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PREFACE TO THIRD EDITION

Studies of molecular phylogeny have dominated the
biological literature during the last decade, but impor-
tant new information from morphology and embryol-
ogy has been obtained, especially with the use of new
immunostaining methods. For a period, the molecular
results of higher animal phylogeny looked rather cha-
otic, with many conflicting trees based on studies of
mitochondrial and ribosomal genes. However, the
trees obtained through the new studies of large num-
bers of various sequences, of expressed sequence tags,
and even on whole genomes, now seem to converge,
and a congruence with morphology-based trees seems
possible. This has inspired me to make this new
edition.

Revisions of larger texts are always in danger of
growing, because new material is added and old mate-
rial not discarded. I have tried to avoid this, for exam-
ple by using the excellent series Microscopic Anatomy of
Invertebrates, edited by Frederick W. Harrison (Wiley-
Liss, New York, 1991-1999) as a general reference for
the anatomy of the various groups; references that can
be found in these volumes have generally been
excluded. My two papers on the development of tro-
chophora larvae (Nielsen, C. 2004, 2005. 7. Exp. Zool.
(Mol. Dev. Evol.) 302B: 35-68 and 304B: 401-447)
have been used in the same way.

Many colleagues have helped in various ways;
some have sent me illustrations for use in the book
and others have read one or more chapters and given
good suggestions: S. Amano (Kanazawa University),
M. Blaxter (University of Edinburgh), M.J. Dayel

(University of California, Berkeley), G. Edgecombe
(The Natural History Museum, London), D.E.K.
Ferrier (University of St Andrews), D. Gordon
(NIWA, Wellington), S. Harzsch (University of
Greifswald), L.Z. Holland (Scripps
Institute), T.W. Holstein (University of Heidelberg),
G. Jékely (University of Tiibingen), S. Karpov
(University of Southampton), N. King (University
of California, Berkeley), R.M. Kristensen (University
of Copenhagen), B.S.C. Leadbeater (University of
Southampton), S.P. Leys (University of Alberta), C.J.
Lowe (Hopkins Marine Station), C. Liiter (Museum
fiir Naturkunde, Berlin), J. Olesen (University of
Copenhagen), G. Purschke (University of
Osnabriick), H. Ruhberg (University of Hamburg),
E. Schierenberg (University of Kéln), A. Schmidt-
Rhaesa (University of Hamburg), G. Shinn (Truman
State University), A.B. Smith (The Natural History
Museum, London), T. Stach (Freie University,
Berlin), B.J. Swalla (University of Washington), J.M.
Turbeville (Virginia Commonwealth University),
R.M. Woollacott (Harvard University). A special
thank you to my ‘neighbour’ in the Zoological

Research

Museum, Dr Martin Vinther Serensen, for many
good discussions. All these colleagues (and others
that I may have forgotten in the list) have been of
great help, but don’t blame them for my mistakes.
Mrs Birgitte Rubk is thanked for fine help with

the new illustrations.

Copenhagen
March 2011



PREFACE TO SECOND EDITION

During the years since the text for the first edition of
this book was concluded (in 1992), a wealth of new
morphological information has become available,
including both histological/ultrastructural and embry-
ological data, and new areas, such as numerical cladis-
tic analyses, DNA sequencing, and developmental
biology, have become prominent in phylogenetic stud-
ies. I have tried to update the information about mor-
phology, but the other fields have been more difficult
to deal with; numerical cladistic analyses and molecu-
lar phylogeny are discussed in separate chapters, but
following my conclusions in these two chapters, I have
in general refrained from discussing results obtained
through these methods.

I am fully aware that my coverage of molecular
studies, including the extremely promising evolution-
ary developmental biology, is very incomplete. I have
tried to select information from studies that appear to
describe consistent phylogenetic signals, but my
choice is biased by my background as a morphologist.
The interested reader is strongly advised to consult a
recent textbook or review articles on the subject.

