar, 
1983).. Recent studies universally score the molluscan cross present in 
molluscss and sipunculans, whereas the annelid cross is scored as a 
potentiallyy unique synapomorphy of annelids and echiurans. In fact, 
cleavagee cross patterns have featured as textbook examples (Ruppert 
andd Barnes, 1994; Pilger, 1997) of ontogenetic characters that allowed an 
escapee from the difficulty of resolving phylogenetic relationships 
betweenn phyla with strikingly disparate adult body plans. 

Studyy of the literature reveals that at least 12 recently published 
cladisticc analyses of variable scope coded one or two characters for 
cleavagee cross pattern, all with identical character scorings (Eernisse et 
al,al, 1992; Rouse and Fauchald, 1995; Haszprunar, 1996; Salvini-Plawen 
andd Steiner, 1996; Zrzavy et al, 1998; Giribet, 1999; Rouse, 1999; 
Almeidaa and Christoffersen, 2000; Edgecombe et al, 2000; Giribet et al, 
2000;; Haszprunar, 2000; Peterson and Eernisse, 2001), while the 
phylogeneticc significance of these characters is also attested in other 
workss (Rice, 1985; Scheltema, 1993; McHugh, 1997). The finding of such 
identicall  character scorings across different studies naturally inspires 
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confidencee in their  status as faithful representations of observational 
data.. However, appearances may be deceptive. 

First,, it is surprising that apparently none of the above mentioned 
cladisticc studies has adopted the proper  definition of cross patterns 
rootedd in cell lineage identity as a basis for  their  character  scoring. 
Instead,, character  scoring is based on the differential dimensions and 
positionss of the cells making up the arms of the crosses and the 
interradia ll  cells, despite the fact that several of these analyses properly 
discusss character  coding with respect to cell lineage identity. This can 
clearlyy be seen for  the molluscan cross in both molluscs (Fig. la) and 
sipunculanss (Fig. lc), where the size differences of the blastomeres can 
bee quite conspicuous. However, by properly focussing on cell lineages 
onee can identify both the molluscan and annelid crosses in the embryos 
off  the various taxa with spiral quartet cleavage, including molluscs (Fig. 
la),, annelids (Fig., lb), and sipunculans (Fig. lc), even when differences 
inn cell size may create the false impression that only a single cross 
patternn is present. This is a strikin g observation, because it contradicts 
thee character  scoring observed in all cladistic data matrices published so 
far.. Moreover, using cell lineage as a diagnosis, we can also identify 
crosss patterns (or  the precursors cells) in taxa that are never  scored for 
eitherr  of the cross patterns. For  example, as illustrated in Fig. Id, both a 
molluscann and an annelid cross can be mapped onto an entoproct 
cleavage-stagee embryo. Clearly, this invites a reappreciation of all taxa 
withh spiral quartet cleavage. For  example, Riedl (1969) reported the 
presencee of a cross pattern in Gnathostomulida comparable to that 
foundd in annelids, however, without any subsequent mentioning in 
recentt  cladistic studies that included both the character  and taxon 
(Zrzavyy et ah, 1998; Peterson and Eernisse, 2001). Interestingly, almost 
200 years ago Hennig (1983) came very close to the revised interpretation 
presentedd here when he emphasized that a double cleavage cross 
patternn could be observed in both mollusc and annelid embryos 
(Hennig,, 1983: fig. 162). However, he maintained an additional 
emphasiss on cell dimensions (for  example, reporting the presence of 
onlyy an annelid cross in sipunculans), and he did not explore whether 
crosss patterns could be observed in spiralians other  than the 
neotrochozoanss (molluscs, annelids, sipunculans, echiurans). 

Second,, although the standard schematized illustratio n of cross 
patternss shows a clearly outlined cross with outstretched arms (Fig. la), 
thee degree of character  variation within phyla can be quite considerable 
(Nielsen,, 2001:135-136), so that a cross pattern diagnosed by differential 
blastomeree dimensions may not be discernable in certain taxa at all. 
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F IG.. 1. Cross patterns indicated on cleavage-stage embryos of four 
spiraliann phyla. A: Mollusca (Lymnaea stagnalis, Gastropoda); B: 
Annelidaa (Amphitrite sp., Polychaeta); C: Sipuncula (Golfingia vulgare); 
D:: Entoprocta (Pedicellina cernua). Black circles mark the molluscan 
cross,, while gray squares mark the annelid cross. (A modified from 
Verdonkk and Biggelaar, 1983; B modified from Anderson, 1973; C and D 
modifiedd from Nielsen, 2001). 

Third,, apart from the identified problems in character scoring, 
difficultiess with character coding are also evident. Annelid and 
molluscann crosses are composed of different cells with distinct cell 
lineagee identities and cell fates. This lack of homology between the cells 
off  the molluscan and annelid crosses removes the basis for considering 
themm "the same but different," and consequently for coding them as 
alternativee states of a single cleavage cross pattern character as in 
Eernissee et al. (1992) and Rouse and Fauchald (1995), and as suggested 
byy Peterson and Eernisse (2001). Furthermore, the coding of a character 
forr only the molluscan, but not the annelid cross in the analyses of 
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Haszprunarr  (1996, 2000) merely reflects an arbitrar y choice in view of 
thee included taxa. 

II  conclude that the molluscan and annelid crosses cannot be 
upheldd as independent potential synapomorphies of 
molluscs/sipunculanss and echiurans/annelids, respectively. Using cell 
lineagee as a proper  diagnostic criterion, both patterns can be identified 
withi nn individual embryos of taxa with spiral quartet cleavage, 
includingg taxa traditionall y thought to lack the patterns completely, 
suchh as entoprocts. An undue emphasis on the differential dimensions 
off  blastomeres combined with a failur e to properly consider  cell lineage 
identity,, and a neglect of intra-taxon character  variation mistakes a 
fortuitou ss superficial resemblance for  a phylogenetically significant 
character.. A more appropriate prespective would consider  cross 
patternss to be direct consequences of having spiral quartet cleavage, 
withoutt  implying that all taxa with spiral quartet cleavage necessarily 
featuree such patterns. Clearly, the phylogenetic significance universally 
attributedd to cleavage cross patterns in recent cladistic analyses is 
misleading,, and there appears to be no basis for  defending the currently 
adoptedd cladistic character  scorings. This is a strikin g conclusion 
becausee the repeated inclusion of cross pattern characters in different 
dataa matrices over  the last decade offered maximal opportunity to 
properlyy evaluate and reevaluate their  phylogenetic significance. 

SomeSome bare bones fundamentals: the epistemology ofdadistics and hypothesis 
testing testing 

Cladisticss embraces a set of powerful methods to study phylogenetic 
relationshipss and character  evolution. To borrow Dennett's (1995) apt 
metaphorr  for  natural selection, cladistics can be thought of as the 
"universall  acid"  of systematic biology that has permeated every nook 
andd cranny of the discipline. But if such a potent tool is used 
uncritically ,, we may reap confusion rather  than a deeper  understanding 
off  nature. To effectively employ cladistics to further  our  understanding 
off  the macroevolution of animal body plans, it is critical to master  the 
epistemologyy of cladistic knowledge-claims. 

Cladisticss is a multifunctional tool. A cladistic analysis can be 
usedd to generate novel phylogenetic hypotheses, but also to test available 
hypotheses.hypotheses. Although this distinction may appear  trivial , it is in fact 
criticall  to understand because these different uses of cladistics require 
quitee different procedures. 

Whenn cladistics is employed to produce a first estimate of the 
phylogenyy of a particular  group of organisms, we encounter  no great 
procedurall  difficulties. Any "fin d 'em and grind 'em"  approach to data 
collectionn and processing wil l suffice to provide an initial  phylogenetic 
estimate.estimate. However, any subsequent effort to further  evaluate or  test the 
phylogenyy of these taxa is more complicated because it needs to take 
previouss efforts explicitly into account if genuine progress in 
understanding,, rather  than mere change of opinion, is our  goal. It is 
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importantt to recognize that the epistemology of cladistics is predicated 
onn Popperian testability (Kluge, 1997a, b; Siddall and Kluge, 1997; see 
alsoo Systematic Biology 50[3] for recent discussions of the significance of 
Popper'ss ideas for the philosophy of phylogenetic inference). In fact, the 
notionn that Popperian testability is at the heart of cladistic knowledge-
claimss is widely endorsed by cladists, and it is embodied within the 
termm "sophisticated falsification/' which has been used to label this 
philosophyy of phylogenetic inference (Kluge, 1997b; Siddall and Kluge, 
1997). . 

