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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 

25 5 



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. 
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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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