Once again it is my pleasure to thank the many
generous colleagues who have helped me in various
ways, especially those who have read drafts of various
chapters and given many good comments: André
Adoutte (Paris), Wim J.A.G. Dictus (Utrecht),
Andriaan Dorresteijn (Mainz), Danny-Eibye-Jacobsen
(Copenhagen), Peter WH. Holland (Reading),
Reinhardt Moebjerg Kristensen (Copenhagen),
Thurston C. Lacalli (Saskatoon), George O. Mackie
(Victoria), Mark Q. Martindale (Hawaii), Rudolf
Meier (Copenhagen), Edward E. Ruppert (Clemson),
George L. Shinn (Kirksville), Nikolaj Scharff
Gerhard Scholtz  (Berlin), Ralf
Sommer (Tibingen), Martin Winther Serensen

(Copenhagen),

(Copenhagen), Gregory A. Wray (Durham), Russel L.
Zimmer (Los Angeles). None of them should be held
responsible for the ideas expressed here.

My special thanks are due to Mr Gert Brovad
(Zoological Museum, Copenhagen) who has provided
the new photos and to Mrs Birgitte Rubzk (Zoological
Museum, Copenhagen) who has spared no effort in
preparing the many new drawings and diagrams.



PREFACE TO FIRST EDITION

No naturalist can avoid being fascinated by the diver-
sity of the animal kingdom, and by the sometimes
quite bizarre specializations that have made it possible
for the innumerable species to inhabit almost all con-
ceivable ecological niches.

However, comparative anatomy, embryology, and
especially molecular biology, demonstrate a striking
unity among organisms, and show that the sometimes
quite bewildering diversity is the result of variations
over a series of basic themes, some of which are even
common to all living beings.

"To me, this unity of the animal kingdom is just as
fascinating as the diversity, and in this book I will try
to demonstrate the unity by tracing the evolution
of all of the 31 living phyla from their unicellular
ancestor.

All modern books on systematic zoology empha-
size phylogeny, but space limitations usually preclude
thorough discussions of the characteristics used to
construct the various phylogenetic trees. I will try to
document and discuss all the characters that have been
considered in constructing the phylogeny—both those
that corroborate my ideas and those that appear to
detract from their probability.

In the study of many phyla, I have come across sev-
eral important areas in which the available informa-
tion is incomplete or uncertain, and yet other areas
that have not been studied at all; on the basis of this I
have, for each phylum, given a list of some interesting
subjects for future research, and I hope that these lists
will serve as incentives to further investigations.

It should be stressed that this book is not meant as
an alternative to the several recent textbooks of sys-
tematic zoology, but as a supplement, one that I hope
will inspire not only discussions between colleagues
but also seminars on phylogeny—of the whole animal
kingdom or of selected groups—as an integrated part
of the teaching of systematic zoology.

The ideas put forward in this book have developed
over a number of years, and during that period I have
benefitted greatly from interactions with many col-
leagues. Some have been good listeners when I have
felt the need to talk about my latest discovery; some
have discussed new or alternative ideas, names or con-
cepts with me; some have provided eagerly sought
pieces of literature or given me access to their unpub-
lished results; and some have sent me photos for pub-
lication. To all these friends I extend my warmest
thanks; no names are mentioned, because such a list
will inevitably be incomplete. A number of colleagues
have read one to several chapters (the late Robert D.
Barnes (Gettysburg) and Andrew Campbell (London)
have read them all) and given very valuable and con-
structive comments that I have often but not always
followed; I want to mention them all, not to make
them in any way responsible, but to thank them for the
help and support that is necessary during an undertak-
ing such as this: Quentin Bone (Plymouth), Kristian
Fauchald (Washington, DC), Gary Freemann
(Austin), Jens T. Hoeg (Copenhagen), Ase Jespersen
(Copenhagen), Niels Peder Kristensen (Copenhagen),
Margit Jensen (Copenhagen), Reinhardt Moebjerg
Kristensen (Copenhagen), Barry S.C. Leadbeater
(Birmingham), Jergen Liitzen (Copenhagen), George
O. Mackie (Victoria), Mary E. Petersen (Copenhagen),
Mary E. Rice (Fort Pierce), Edward E. Ruppert
(Clemson), Amelie H. Scheltema (Woods Hole),
George L. Shinn (Kirksville), Volker Storch
(Heidelberg), Ole S. Tendal (Copenhagen), and Russell
L. Zimmer (Los Angeles).