Centrall  to an understanding of the strength of sophisticated 
falsificationn is the notion of competing hypotheses, available for testing 
(Siddalll  and Kluge, 1997). In cladistics, testing is done through a 
characterr congruence or parsimony test. The first step of a 
morphologicall  cladistic test is always an analysis of anatomical 
similarityy (Patterson, 1982), upon the basis of which a data matrix is 
constructedd filled with propositions of primary homology. For an 
effectivee test between competing hypotheses, the data matrix should be 
soo structured that all available potentially corroborating and falsifying 
(disconfirming)) evidence for all competing hypotheses is included, so 
thatt all alternatives could in principle be vindicated or refuted. The 
mostt parsimonious cladogram resulting from the cladistic analysis then 
embodiess the most highly corroborated, most severely tested 
hypothesis,, with the highest explanatory power (in need of the least 
numberr of ad hoc explanations). Characters congruent with the topology 
off  the most parsimonious tree(s) are provisionally accepted as 
corroboratedd (secondary) homologies with a single evolutionary origin, 
whereass the homology of incongruent characters with multiple 
independentt evolutionary origins, i.e. homoplasies, is provisionally 
refuted.. It should be noted, however, that not all results of a cladistic 
analysiss are therefore necessarily the corroborated results of a 
congruencee test. Only unbiased and careful selection of input data 
allowss an efficient cladistic test. In practice this means that one has to 
payy special attention to three key ingredients that determine testing 
efficacy:: taxon selection, character selection, and primary homology 
determination. . 

Althoughh the above is generally endorsed in theory, dissection of 
recentt morphological cladistic analyses of the Metazoa clearly reveals 
indicationss that the unique strength of cladistics to arbitrate between 
competingg phylogenies or hypotheses of character evolution has not yet 
beenn fully exploited (see also Jenner, 2001a; unpublished data). The next 
examplee provides an illuminating illustration. 

EvolvingEvolving prototrochs: interpreting ciliary bands in the Spiralia 

Rousee has published a series of valuable papers in which he attempts 
bothh to reconstruct the phylogenetic relationships within the Spiralia (a 
taxonn of varying composition depending upon the source consulted, 
butt often defined to include Mollusca, Annelida, Echiura, Sipuncula, 
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Gnathostomulida,, Nemertea, Entoprocta, Platyhelminthes, and 
Panarthropoda),, and to test hypotheses for the evolution of larvae and 
ciliaryy bands (Rouse and Fauchald, 1995,1997; Rouse, 1999,2000a, b, c). 
Rouse'ss cladistic analyses are remarkable in the breadth of their scope 
(includingg most of the more than 80 accepted polychaete families), and 
thee attention paid to constructing a robust morphological data matrix. 
Hiss studies have provided a first cladistic estimate of polychaete 
phylogeny,, and his results have shed important light on the 
evolutionaryy dynamics of larvae and ciliary bands in spiralians. 

II  wil l discuss Rouse's first comprehensive cladistic study that was 
aimedd at assessing the overall homology and evolution of ciliary bands 
andd larvae in spiralians (Rouse, 1999). Because this study is specifically 
aimedd at resolving a well-defined problem with a comprehensive 
cladisticc analysis, it is particularly suited for yielding insights into the 
strengthss and weaknesses of a cladistic analysis as a test of competing 
hypotheses. . 

Amongg the main hypotheses that Rouse set out to test are the 
statuss of the trochophore larva as a plesiomorphy for Spiralia, and the 
attendantt hypothesis that all protostome taxa that lack such a 
trochophoree larva must have lost it. Evolution of a trochophore larva at 
thee base of the Spiralia, or even Protostomia, has been defended by 
severall  zoologists at different times during the history of evolutionary 
zoology,, and today it features most prominently in the work of C. 
Nielsenn (e.g., Nielsen, 1998; Nielsen, 2001). Trochophore larvae are 
chieflyy diagnosed by possession of a prototroch, structurally defined as 
aa pre-oral horseshoe or ring of (usually) compound cilia on multiciliate 
cells.. However, additional features such as an apical organ, prototroch, 
metatroch,, ciliated food groove (and potentially several other ciliary 
bands),, and a pair of protonephridia, may diagnose a more strictly 
definedd trochophore larva (Nielsen, 2001). Rouse (1999) drew several 
importantt conclusions from his cladistic analysis, including that the 
overalll  homology of strictly defined trochophore larvae cannot be 
upheld,, but that a less strictly defined trochophore larva (diagnosed by 
thee sole possession of a prototroch) supports a clade Trochozoa 
(Annelida,, Echiura, Sipuncula, Mollusca, Entoprocta). He also 
concludedd that nemerteans, platyhelminths, and rotifers never had a 
prototroch.. The cladogram apparently supporting these conclusions is 
depictedd in Figure 2.1 wil l assess the robustness of Rouse's conclusions 
byy evaluating the treatment of the main ingredients that determine 
efficacyy of a cladistic test: taxon selection, character selection, and 
primaryy homology determination. 

Characterr selection—Rouse (1999) based his analysis on 140 
morphologicall  characters. However, 124 of these were specifically 
selectedd to resolve phylogenetic relationships within polychaetes 
(Rousee and Fauchald, 1997), nine characters coded for different larval 
ciliaryy bands, one character coded for a strictly defined trochophore 
larva,, one character coded for downstream larval feeding, one character 
codedd for larval protonephridia, and two characters coded for the 
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problematicc cleavage cross characters discussed above. This leaves just 
twoo characters not specifically selected to resolve polychaete 
relationshipss or based on larval morphology to resolve spiralian 
phylogeny:: one coding for coelom and one coding for ventral nerve 
cordd with circumoesophageal nerve ring. This scanty selection of 
morphologicall  characters scarcely does justice to the complex problem 
off  reconstructing spiralian phylogeny, and a failure to discuss or 
incorporatee morphological evidence supporting different spiralian 
relationshipss in previous cladistic analyses, such as Haszprunar (1996) 
andd Nielsen et al. (1996), clearly shows that Rouse's cladistic analysis 
failss as a proper test of competing hypotheses. This conclusion is in 
starkk contrast with the exemplary treatment of character data in a 
previouss analysis, Rouse and Fauchald (1995), where all pertinent data 
fromm earlier studies were carefully discussed and re-analyzed. 

FIG.. 2. Cladogram depicting the strict consensus based on the successive 
weightingg analysis of Rouse (1999). Note that all polychaete subtaxa 
treatedd separately in Rouse's analysis are collapsed into a monophyletic 
Polychaeta. . 

Taxonn selection—Rouse (1999) chose as terminal taxa for his 
analysiss most of the accepted polychaete families, and in addition 
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Clitellata,, Rotifera, Platyhelminthes, Nemertea, Mollusca, Sipuncula, 
Echiura,, and Entoprocta. The deliberate exclusion from the analysis of a 
varietyy of other taxa, specifically those that lack larvae and prototrochs, 
evenn when they have previously been hypothesized to be closely 
relatedd to the selected ingroup taxa, is defended by the following 
statementt (p. 414): "I maintain that the exclusion of certain taxa does not 
invalidatee the assessment of the hypotheses under examination. Even if 
theyy are subsequently placed among the taxa selected here for study, 
theyy wil l have either lost the features in question (e.g. a prototroch) or 
bee primitively lacking them." This statement immediately reveals that 
Rousee does not fully grasp how to exploit the strength of cladistics to 
testt competing hypotheses of phylogenetic relationships and character 
evolution.. A cladistic analysis can only test whether a character has a 
uniquee evolutionary origin, or has evolved more than once 
independently,, if, and only if, all pertinent taxa are included in the 
analysis,, also those hypothesized to primitively or secondarily lack the feature 
ofof interest. The true evolutionary dynamics of prototrochs and 
trochophoree larvae wil l never become apparent when all taxa that lack 
thesee characteristics are excluded from the analysis. In such a case, 
characterr losses wil l always remain unsupported conjecture, convergent 
evolutionn an unexplored myth, and consequently, the phylogenetic 
significancee of the feature in question wil l always remain essentially 
unstudied. . 

Previouslyy performed morphological and molecular phylogenetic 
analysess can profitably be used as guides for deciding which additional 
taxaa to explore. For example. Rouse (p. 412) mentioned Gastrotricha as 
aa member of the currently formulated clade Eutrochozoa, but 
neverthelesss decides to exclude them from the analysis. Strikingly, 
Rousee did not consider Gnathostomulida, even though they have often 
beenn united with other taxa included in Rouse's analysis, in particular 
platyhelminthss (together comprising Plathelminthomorpha: Zrzavy et 
al,al, 1998; Peterson and Eernisse, 2001). Similar considerations would 
necessitatee the inclusion of other taxa, including Panarthropoda, 
Cycliophora,, and Ectoprocta. Lophophorates are excluded because their 
inclusionn "would bias the study away from any global homology of the 
'trochophore'""  (p. 415). This curious statement can only be understood 
byy assuming that Rouse wants to impress upon the reader that the 
overalll  homology of a strictly defined trochophore larva is so unlikely 
thatt it wil l be refuted even when the data matrix is structured in such a 
wayy as to bias the results towards accepting the overall homology of 
thiss larval type. Indeed, Rouse concludes that his analysis does not 
supportt the homology of a strictly defined trochophore larva with an 
apicall  organ, prototroch, metatroch, ciliated food groove, and a pair of 
protonephridia.. Instead his defines a clade Trochozoa on the basis of 
possessingg a less strictly defined trochophore larva: a larva with a 
prototroch.. However, given that various potentially closely related taxa 
thatt lack larvae and ciliary bands have been excluded from the analysis, 
thiss means that the overall homology of the prototroch in trochozoans 
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hass not really been tested, but merely assumed. In this respect it should 
bee noted that although Rouse (p. 417) explicitly states that "an aim of 
thiss paper  is to examine this hypothesis [that all protostome taxa 
lackingg a trochophore larva have secondarily lost it]" , the exclusion of 
virtuall yy all these taxa from his analysis simple does not allow this test! 
Instead,, his puzzling conclusion (p. 440) that "groups such as the 
Arthropoda ,, Brachiopoda, Chaetognatha, Ectoprocta, Gastrotricha, 
Phoronidaa may have lost a prototroch"  is totally gratuitous, and 
remainss unaddressed by his own data. 