The Danish Natural Science Research Council and
the Carlsberg Foundation are thanked heartily for
their continued support covering travel expenses,
instrumentation and laboratory assistance; the
Carlsberg Foundation has given a special grant to
cover the expenses of the illustrations for this book.
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Financial support from ‘Hejesteretssagforer C.L.
Davids Legat for Slegt og Venner’ is gratefully
acknowledged.

Mrs Birgitte Rubzk and Mrs Beth Beyerholm are
thanked for their excellent collaboration on the artwork.

My warmest thanks go to Kai and Hanne (Olsen &
Olsen, Fredensborg) for a congenial undertaking of

the typesetting of the book and for fine work with the
layout and lettering of the illustrations.
Dr Mary E. Petersen (Copenhagen) is thanked for
her meticulous reading of the first set of proofs.
Finally, my thanks go to Oxford University Press,
and especially Dr Cathy Kennedy, for a positive and
constructive collaboration.
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Introduction

Modern understanding of biological diversity goes
back to Darwin (1859), who created a revolution in
biological thought by regarding the origins of species
as the result of ‘descent with modification’. As a conse-
quence of this idea he also stated that the ‘natural sys-
tem’ (i.e. the classification) of the organisms must be
strictly genealogical (‘like a pedigree’), and that the
‘propinquity of descent’ is the cause for the degree of
similarity between organisms. The term ‘homology’
had already been in use for some time, and Owen
(1848) had used it in a practical attempt to create a
common anatomical nomenclature for the vertebrates,
but it was Darwin’s ideas about evolution that gave the
word its present meaning and importance: structures
are homologous in two or more species when they are
derived from one structure in the species’ most recent
common ancestor. This phylogenetic or historical,
morphology-based definition of homology (Hall 1994)
is used throughout this book. It should be emphasized
that homology can be proved only in very special
cases, such as in vertebrate skeletons, where the evolu-
tion can be followed directly in the fossil record. In all
other cases homology can be inferred from morpho-
logical or molecular characteristics that point to the
evolution from a common ancestor.

Haeckel (1866) drew the first phylogenetic tree
(‘Stammbaum’; Fig. 1.1) based on Darwin’s ideas, and
coined the words ‘phylogeny’ and ‘ontogeny’. His tree
was labelled ‘monophyletic’, and his definition of a
phylum as consisting of an ancestor and all its living

and extinct descendants agrees completely with the

cladistic use of the word ‘monophyletic’. Haeckel
leaned toward the opinion that the 19 phyla in his tree
had evolved separately from unorganized organic sub-
stances, but a common ancestry was also considered a
possibility (and was proposed soon after; see Haeckel
1870); this should not detract from the general validity
of his definition of the term ‘monophyletic’, which is
now used at all systematic levels.

The conceptual base for phylogenetic work is thus
more than a century old, and it could perhaps be
expected that such studies had reached a level where
only details of genealogy remained to be cleared up,
but this is far from being the case. There are several
reasons for this.

Darwin’s comprehensive theory of evolution was
actually five interwoven theories (Mayr 1982), and his
theories about speciation and selection mechanisms
were soon attacked from several sides. So, although
the idea of evolution and speciation became accepted
rather easily, the attacks on his explanation of specia-
tion focussed on one side of the theory that has turned
out to need a good deal of modification. Some of
Darwin’s followers carried their arguments to extremes,
which undoubtedly detracted from the credibility of
the whole field. In addition, the growing interest in
experimental biology turned the spotlight away from
phylogeny.

However, since the 1950s, a revival of the phyloge-
netic interests has taken place and the field is again
producing a strong flow of interesting results. New
sources of information have been added, the most
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important being ultrastructure, immunocytochemis-
try, and gene sequencing. Also, there has been
important progress in methods of analysing data, and
the phylogenetic reasoning has been sharpened by the
methods proposed by Hennig (1950), called ‘cladistics’
or ‘phylogenetic systematics’. All phylogenetic analyses
should now be based on ‘tree thinking’ (Baum et al
2005), 1.e. argumentations based on characters of com-
mon ancestors and their modification in the descend-
ents, and not on ‘horizontal’ comparisons of living
species. Ideally, every phylogeny should be checked
for functional continuity between the hypothetical
ancestors and their descendants (Budd 2006). With
the wording of Frazzetta (1975, p. 20), the analysis
should ascertain if the proposed evolution has pro-
ceeded like ‘the gradual improvement of a machine
while it is running’ [my italics]. This principle has been
applied to the basal part of the tree, from the unicel-
lular to the eubilaterian level, and to the early evolu-
tion of the protostomes (see Chapters 4 and 22).
However, some areas of the tree are unresolved, which
makes it impossible to make this test on all levels.
One of the important reasons for the disagreements
between earlier morphology-based trees has been that
only narrow sets of characters were used, often with
strong emphasis on either adult or larval characters
instead of considering all characters of whole life cycles
(as already pointed out by Darwin). It should be evident
that all characters are of importance: the only question
is at which level they contain phylogenetic information.
Another weakness has been that ‘advanced’ characters,
such as coelom and metanephridia, have been used to
characterize higher taxa without discussing whether
these characters have evolved more than once. For
example, it is now clear that coeloms have evolved sev-
eral times (Chapter 21), and dealing with this character
in only two states, absent and present, is bound to lead
to unreliable results. Furthermore, it has turned out
that character losses are more important than has been
expected by most morphologists (Jenner 2004), and
some of the proposed losses, which at first have appeared
improbable, have turned out to find support from new
methods. An example is segmentation in chordates,
where the loss of this character in the urochordates is

indicated by the molecular phylogenies (for example,
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Hejnol et al. 2009), and where the demonstration of a
massive loss of genes gives strong support to this, at first
sight, improbable hypothesis (Holland ez 4/. 2008).

Morphological characters have been analysed with
various computer programs, and this has given fine
results on the lower systematic levels, but on the level
discussed here the data matrices have been very sub-
jective; only states of homologous characters can be
coded, the homology is in many cases problematic,
and the character state ‘absent’, may cover both pri-
mary absence and loss (see above).

The analyses of DNA/RNA sequences have pro-
duced an astonishing number of new phylogenies for
all the living beings as well as for narrower catego-
ries, such as phyla, classes, and orders. Many areas of
the metazoan tree have been shuffled around, and a
number of bizarre phylogenies have been proposed.
This has been discouraging for a traditional mor-
phologist. However, after analyses of a large dataset,
Aboubheif ez al. (1998, p. 404) concluded that .. .the
18S rRNA molecule alone is an unsuitable candidate
for reconstructing a phylogeny of the Metazoa...’ .
This molecule, in combination with other molecules,
such as 28S rRNA, cytochrome-c oxidase I, and elon-
gation factor-1a, has provided very good analyses of
lower groups, such as bivalves (Giribet and Wheeler
2002), where morphology and molecular data can be
brought into good accordance. The monophyly of a
number of morphologically well-established clades,
e.g. Metazoa, Eumetazoa, Bilateria, Protostomia, and
Deuterostomia, has found very consistent support in
these studies, whereas the radiations of other more
comprehensive clades, such as Protostomia and
Lophotrochozoa, have turned out to be highly prob-
lematic. Studies of whole mitochondrial genomes
(for example, Chen et al. 2009; Jang and Hwang
2009) and mitochondrial gene order (for example,
Webster et al. 2007) have shown very confusing
results. A discussion of all these analyses would
require a special publication, and they will only be
mentioned in a few places in the following discus-
sions. However, new analyses using, for example,
‘household genes’ (Peterson et al. 2008), expressed
sequence tags (EST) (Dunn ez 4l 2008), ‘phyloge-
nomics’ (analyses of selected parts of genomes)
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(Hejnol et al. 2009), and analyses based on whole
genomes, (Srivastava et 4/. 2008, 2010), now seem to
bring much more stability to the more basal parts of
the phylogenetic tree. Both Hox genes (see Fig. 21.3)
and microRNAs appear to be of special value in the
studies of evolution of the major metazoan groups
(de Rosa et al. 1999; Peterson et al. 2009).