Primaryy homology assessment—A prototroch (or  a larva 
possessingg one) is coded as a character  in several cladistic analyses in 
additionn to that of Rouse (Eernisse et al, 1992; Nielsen, 2001; Peterson 
andd Eernisse, 2001). When the character  scoring between these studies is 
compared,, one finds no debate about character  scoring for  phyla such 
ass Mollusca, Sipuncula, Echiura, and Entoprocta, all scored present for  a 
prototroch.. However, opinions do differ  for  the scoring of three phyla 
inn particular : Platyhelminthes, Nemertea, and Rotifera. Since Rouse's 
(1999)) analysis is specifically aimed at resolving these issues, it is worth 
askingg whether  he has effectively used cladistics to help resolve these 
interpretationall  disagreements. 

Rouse'ss (1999: 440) conclusion is clear: "taxa such as Nemertea, 
Platyhelminthess and Rotifera appear to have never had a prototroch..." 
(italicss added). Is this conclusion the corroborated result of a cladistic 
congruencee test? Withi n Platyhelminthes, it is the pre-oral band of long 
ciliaa (not compound) found in polyclad Götte's and Müller' s larvae that 
hass been interpreted as a prototroch (Nielsen, 2001). In nemerteans the 
bandd of long compound cilia that surrounds the mouth field of 
heteronemerteann pilidiu m larvae has been interpreted as a prototroch 
(Nielsen,, 2001; Peterson and Eernisse, 2001). Finally, the adult rotiferan 
trochus,, which is composed of compound cilia, has been interpreted as 
aa prototroch (Nielsen, 2001; Peterson and Eernisse, 2001). In order  to use 
aa cladistic analysis to shed light on the potential homology of these 
bandss with accepted prototrochs in taxa such as molluscs and 
entoprocts,, the first step that needs to be undertaken is to accept 
primar yy homology of all these ciliary bands. This homology proposal 
cann subsequently be corroborated if the cladistic analysis indicates that 
thee distributio n of ciliary bands in all taxa possessing them, including 
platyhelminths,, nemerteans, and rotifers, is consistent with a single 
evolutionaryy origin. In contrast, initia l homology is refuted when the 
distributio nn of ciliary bands indicates independent evolutionary origins. 

Inn contrast. Rouse simply denies the presence of a prototroch in 
platyhelminths,, nemerteans, and rotifer s (p. 421). This decision not to 
acceptt  primar y homology of pre-oral ciliary bands across the Spiralia 
entirelyy removes any power  his cladistic analysis may have in testing 
competingg hypotheses for  the evolution of ciliary bands in these taxa. A 
congruencee test can only be performed on data actually included in the 
analysis.. Consequenty, his conclusion that platyhelminths, nemerteans, 
andd rotifer s "appear  to have never  had"  a prototroch is not supported 
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byy his analysis. In fact, given the structure of Rouse's data matrix , it 
wouldd be impossible to disconfirm the potential homology of the ciliary 
bandss in these three problematic taxa with the prototrochs of other 
trochozoans!!  The cladogram (Fig. 2) suggests that Rouse's parsimony 
analysiss is singularly unhelpful in informin g the interpretation of ciliary 
bandss in platyhelminths, nemerteans, and rotifer s because the three 
problematicc phyla are located as the nearest outgroups of a clade 
definedd by possession of a prototroch. Consequently, tree length would 
nott  change even if these taxa would have been scored as possessing 
prototrochs.. A single character  change would explain the distributio n of 
prototrochss on the cladogram. 

Itt  is of course possible that Rouse's decision to score 
platyhelminths,, nemerteans, and rotifer s as lacking a prototroch is 
defendable,, and perhaps even preferable over  scoring them as 
possessingg a prototroch. Indeed, ciliary bands that might be interpreted 
ass prototrochs are restricted to polyclads among platyhelminths, and 
heteronemerteanss among nemerteans, creating uncertainty about the 
primitiv ee states for  the phyla. However, Rouse did consider  the 
morphologyy of these larvae to justify his scores for  a character  on larval 
protonephridia,, so the restricted distributio n of these larval forms 
cannott  be used as an effective argument for  not scoring prototrochs for 
thesee two phyla. Another  reason why platyhelminths, nemerteans, and 
rotifer ss are scored as not having a prototroch may be based upon an 
argumentt  (Rouse, 1999:421) that the potential prototrochs in these taxa 
aree not developed from special blastomeres, called trochoblasts, from 
whichh the prototrochs in other  taxa such as molluscs and annelids 
develop.. However, this argument is unconvincing because Rouse 
acceptss a broad structural definition for  the scoring of a prototroch in 
mostt  polychaete taxa where cell lineage data are lacking. Thus Rouse 
didd not supply any convincing reasons for  not scoring a prototroch in 
platyhelminthss and nemerteans. The only reason that could explain 
whyy rotifer s are scored as lacking a prototroch in Rouse's analysis is 
thatt  the trochus is an adult rather  man a larval structure. 

Rouse'ss various explicit statements about evaluating hypotheses 
withh a cladistic analysis clearly reveal that he does not fully grasp the 
fundamentalss of constructing an effective cladistic test, even though he 
presentss his analysis as such. As a consequence, readers who just focus 
onn Rouse's results rather  than the design of his analyses may falsely 
ascribee special significance to his conclusions as being based on the 
corroboratedd results of a cladistic test. Restrictive taxon selection did 
nott  allow a proper  assessment of the evolutionary dynamics of larval 
ciliaryy bands across different phyla, because all taxa lacking larvae and 
ciliaryy bands were left out of the analysis. Consequently, the possibility 
off  convergence of prototrochs between phyla could not be assessed 
withh the data set compiled by Rouse. The professed design of Rouse's 
analysiss as a cladistic test aimed to examine the hypothesis that all taxa 
lackingg a trochophore larva must have lost it, is in reality littl e more 
thann a misleading mask overlying conclusions that are merely recycled 
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assumptions.. It should be noted that his conclusions concerning the 
absencee of prototrochs in platyhelminths, nemerteans, and rotifer s may 
bee entirely justified by careful morphological study, but it is critical to 
realizee that such conclusions are not novel insights emerging from the 
cladisticc analysis. 

Itt  is essential to realize that "not all tests of cladograms are what 
theyy seem to be"  (Kluge, 1997a: 90), and it is necessary to carefully 
considerr  the design of a cladistic analysis when studying its results in 
orderr  to be able to understand the merit of the conclusions. I trust that 
thee reader  will not regard these critical remarks as being in any way 
depreciativee of Rouse's efforts to shed light on the evolution of ciliary 
bandss in the Spiralia. However, these remarks are intended as being 
helpfull  for  the design of furtur e cladistic analysis as effective tests. 
Rouse'ss seemingly integrated analysis seems an uneasy joining of two 
parts.. His analysis is admirable in its unprecedented coverage of 
polychaetee taxa, and the attention directed towards researching their 
characterr  coding and scoring (see also Rouse and Fauchald, 1997). This 
partt  has yielded valuable insights into the evolutionary dynamics of 
larvall  types and ciliary bands within the annelids. However, the part 
dealingg with the remaining spiralian phyla can be improved 
substantially,, primaril y through consideration of additional characters 
andd taxa, and careful attention to the relationship of cladistic testing 
efficacyy and primar y homology scoring of the characters of interest. 

PlacingPlacing a problematicum: Myzostomida 

Myzostomidss join rank with taxa such as chaetognaths, pogonophores, 
andd gastrotrichs in their  ability to resist reliable phylogenetic placement 
onn the basis of morphological data. Myzostomids are commensals or 
parasitess on, or  in echinoderm hosts, and it is reasonable to assume that 
theirr  unique anatomy is reflective of a long evolutionary history spend 
inn association with their  hosts. Furthermore, as is typical of many 
phylogeneticc problematica, myzostomids feature a mixtur e of 
characteristicss that suggest affinities with disparate taxa (Rouse and 
Fauchald,, 1995; Eeckhaut et al, 2000; Grygier, 2000; Zrzavy, 2001). 
However,, the current majorit y opinion suggests that myzostomids are 
highlyy modified polychaetes (Fauchald and Rouse, 1997; Rouse and 
Fauchald,, 1995, 1997; Westheide, 1996; Grygier, 2000; Nielsen, 2001; 
Zzravy,, 2001; Rouse and Pleijel, 2001), but uncertainty remains. Since 
1996,, there have been four  attempts to use morphological cladistic 
analysess to position Myzostomida within the Metazoa (Haszprunar, 
1996;;  Rouse and Fauchald, 1997; Zrzavy et al, 1998, 2001), and during 
thee last half decade the first molecular  sequence data have been 
extractedd from myzostomids to be used in phylogenetic analyses. Here, 
II  will not discuss the molecular  results. The interested reader  is referred 
too Eeckhaut et al (2000), Littlewood et al (2001), and Zrzavy et al (2001). 

Phylogeneticc problematica such as Myzostomida should force 
workerss to exert special care in the construction of their  morphological 
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dataa matrices in order to prevent the results from being determined by 
characterr selection bias. The sequential publication of four cladistic 
analysess based upon four different morphological data matrices within 
aa short time span, therefore creates an ideal circumstance for 
investigatingg whether cladistic analyses have generated any progress in 
ourr understanding of the phylogenetic position of Myzostomida. 

Too provide a context for the following discussion, I summarized 
inn Table 1 those characters that have figured most prominently in recent 
debatess about the position of myzostomids within the Metazoa: spiral 
cleavage,, trochophore larva, nectochaete larva (postmetamorphic 
juvenilee with chaetae), chaetae, aciculae (internalised chaetae 
functioningg as support rods inside the parapodia), marginal cirri 
(assumedd sensory organs), muscular eversible axial pharynx, 
parapodia,, anteriorly attached sperm flagellum, coelom, and 
segmentation.. The table summarizes for each of the four cladistic 
analysess which of the characters have been included and excluded in 
orderr to assess the logic of character selection. It is not the issue here 
whetherr ail imaginable data that might bear on the phylogenetic position 
off  myzostomids are included or not. What is important, however, is to 
determinee whether all available data that have been discussed explicitly 
inn previous studies, are included or at least discussed in these analyses. 
Thee following wil l primarily focus on character selection rather than 
characterr interpretation and scoring. Figure 3 illustrates the possible 
affinitiess of myzostomids. 

TABLEE 1. Comparison of character selection between recent cladistic analyses 
forfor those characters that have been considered most important for 
systematizingsystematizing Myzostomida. A V denotes inclusion in the analysis, a '-' 
denotesdenotes exclusion. 

Character r 

Spiral l 
cleavage e 
Trochophore e 
larva a 
Nectochaeta a 
larva a 
Chaetae e 

Aciculae e 

Cirri i 

Muscular r 
axial l 

Approximate e 
l e v ell  of 
phylogenetic c 
significance e 
Spiralians s 

Trochozoans s 

Most t 
polychaetes s 
Variouss taxa 
including g 
annelids,, echiu-
rans, , 
brachiopods s 
Aciculate e 
polychaetes s 
Aciculate e 
polychaetes s 
Various s 
aciculate e 

Hasz--
prunar r 
(1996) ) 

+ + 

+ + 

--

+ + 

" " 

--

Rousee & 
Fauchald d 
(1997) ) 

--

* * 

--

+ + 

+ + 

+ + 

+ + 

Zrzavyy et 
al.al. (1998) 

+ + 

+ + 

--

+ + 

~ ~ 

Zrzavyy et 
al.al. (2001) 

+ + 

+ + 

— — 

+ + 
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pharynx x 
Parapodia a 
Anterior r 
sperm m 
flagella flagella 

Coelom m 
Segmenta--
tion n 

polychaetes s 
Polychaeta a 
Variouss taxa -
including g 
syndermates s 
andd phoronids 
Coelomatess + 
Variouss taxa + 
including g 
arthropods, , 
onychophorans, , 
annelids s 

Haszprunarr (1996): myzostomids as neotrochozoans 
I—Motivatedd chiefly by doubts about the presence of a coelomic body 
cavityy and segmentation in myzostomids, Haszprunar included them as 
aa taxon in his cladistic analysis. He found myzostomids to be a sister 
groupp of a clade (Sipuncula (Echiura (Polychaeta Clitellata))). What is 
mostt striking with respect to character selection in Haszprunar's study, 
iss that none of the characters that could indicate affinities with or within 
Polychaetaa are coded in the data set (nor is Polychaeta divided into 
subtaxa).. It should be noted, however, that the potential homology of 
thee marginal cirri of myzostomids with the ventral and dorsal cirri of 
polychaetess was uncertain at the time of Haszprunar's analysis, and 
onlyy with the publication of the detailed study of the nervous system of 
thee myzostomid Myzostoma cirriferum by Muller and Westheide (2000) 
doo we now have a more robust basis for proposing this homology. 
Mullerr and Westheide (2000) found the innervation pattern of 
myzostomidd parapodia and marginal cirri to be identical to that of 
polychaetee parapodia and cirri. Haszprunar also left out the character 
onn sperm ultrastructure which had previously been used to suggest a 
closee relationship of myzostomids and acanthocephalans, and he in fact 
concludedd (p. 23) that future inclusion of this character might revise his 
results. . 

Rousee and Fauchald (1997): myzostomids as polychaetes—Rouse 
andd Fauchald included myzostomids in some of the analyses that were 
partt of their comprehensive morphological cladistic study that included 
mostt polychaete families. Although the lack of many 'typical' 
polychaetee features in myzostomids may have caused some instability 
inn their placement among polychaetes in Rouse and Fauchald's 
analyses,, their results nevertheless indicate that they could be members 
off  a clade of polychaetes with hypertrophied axial pharynges within a 
largerr clade Aciculata (defined by possession of aciculae). This result is 
nott surprising given the use of most characters that could indicate 
polychaetann affinities (with the exception of a nectochaete larva). 
However,, the restricted focus of the study did not allow Rouse and 
Fauchaldd to test whether other, excluded, characters could suggest a 
positionn outside the polychaetes. 
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FIG.. 3.Summary illustration of the potential relationships of 
Myzostomidaa to other animals: Polychaeta (left), Prosomastigozoa 
(upperr left), Neotrochozoa (upper right). 

Zrzavyy et al. (1998): myzostomidss as neotrochozoans II—Zrzavy 
etet al. (1998) used the largest morphological data matrix compiled to 
date,, for assessing the placement of Myzostomida among the Metazoa. 
Theirr analysis suggested myzostomids to be the sister group of a clade 
(Echiuraa Pogonophora Polychaeta Aphanoneura Clitellata), a result 
broadlyy similar to that of Haszprunar (1996). However, with the 
exceptionn of parapodia, none of the characters that could indicate a 
relationshipp with all or some polychaetes were included in the analysis. 

Zrzavyy et al. (2001): myzostomids as prosomastigozoans—The 
analysiss of Zrzavy et al. (2001) was specifically aimed at resolving the 
longg lasting controversy about myzostomid affinities, and they found 
thee surprising result that myzostomids formed part of a clade they 
christenedd Prosomastigozoa, named on the basis of possessing sperm 
withh the flagellum attached anteriorly to the cell body and curving 
posteriad.. The remaining members of this novel metazoan clade were 
Rotifera,, Acanthocephala (together Syndermata), and Cycliophora. The 
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resultt  of this analysis is especially noteworthy because the clade is also 
supportedd by Zrzavy et al/s molecular  data set. Such congruence of 
independentt  data sources is especially gratifyin g in our  current age of 
conflictingg placements of various phyla on the basis of morphological 
andd molecular  data. However, in accord with the previously discussed 
studies,, Zrzavy et al. (2001) did not include all available morphological 
data.. Similar  to Zrzavy et al. (1998), none of the characters that could 
indicatee a relationship of myzostomids with Polychaeta or  some of its 
memberss were included in the analysis, nor  was Annelida split up at 
leastt  in Polychaeta and Clitellata. For  a proper  representation of all 
phylogeneticallyy informativ e aspects of myzostomid morphology, it 
wouldd be necessary to revise the matrix substantially. However, Zrzavy 
etet al. (2001) do use the morphological data set of Rouse and Fauchald 
(1997)) in combination with their  18S sequence data, but even this 
combinationn never  yielded a monophyletic clade comprising 
myzostomidss and polychaetes, even when the molecular  and 
morphologicall  data were weighted 1:10. However, the efficacy of this 
experimentt  should be regarded with caution. Only 16 annelids for 
whichh 18S sequences were available were included in this analysis. 
Onlyy four  of these species represent members of the clade Aciculata 
withi nn which myzostomids were placed in Rouse and Fauchald's (1997) 
analysis. . 