It should be emphasized that the classification of
Bilaterians in Protostomia and Deuterostomia dates
back to Grobben (1908), so it is not ‘the new phylog-
eny’ as proposed, especially in a number of papers on
molecular phylogenetics, but a return to the classical

system after a period with the popular classification of
Bilateria = Acoela + Pseudocoela + Coelomata, which
is a misunderstanding of the presentation of Hyman
(1940) (see Nielsen 2010).

It should also be remembered that the molecular
phylogenies are ‘naked’ trees without morphological
characters, and, as stated by Raff ez /. (1989, p. 258),
“The use of rRNA sequences to infer distant phyloge-
netic relationships will not displace morphology and
embryology from the study of the evolutionary history
of animal life: after all, it is the history of morphological

change that we wish to explain’ [my italics].

A - Animalia Vertebrata
B - Euradiculata Urochordata
C - Proepitheliozoa ‘ S;aphslochcr)](data
erobranchia
E_ E:Tg?:oa Entgropneusta
. . Echinodermata
F - Triploblastica Chaetognatha
G - Bilateria Loricifera
H- Acoelomorpha @ﬁE Kinorhyncha
| - Eubilateria 'o' Priapu|a
K - Protostomia Nematomorpha
L - Spiralia .@. Nematoda
M - Schizocoelia Tardigrada
N - Gnathifera QE grrt‘%fg'gg::ra
O - Polyzoa .
P - Brachiozoa '@ _Q'E Ef;:;'ﬁmda
Q - Ecdysozoa Bryozoa
R - Panarthropoda '@'E Cycliophora
S - Cycloneuralia .@. Entoprocta
T - Nematoidea '\R/Iqtifera "
U - Scalidophora ‘(DE icrognathozoa
V - Deuterostomia O gg:':ro?fitcohn;u“da
X- Ambglacrarla — Platyhelminthes
Y - Hemichordata Nemertini
Z - Chordata Mollusca
ﬁ Sipuncula
Annelida
Xenoturbellida
—@E Nemertodermatida
Acoela
Ctenophora
Cnidaria
Placozoa
Homoscleromorpha
Calcarea
Silicea

Choanoflagellata

Figure 1.2. The animal phylogeny proposed in this book; the method is described in the text. Named supraphyletic clades are

indicated.