Zrzavyy et al. (2001: 186) conclude that the grouping of 
myzostomidss with Syndermata and Cycliophora is never  contradicted 
byy any of their  analyses "regardless of character  combinations, 
characterr  weights, species sampling and combinations, and tree-
buildin gg methods."  Naturally , this only indicates robustness of the 
resultss for  their  particular  data set. However, are the results equally 
robustt  in the face of changes to information content of the 
morphologicall  matrix? I performed one experiment. I added one 
characterr  to the matrix and scored it present only for  Annelida and 
Myzostomida.. This character  can, for  example, be interpreted as a 
nectochaetee larva, or  as aciculae or  cirri . In the first case the taxon 
Annelidaa can be interpreted as a taxon Polychaeta (assuming 
nectochaetee larvae as primitiv e for  polychaetes), while in the latter  two 
casess the taxon Annelida can be interpreted as a polychaete subclade 
(Aciculata).. Adding this one character  results in the separation of 
myzostomidss from the other  prosomastigozoans, as they end up in an 
largee polytomy with other  protostome taxa, including the 
neotrochozoanss which do not form a clade any more (strict consensus). 
AA control analysis yielded a monophyletic Prosomastigozoa including 
myzostomidss as in Zrzavy et al. (2001). Both analyses are heuristic 
searchess of 100 random addition replicates, TBR branch swapping, with 
thee "outgroup "  taxon of Zrzavy et al. (2001) excluded. Character  3 
(segmentation)) was scored present for  myzostomids as suggested by 
Zrzavyy et al. (2001). Although Zrzavy et al. (2001) set out to specifically 
testt  the position of myzostomids within the Metazoa with a cladistic 
analysis,, their  results are determined by bias in character  selection. 
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Additionn of a single character incompatible with the favored results 
leavess the position of myzostomids unresolved. 

Thee above discussion clearly indicates that none of the 
morphologicall  cladistic analyses published so far has exhaustively used 
alll  readily available morphological evidence for placing myzostomids. 
Thiss conclusion is also relevant for interpreting the results of total 
evidencee analyses (Zrzavy et ah, 1998, 2001) that were based on the 
samee morphological data matrices. Although all necessary 
morphologicall  evidence was available for all four studies (with the 
exceptionn of new data supporting primary homology of myzostomid 
marginall  cirri with polychaete cirri which became available only in 
2000),, none of the examined data matrices is expressly designed for 
testingg the phylogenetic placement of the myzostomids. Instead, the 
differentt studies merely provided differing perspectives of uncertain 
meritt on a vexing phylogenetic problem. Such practices are not 
diagnosticc of an efficiently operating sophisticated falsification research 
programm aimed in producing progress in understanding. Table 1 may 
bee helpful in guiding the construction of future data matrices that give 
alternativee hypotheses equal chances of corroboration or refutation. 

STANDINGG ON THE SHOULDERS OF GIANTS? STEPS TOWARDS A 
COORDINATEDD CLADISTIC RESEARCH PROGRAM FOR THE METAZOA 

"Iff  I have seen further, it is by standing on the shoulders of giants." This 
statement,, most famously attributed to Sir Isaac Newton, became a 
popularr motto during the Scientific Revolution (Gould, 1995), as it aptly 
underliness a maxim that remains at the heart of our modern conception 
off  scientific progress: we can only see further if we explicitly use the 
resultss of past efforts as a foundation for further explorations. I 
discussedd three case studies to explore whether current practices in 
metazoann cladistics bear any witness to the worth of this insight. 

Thee least ambiguous signal that recent morphological cladistic 
analysess of the Metazoa use each other's data is not necessarily a reason 
forr exaltation. Some of the most recent and most comprehensive studies 
havee used data matrices compiled by different workers rather 
uncritically,, with the result that shortcomings of these data sets 
continuee to have detrimental effects on the results of new analyses 
Qenner,, 2001a; unpublished data). The first case study of spiralian 
cleavagee cross patterns illustrates this general problem by showing that 
evenn unanimous character scoring across different studies may not be a 
reliablee indicator of the phylogenetic significance of a character. 

Thee two other case studies point to a more difficul t problem. 
Whenn one wants to effectively use cladistics to arbitrate between 
competingg hypotheses, special care must be taken in the construction of 
thee data matrix. A matrix is a mosaic of characters each with their own 
specificc phylogenetic significance, and not all characters wil l be equally 
importantt for testing a given hypothesis. It is therefore critical to know 
fromm the beginning which data can potentially support or refute a given 
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hypothesis,, and to ensure that none of these data are excluded without 
explicitt justification. A large matrix that contains no scoring errors may 
neverthelesss cripple the testing powers of a cladistic analysis when it is 
uncriticallyy compiled. The second and third case studies dealing with 
thee evolution of spiralian ciliary bands and the placement of 
myzostomidss among the Metazoa clearly illustrate that cladistic 
analysess need not be effective tests, even though they are presented as 
such. . 

Iff  we can regard the case studies discussed in this paper as a 
reasonablee representative sample of current practices in metazoan 
cladistics,, a conclusion strengthened by the results of a more 
comprehensivee evaluation of metazoan phylogenetics that wil l appear 
elsewheree (unpublished data, R. A. Jenner), then a reconsideration of 
ourr current research strategies is opportune (see also Jenner, 2001b). In 
general,, recent cladistic analyses have not yet fully exploited the power 
off  cladistics to test available competing hypotheses. Instead, different 
workerss have used largely independent data matrices to plant different 
treess of uncertain merit in the already densely grown forest of metazoan 
phylogenies.. Consequently, it is very difficul t to distinguish true 
progresss in our understanding of metazoan macroevolution, and the 
meree change of opinions with the passage of time. This is strikingly 
illustratedd if we just consider character choice in two subsequent 
publicationss by the same group, for example, for placing the 
'acoelomate'' worms, Platyhelminthes, Nemertea, and Gnathostomulida. 
Off  the 18 morphological synapomorphies supporting sister group 
relationshipss of these three taxa included in the data matrix of Zrzavy et 
al.al. (1998), only two were included in the data matrix of Zrzavy et al. 
(2001).. Two additional characters in the latter matrix are reminiscent 
butt not identical to characters included in the matrix of the first study. 
Amazingly,, Zrzavy et al (2001) supply no justification whatsoever for 
excludingg more than 75 % of the characters that their previous analysis 
revealedd as being those most important for placing platyhelminths, 
nemerteans,, and gnathostomulids. 

Thee key to progress in cladistic research lies in repetition of 
researchh cycles that make maximal use of previously performed studies 
(Kluge,, 1997b). A first cladistic analysis of the phylogenetic 
relationshipss of a given group of organisms only produces a foundation 
uponn which to built new cladistic analyses. For many taxa not even a 
firstt estimate of their phylogenetic relationships is yet available, and in 
otherr instances only a single attempt has been made to reconstruct their 
phylogeny.. However, higher-level metazoan phylogenetics finds itself 
inn a fortunate situation. The past decade has witnessed the generation 
off  multiple alternative phylogenies on the basis of both molecular and 
morphologicall  evidence. Al l these hypotheses are available for testing. 
Forr morphological cladistics that means one has to carefully consider all 
proposedd sister group hypotheses for each terminal taxon, in order to 
insuree that all known characters that can potentially corroborate or 
refutee any of these sister group hypotheses for all taxa are included in a 
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singlee data matrix. In other  words, data matrix construction has to 
becomee much more explicit, and data selection has to be clearly justified 
inn terms of the hypotheses to be tested. Only then wil l a cladistic 
analysiss be an effective test of alternative hypotheses, and only then will 
thee results of cladistic analyses be more readily interpretable in terms of 
theirr  strengths and weaknesses through a more transparent link 
betweenn data matrix and cladogram. 
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DISCUSSIONN AND SYNTHESIS 

Metazoann phylogeny and body plan evolution: potential pitfall s of a 
necessaryy interpretiv e framework 

Phylogeneticc systematics or  cladistics has been instrumental in 
transformin gg a diversity of comparative or  historical scientific 
discipliness into fully fledged evolutionary sciences, ranging from 
evolutionaryy paleobiology to evolutionary developmental biology. With 
thesee developments came the realization that a phylogenetic framework 
iss a crucial tool for  studying the evolutionary assembly and 
diversificationn of animal body plans. The molecular  view of animal 
relationshipss that developed throughout the 1990s has been widely 
adoptedd to serve this role of interpretiv e framework. The spectacular 
findingss of molecular  developmental biologists that substantial parts of 
thee genetic machinery underpinning the development of animal form in 
disparatee phyla are apparently conserved, fueled intense interest into 
thee big questions of animal macroevolution. During the mid-1990s the 
firstt  molecular  clock estimates of deep metazoan divergence dates 
basedd on different molecular  data sets were published, which ushered 
inn the interesting debate (continuing today) about the significance of 
thesee temporal estimates of deep time events. The combination of data 
fromm molecular  developmental biology, molecular  phylogenetics, and 
molecularr  clock estimates naturally led to the legitimate question as to 
whatt  our  deep ancestors looked like. The focal point of these inquiries 
quicklyy became apparent: Urbilateria , the elusive most recent common 
ancestorr  of the Bilateria. 

Inn chapters 3 and 4, I attempted to separate some urbilateria n 
factss and fantasies by explicitly evaluating the phylogenetic foundations 
off  several hypotheses of animal body plan evolution. In particular , I 
emphasizedd the theoretical and empirical inadequacies of the use of 
prunedd or  incomplete phylogenies for  understanding body plan 
evolution.. The selected examples discussed in these chapters are 
especiallyy relevant for  the numerous hypotheses of body plan evolution 
posedd withi n a molecular  phylogenetic framework, because earlier 
studiess were necessarily confronted with the limited availability of 
sequencee data for  only a selection of higher  level metazoan taxa. 
However,, rather  than considering pruned phylogenies as an important 
warningg against advancing unsupportable and premature hypotheses 
off  body plan evolution, instead they were enthusiastically embraced by 
manyy as a welcome alternative to morphological speculations. In fact, 
thee failur e to include all pertinent taxa (and sometimes even the lack of 
phylogeneticc resolution) was rather  effectively used to construct novel 
hypothesess of animal body plan evolution (see in particular  the 
discussionn of the roundish flatworm hypothesis by Gerhard & 
Kirschnerr  in chapter  3, and Balavoine's hypothesis for  evolution of the 
platyhelminthh body plan in chapter  4). Naturally , the excluded phyla 
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neverr  ceased to exist, but for  all practical purposes, lack of sequence 
dataa appeared to equal non-existence of the organisms. 

Thee unjustifiabl e use of pruned trees is more widespread (see also 
chapterr  6), however, and in some instances the problem is compounded 
byy a detrimental bias in the selection of taxa even when more 
comprehensivee sampling is possible. The phylogenetic frameworks 
marshaledd in support of the hypothesis of platyhelminth body plan 
evolutionn and the set-aside cell hypothesis discussed in chapter  4, both 
independentlyy exhibited exactly the same unwarranted bias in taxon 
selection::  a bias towards coelomate, indirectly developing bilaterians. 
Givenn this bias, it is hardly surprising to learn that the respective 
conclusionss of these studies reported that Urbilateri a was a coelomate, 
andd an indirect developer. In both cases, I used a more comprehensive 
phylogeneticc framework to reinterpret the proposed hypotheses, not 
surprisinglyy leading to quite different conclusions. 

AA final curious and worrisome aspect of the current use of 
phylogeniess relates to the use of history, in particular  the alleged views 
off  one of the most influential invertebrate zoologists of the 20*  century, 
Libbi ee Henrietta Hyman. Invertebrate zoology textbooks, as well as 
primar yy research papers and reviews of metazoan phylogenetics in the 
currentt  literature, frequently present the phylogenetic views of Libbi e 
Hymann as an icon for  the Anglo-Saxon view on animal relationships, 
andd as a convenient starting point for  the discussion of our  current 
progresss in understanding. However, as I outline in chapter  4, Hyman's 
viewss have been badly misrepresented in virtuall y all modern papers 
thatt  cite her  thoughts on metazoan phylogeny. Respect for  our 
intellectuall  forebears amply justifies a proper  reinstatement of Hyman's 
ideass on metazoan phylogeny. 

Metazoann cladistics: epistemology and cladistic knowledge-claims, or 
practicee what you preach 

Thee first impression one wil l get from perusing the literatur e on 
morphologicall  cladistics of the Metazoa published during the last 
decadee will be that alternative phylogenetic hypotheses are abundant. 
Thee new millennium was inaugurated with the publication of no less 
thann five new comprehensive cladistic analyses of metazoan 
morphologyy (including total evidence analyses) (Giribet et al., 2000; 
S0rensenn et al, 2000; Nielsen, 2001; Peterson &  Eernisse, 2001; Zrzavy et 
al.,, 2001). Some degree of topological congruence among these 
phylogeniess is undeniable, but by far  the most strikin g observation is 
thatt  significant differences between these phylogenies prevail. This 
invitess an obvious question: is it possible to nominate any of these 
phylogeniess as a superior  summary of morphological evidence? If we 
wantt  to make reasonable inferences about the macroevolution of animal 
bodyy plans, it is important that we select the most highly corroborated 
phylogeny.. In order  to identify this phylogeny, we need to confront the 
morphologicall  data matrix. 
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Thee self-evident fact that the structure of the data matrix 
predominantlyy determines the outcome of a cladistic analysis hardly 
needss mentioning. Data matrix construction arguably is also the most 
difficul tt step of a cladistic analysis, and it is the only anchor that 
connectss a cladogram to the empirical world. However, a remarkable 
paradoxx of cladistic practice then becomes apparent. This most 
importantt and difficul t aspect of cladistic analyses has received 
strikinglyy littl e explicit attention, either theoretical or practical, 
especiallyy when compared with the attention directed towards the 
extractionn of phylogenetic signal from a given matrix. Typically we are 
presentedd with variations upon the minimally transparent statement 
thatt "the morphological matrix was compiled from various sources 
fromm the literature." A larger section of the paper subsequently 
discussess aspects of cladogram construction, and finally the resulting 
topologyy is discussed with respect to topologies supported by other 
analyses.. Despite the fact that an increase in understanding happens 
afterafter discovering the most parsimonious cladograms (Kluge, 1997b), it is 
neverthelesss clear that the matrix is never explicitly revisited after 
cladogramm construction in recent cladistic studies of the Metazoa. 
However,, as Wenzel (1997: 41) noted: "character reexamination should 
bee an integral part of all phylogenetic studies...or the process of 
discoveryy wil l be crippled pointlessly." 

Inn order to achieve some progress in understanding higher level 
metazoann relationships we need to pry open this most prominent black 
boxx of cladistic analyses. Chapters 5,7, and 8 specifically focus on these 
neglectedd aspects of cladistic analyses of the Metazoa. Chapter 5 reports 
aa first attempt to explicitly evaluate alternative phylogenetic hypotheses 
off  the Metazoa in terms of the various contributions of acknowledged 
ingredientss of any cladistic study to the conclusions, ranging from 
characterr coding to taxon selection. The general conclusion was that 
morphologicall  cladistic analyses of the Metazoa should become more 
experimentall  in order to better evaluate the robustness of the 
phylogeneticc conclusions, both with regard to the data matrix used, and 
otherr published analyses. There is reason to believe that "playing" 
aroundd with data sets is a common procedure among phylogeneticists, 
butt it is never done in print, despite the fact that it may yield important 
insightss into the robustness of the results. For example, it is important 
too understand the differential effects that variations in the assumptions 
feedingg into the construction of the data matrix may have on the 
outcomess of a cladistic analysis. In studies of molecular phylogenetics, 
experimentall  manipulations of the data sets are commonly employed to 
assesss the robustness of the outcomes of an analysis in terms of varying 
inputt parameters and assumptions. For example, it is commonplace to 
assesss the effects of var ious weight ing schemes for 
transitions/translations,, or insertions/deletions costs on the results of 
thee analysis. As the various experimental manipulations of 
morphologicall  data sets reported in chapters 5 and 8 show, introduction 
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off  such an explicit experimental approach would also be a major  asset 
inn morphological phylogenetics. 

Itt  is an acknowledged dictum of cladistics that all pertinent 
informationn should be included into an analysis, lest the results are 
unjustifiabl yy biased towards reaching certain conclusions. Therefore, as 
aa rule of thumb, it appears reasonable to use sheer  size of the 
morphologicall  data sets to select among available cladistic hypotheses. 
Thee analysis based on the largest data matrix embodies the largest 
amountt  of empirical information, and high empirical content is widely 
consideredd to be a desirable epistemic value of scientific hypotheses 
(Kluge,, 1997a; Siddall &  Kluge, 1997). When faced with the choice of 
twoo phylogenetic hypotheses that differ  solely in the amount of 
characterr  information embodied in their  matrices, then from an 
epistemologicall  perspective, the choice for  the hypothesis based on the 
largestt  data set is better  justified. The phylogeny based on the larger 
matrixx is more strongly corroborated because it is most severely tested, 
i.e.,, by a larger  number  of potential falsifiers. 

Thee largest morphological data matrix compiled for  the Metazoa 
iss that of Zrzavy et al. (1998), with 276 characters scored for  all major 
extantt  metazoan taxa. With high empirical content as a much desired 
epistemicc value, it is not surprising to learn that this phylogenetic 
analysiss (also incorporating molecular  sequence data) has become 
widelyy cited. However, as is discussed in detail in chapters 7 and 8, 
largee matrix size in Zrzavy et al. (1998) was attained at the expense of 
thee quality of the morphological data matrix , thereby criticall y 
compromisingg the phylogenetic results of this study, and those of 
subsequentt  works that recycled the same matrix. 

Ass explained in chapter  9, Popperian testability is at the heart of 
cladisticc knowledge-claims, and this is a view widely endorsed by 
cladists.. It is embodied within the term "sophisticated falsification," 
whichh is currently used to label this philosophy of phylogenetic 
inference.. Central to an understanding of the strength of sophisticated 
falsificationn is a notion of competing hypotheses, available for  testing. In 
cladistics,, testing is done through a character  congruence or  parsimony 
test.. For  an effective test, the data set should be so structured that 
potentiallyy corroborating and falsifying evidence for  all competing 
hypothesess is included, so that all alternatives could in principl e be 
vindicatedd or  refuted. The most parsimonious cladogram resulting from 
thee cladistic analysis then embodies the most highly corroborated, most 
severelyy tested hypothesis, with the highest explanatory power. This 
pointss to the importance of careful data matrix construction, because 
onlyy unbiased selection of input data allows an efficient cladistic test. 

Givenn the importance of careful data matrix compilation to allow 
cladisticc testing of competing phylogenetic hypotheses, and given the 
presencee of research cycles within an effective sophisticated falsification 
researchh program which take the results from previous analyses into 
explicitt  consideration, the question presents itself whether  current 
practicess of metazoan phylogenetics reflect these considerations. The 

400 0 



answerr is no. Apart from attempts to maximize the efficacy of cladistic 
analysess through compilation of bigger matrices, I detect no clear signs 
off  an integrated research program in morphological cladistics of the 
Metazoa.. With the exception that several studies simply recycle 
unchangedd or slightly modified versions of existing data sets (see 
chapterr 7), current "progress" is best characterized as parallel lines of 
researchh based in different laboratories yielding largely independent 
andd different morphological data sets, without any explicit attempt to 
criticallyy test available alternative data sets and phytogenies. Even the 
largestt data sets published to date differ in their selection of characters 
withoutt making it clear why this is so. It should be noted that even a 
large,, error free, but uncritically compiled data matrix still compromises 
thee unique strength of a cladistic analysis to test conflicting hypotheses. 

Thee support for these conclusions is elaborated in chapters 5, 7, 
andd in particular in chapters 8 and 9. Chapter 8 is a first attempt to 
comprehensivelyy reconcile the differences between competing 
phylogeneticc hypotheses for a selected set of phyla, namely the 
'acoelomate'' worms. This chapter comprehensively evaluates all 
synapomorphiess proposed as diagnostic of competing sister group 
relationshipss of Platyhelminthes, Nemertea, and Gnathostomulida. 
Naturally,, these are merely preliminary first steps towards a complete 
evaluationn of the morphological character support for competing 
phylogeneticc hypotheses for all phyla, but the conclusions resulting 
fromm this study emphasize the usefulness of this approach for 
providingg a first explicit synthesis of alternative cladistic hypotheses of 
higherr level metazoan relationships. Chapter 9 clearly illustrates that 
severall  recent cladistic analyses that were specifically performed to test 
hypothesess of character evolution and phylogenetic branching order, 
aree in fact no tests at all. The exclusion from these analyses of readily 
availablee evidence incongruent with the proposed results fatally cripple 
theirr testing power and leads to inescapable circularity. 

Interestingly,, despite the widespread view that cladistics is 
philosophicallyy predicated upon Popperian falsificationism, current 
practicess in the field of higher level metazoan cladistics in fact show 
ratherr strong signs of verificationism/justificationism. Only that 
explainss why recent studies, for example the five comprehensive 
analysess published over the last two years as cited above, generally fail 
too incorporate pertinent information from available older studies. I 
believee that verificationist approaches to reconstructing evolutionary 
historyy stymie true progress in understanding, by merely fostering 
changee of opinion. Following the logic of veriftcationism, it wil l be 
exceedinglyy difficult to distinguish the relative merits of competing 
hypotheses,, which is a particular strength of falsificationist approaches. 
Similarr concerns were already expressed in 1970s for other evolutionary 
discipliness such as adaptive reasoning in evolutionary biology in 
general,, and sociobiology in particular (Gould & Lewontin, 1979; 
Wilson,, 2000:28). 
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Tellingg tales and spinning stories: narrativ e devices and the Great 
Chainn of Being 

Thee two parts of this thesis, part one on using trees, and part two on 
choosingg trees, can be connected through what appears to be a common 
psychologicall  attitude and resulting scientific practice: our preference 
forr telling stories with a clear story line, and our fundamental 
discomfortt with entertaining multiple alternative hypotheses at any 
givenn time. O' Hara (1992) drew attention to the frequent use of 
narrativee devices that reflect the influence of the human standpoint on 
ourr representations of the evolutionary past. Narrative devices, such as 
unequall  attention to all data, and the putting into sequence of 
contemporaryy taxa either in text or pictures, allow the formulation of a 
clearr story line. Within evolutionary narratives the Great Chain of Being 
hass played a prominent role in times past, and I believe its influence 
lingerss on in modern metazoan phylogenetics, as embodied in the quote 
thatt I chose as the motto for this thesis. Our desire to tell clear, linear 
storiess may explain our willingness to use pruned trees for studying 
bodyy plan evolution (chapters 3, and 4), the presence of unjustifiable 
biasess in the selection of taxa and characters in the reconstruction of 
phylogeneticc relationships, and during the supposed testing of 
competingg hypotheses of body plan evolution and phylogenetic 
relationshipss (chapters 5, 7,8, and 9). Additionally it might explain our 
apparentt uneasiness with entertaining multiple equally plausible 
hypothesess at any given time (see also chapter 6). We rather select a 
"preferred""  cladogram from among the multiple equally corroborated 
mostt parsimonious trees, for example in Nielsen et al. (1996), and 
Sörensenn et al. (2000), with the attendant invention of novel names for 
supraphyleticc taxa, even if their monophyly is not supported 
(Acanthognathaa in Zrzavy et al., 2001). These practices are easily 
accommodatedd under a verificationist perspective concerned with 
advocatingg "novel'' hypotheses. However, it is difficult to explain these 
findingss within a framework of falsificationism. 

Avenuess for further  research 

II  believe it is currently impossible to nominate any published 
morphologicall  cladistic analysis as an effective synthesis of all available 
evidence.. Further studies of their relative merits are necessary before 
wee can make any well-founded statements. This introduces a problem 
forr comparative biologists in search of a morphological (or total 
evidence)) phylogenetic framework. Without understanding the relative 
meritt of alternative phylogenies, the selection of a phytogeny at this 
timee amounts to littl e more than an exercise in random coin flipping. A 
temporaryy solution is the use of multiple alternative phylogenetic 
frameworks. . 

Theree is ample room for progress in the field of higher level 
metazoann morphological cladistics. 
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Inn summary: 

1)) There is room for several theoretical contributions, principally with 
respectt to the logic of character coding, and the choice of 
semaphorontss (lif e cycle stages) for cladistic analysis. Studies on 
characterr coding logic are already undertaken in the theoretical 
literature,, but a practical evaluation in the context of metazoan 
phylogenyy has scarcely begun 

2)) Continual re-evaluation of data matrix quality. This includes 
attemptss to reduce ambiguity in the scoring of ground patterns for 
variablee higher level taxa, for example, through phylogenetic 
analysess within terminal taxa 

3)) Careful compilation of data sets so as to fully exploit the testing 
powerr of cladistics 
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SAMENVATTIN G G 

Ditt  proefschrift is een kritische beschouwing van recente pogingen om 
dee evolutionaire stamboom (fylogenie) van het dierenrij k (Metazoa) te 
reconstrueren,, en om de evolutionaire oorsprong en divergentie van de 
dierlijk ee bouwplannen te begrijpen. Dit onderzoek houdt zich 
fundamenteell  bezig met het vergelijken van die kenmerken die 
primitie ff  zijn voor  soorten en hogere taxa, d.w.z. de macroevolutie van 
bouwplannen.. Door  te onderzoeken welke groepen dieren in welke 
kenmerkenn met andere groepen dieren overeenkomen (cladistiek), 
kunnenkunnen we een uitspraak doen over  het patroon van hun 
gemeenschappelijkee afstamming. Interesse in de grote lijnen van de 
evolutiee van het dierenrij k is zeker  geen recente ontwikkeling. Het is 
fascinerendd om te realiseren dat niet Darwin' s natuurlijk e selectie 
theorie,, maar  zijn theorie van de gemeenschappelijke afstamming, de 
grootstee invloed had op de biologie van zijn tij d (Mayr, 1988; Bowler, 
1996).. Dit is in scherp contrast met de traditionele geschiedschrijving 
diee de Darwiniaanse revolutie bijna geheel beschrijft in termen van de 
discussiess over  evolutionaire mechanismen, in het bijzonder  de theorie 
vann natuurlijk e selectie. Echter, in de periode die onmiddelijk volgde op 
dee publikati e van Darwin' s The origin of species werd 
afstammingsonderzoekk als snel het meest populaire onderzoek binnen 
dee biologie, dat als 'evolutionaire morfologie' bekend werd. Interesse in 
evolutionairee processen kwam voor  de eerste generatie 
evolutiebiologenn op een tweede plaats na hun voornamelijke 
belangstellingg in het reconstreren van evolutionaire aftakkingspatronen, 
inclusieff  de afstammingspatronen binnen het dierenrijk . 

Alhoewell  de belangstelling in de reconstructie van de diepe 
geschiedeniss van het dierenrij k nooit echt helemaal is verdwenen sinds 
dee eerste pogingen in de 19de eeuw, zijn er  toch perioden geweest dat 
ditt  onderzoek minder  zichtbaar  was, in het bijzonder  ten tijd e van het 
opkomenn van een experimentele benadering binnen de biologische 
wetenschappen.. Echter, ik kan binnen het kader  van deze inleiding 
geenn recht doen aan deze omvattende en fascinerende geschiedenis . In 
plaatss daarvan beperkt dit proefschrift zich tot een kritische 
beschouwingg van de vooruitgang die het afgelopen decennium heeft 
voortgebrachtt  in het onderzoek naar  de fylogenie van de Metazoa en de 
macroevolutiee van de dierlijk e bouwplannen. 

Dee tijdens het afgelopen decennium ontwikkelde technieken om 
mett  behulp van gecomputeriseerde cladistische methoden uit 
verschillendee moleculaire en morfologische databronnen fylogenetische 
signalenn te extraheren zijn verantwoordelijk voor  de huidige 
renaissancee in de belangstelling voor  de geschiedenis in het groot van 
hett  dierenrijk . Opwindende ontwikkelingen in andere velden van 
natuurwetenschappelijkk  onderzoek, met name in de paleontologie en de 
moleculairee ontwikkelingsbiologie hebben ook hun steentje bijgedragen 
aann onze huidige belangstelling voor  deze problemen. 
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Gecomputeriseerdee cladistische methoden werden met groot 
enthousiasmee aangewend om de stamboom van het dierenrijk te 
reconstrueren,, en dit heeft er snel voor gezorgd dat de fylogenetische 
tuinn van het dierenrijk rijkelij k werd en wordt beplant met nieuwe 
stambomen.. Bijvoorbeeld, alleen al gedurende de eerste twee jaar van 
hett nieuwe millenium zijn er maar liefst vijf uitgebreide cladistische 
analysess van de Metazoa gepubliceerd gebaseerd op zowel moleculaire 
alss morfologische gegevens. Hoofdstuk 2 verschaft een beknopt 
overzichtt van de recente ontwikkelingen in de cladistiek van de 
Metazoa.. Dit hoofdstuk is speciaal bedoeld voor lezers die geen 
specialistenn zijn in de fylogenetica van het dierenrijk, en door de 
hoeveelheidd technische details zo klein mogelijk te houden kan de lezer 
zichh enige inzichten verschaffen in de huidige stand van zaken in dit 
onderzoeksgebied. . 

Voorr het beantwoorden van vragen over de evolutie van dierlijke 
bouwplannenn is het noodzakelijk enige inzicht te hebben in de 
evolutionairee verwantschapsrelaties van de grote groepen dieren. De 
publikatie,, gedurende de laatste 10 jaar, van meerdere stambomen van 
hett dierenrijk bood een welkome kans om met behulp van deze 
interpretatievee raamwerken de evolutie van dierlijke bouwplannen te 
bestuderen.. Met name moleculaire fylogeniën werden populair om 
dezee rol te vervullen. Echter, het enthousiasme waarmee deze 
fylogeniënn gebruikt werden voor het ophelderen van de macroevolutie 
vann dierlijke bouwplannen heeft ertoe geleid dat veel onderzoekers 
tweee belangrijke tekortkomingen van veel van deze stambomen over 
hett hoofd zagen, namelijk de incompleetheid en de gebrekkige resolutie 
vann deze stambomen. Deel 1 van dit proefschrift behandelt het recente 
gebruikk van stambomen als interpretatieve raamwerken, in het 
bijzonderr de potentiële problemen die onkritisch gebruik kunnen 
opleveren.. De hoofdstukken 3 en 4 onderzoeken op wat voor manier de 
conclusiess omtrent de evolutie van dierlijke bouwplannen op een 
negatievee manier kunnen worden bëinvloed als tekortkomingen van 
stambomenn niet worden onderkend. 

Gezienn het aanzienlijke aantal alternatieve stambomen van de 
Metazoaa die in het afgelopen decennium zijn verschenen dient zich de 
vraagg aan welke van deze stambomen gecultiveerd kunnen worden, en 
welkee rijp zijn voor snoeien of wieden. Deel 2 van dit proefschrift houdt 
zichh bezig met de vraag hoe een gefundeerde keuze gemaakt kan 
wordenn tussen de verschillende stambomen gebaseerd op 
morfologischee gegevens, en probeert op deze wijze inzicht te krijgen in 
dee huidige vooruitgang in dit veld van onderzoek. Zowel theoretische 
alss empirische bijdragen hebben zich het afgelopen decennium vrijwel 
alleenn bezig gehouden met de vraag hoe het maximum aan 
fylogenetischh signaal uit een gegeven data set gehaald kan worden. 
Veell  minder aandacht is er geschonken aan het vergelijkend beoordelen 
vann de relatieve verdiensten van de vele verschillende stambomen die 
aanwezigg zijn in de recente literatuur. De hoofdstukken 5 t /m 9 zijn de 
eerstee expliciete pogingen om de verschillende resultaten van de vele 
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verschillendee cladistische analyses met elkaar  in overeenstemming te 
brengen. . 

Hoofdstukk 5 vergelijkt recente morfologische cladistische 
analysess in termen van hoe de verschillende data matrices zijn 
samengesteld.. De resultaten van deze studie vormden de basis voor  het 
samenstellenn van een aantal richtlijne n die gebruikt kunnen worden om 
harderee conclusies te trekken op basis van morfologische cladistische 
analyses. . 

Hoofdstukk 6 geeft een beknopt overzicht van een aantal aspecten 
vann het recente debat dat is onstaan over  de fylogenetische 
verwantschappenn binnen de groep van geleedpotigen (Arthropoda). Dit 
debatt  is voornamelijk het resultaat van de ontdekking van nieuw 
moleculairr  en morfologisch bewijs voor  een nauwe verwantschap 
tussenn insekten en kreeftachtigen, welke in tegenspraak zou zijn met 
bewijzenn voor  de nauwe evolutionaire verwantschap van spinachtigen 
enn kreeftachtigen aan de éne kant, en insekten en duizend- en 
miljoenpotenn aan de andere kant. 

Hoofdstukk 7 vestigd de aandacht op de gevaren die het naïef 
gebruikk  van morfologische data sets samengesteld door  andere 
onderzoekerss met zich mee kan brengen als deze data sets vervolgens 
wordenn gebruikt voor  nieuwe fylogenetisch analyses, iets dat 
regelmatigg voorkomt in de fylogenetica van de Metazoa. Dit hoofdstuk 
richtt  zich specifiek op enkele van de belangrijkste tekortkomingen van 
dee vaak geciteerde en meest omvattende morfologische data set die tot 
nuu toe is samengesteld. Er  wordt aangegeven hoe onkritisch kopiëren 
vann deze data matrix een negatieve invloed heeft gehad op de 
betrouwbaarheidd van de resultaten van een recentelijk gepubliceerde 
cladistischee analyse van de Bilateria. 

Hoofdstukk 8 is een eerste poging tot een uitgebreide evaluatie 
vann alle alternatieve zustergroep relaties die tot nu toe op basis van 
morfologischee cladistische analyses zijn voorgesteld voor  de 
'acoelomate''  wormen, te weten de groepen Platyhelminthes 
(platwormen),, Nemertea en Gnathostomulida. 

Hoofdstukk 9 bespreekt drie casussen uit de recente literatuur  om 
erachterr  te komen of recentelijk gepubliceerde cladistische analyses 
effectieff  gebruik hebben gemaakt van de unieke kracht van cladistische 
methodenn om de relatieve waarde van conflicterende hypothesen van 
kenmerkevolutiee en evolutionaire verwantschappen binnen het 
dierenrij kk  te testen. 

Hoofdstukk 10 tenslotte is een algemene discussie van de 
resultatenn van het onderzoek beschreven in dit proefschrift. Hierin 
speculeerr  ik over  een algemene verklaring, die ik lokaliseer  in een 
bepaaldd aspect van het functioneren van het menselijk brein, voor  de 
problemenn die ik heb geïdentificeerd in zowel de huidige toepassingen 
vann cladistische methoden om fylogenetische hypothesen van de 
Metazoaa te testen, alsook het gebruik van stambomen om de 
macroevolutiee van de dierlijk ee bouwplannen te begrijpen. 
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ERRATA A 

Chapterr 5, table 4: 
-- heading should read "Examples of proposed unique 

synapomorphiess that were exposed as symplesiomorphies or 
convergencess in various analyses." 

-- first proposed synapomorphy listed under Arthropoda: tardigrades 
lackk (meta)nephridia homologous to those of arthropods. 

-- fourth proposed synapomorphy listed under Arthropoda + 
Onychophora:: tardigrades lack a dorsal heart with paired ostia 

Chapterr 7: 
-- under "Miscellaneous misscorings" it should be noted that lack of a 

postanall  tail in enteropneusts refers to adult morphology. Settled 
larvae/juveniless may possess a temporary postanal tail. 
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