In this book phylogenetic/cladistic principles have
been used to infer the topology of the basal metazoan
radiation, i.e. the interrelationships between the
ancestors of the 38 monophyletic groups, here called
phyla (Fig. 1.2). The levels of all categories above the
species are of course highly subjective, and some
zoologists have abandoned all suprageneric categories
(for example Ax 1996, 2001, 2003). However, it seems
practical to use the term phylum for the units in the
present discussions. The important question is whether
the ‘phyla’ are monophyletic groups, and this has been
discussed for each of them. In constructing the tree, as
many characters as possible have been taken into
account, and the phyla identified by morphological
methods have been compared with the results from
molecular studies. The method has been iterative, but
a number of steps can be outlined. The first step has
been traditional phylogenetic analyses seeking identi-
fication of monophyletic phyla; if a phylum has been
found to be polyphyletic it has been broken up and the
new phyla defined (for example, Porifera divided into
Silicea, Calcarea, and Homoscleromorpha). If a phy-
lum has turned out to be an ingroup of another phy-
lum, it has been included in that phylum (for example,
Acanthocephala included in Rotifera). The next step
has been the identification of ancestral characters of
the phylum. The phyla have then been compared and
sister groups identified, and increasingly more com-
prehensive, monophyletic groups defined. The new
results from molecular phylogeny and Hox genes have
been taken into consideration. In many areas of the
tree, congruence between morphology and molecules
is now being reached, but some groups are still quite
problematic. For example, the interrelationships of
the lophotrochozoan phyla are still largely unresolved.
However, it is very gratifying that the newest phylog-
eny of the metazoans, mainly based on EST data
(Edgecombe et al. 2011), is remarkably similar to that
obtained in the present study (Fig. 1.2).

Fossils have played an important part in the analy-
ses of phyla such as molluscs, arthropods, echino-
derms, and vertebrates, which have a rich fossil record
and sometimes an astonishing preservation of fine
details. However, a number of the earliest fossils
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cannot be assigned to any of the living phyla, and some
authors refer most of them to a separate kingdom, the
Vendobionta (see, for example, Seilacher 2007); they
have in general been excluded from the discussions.
The focus of this book is on the origin of the liv-
ing phyla, which are now separated from each other
by clear morphological gaps. Some of these gaps are
bridged by fossils—as seen, for example, in the pan-
arthropods, where several ‘lobopode’ fossils give the
impression of a more coherent Cambrian group
from which the three living phyla have evolved (Hou
et al. 2004). A ‘Cambrian systematist’ without knowl-
edge of the later radiations and extinctions would
probably have classified the panarthropod stem
groups as one phylum. Some fossils show mosaics of
characters that may confuse our concepts of some of
the living groups (Shubin 1998). So I have only dis-
cussed information from fossils that appear to throw
light over the origin of the living phyla, but in gen-
eral have abstained from trying to place many fossils

in the phylogeny.
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ANIMALIA (METAZOA)

In the first edition of Systerna Nature, Linnaeus (1735)
defined the Kingdom Animalia as natural objects that
grow, live, and sense, in contrast to plants, which grow
and live but do not sense, and minerals, which grow
but neither live nor sense. This definition of the ani-
mal kingdom, which goes back to the antiquity, was
retained almost unchanged in the roth edition of
Systema Nature (Linnaeus 1758), which forms the
baseline for zoological nomenclature. His arrange-
ment of the species in classes, families and genera
reflects the similarity of the organisms, but of course
without a causal explanation. His division of the organ-
isms into animals and plants was almost unchallenged
for more than a century.

The first classification of living beings based on
Darwin’s (1859) evolutionary thoughts was presented
by Haeckel (1866) (Fig. 1.1). He gave a remarkably
modern definition of the Kingdom Animalia, which
was separated from the new Kingdom Protista by the
possession of tissues and organs. His definition
excluded the sponges from the animal kingdom, but
he later included the sponges (Haeckel 1874).

The word ‘animal’ is still used in the wide, Linnaean
sense, but in the scientific literature the Kingdom
Animalia is now restricted to multicellular animals, i.e.
the Metazoa. Both the monophyly of the Animalia and
its sister-group relationship with the Choanoflagellata
are now generally well documented. A few of the
metazoan apomorphies are discussed below.

The most conspicuous synapomorphy of the meta-

zoans is their multicellularity, as opposed to the colo-

niality shown by many choanoflagellates. In colonies
the cells may have different shapes and functions, but
each cell feeds individually because there is no trans-
port of nutrients between cells. In multicellular organ-
isms the cells are in contact with each other through
junction molecules (Adell et a/. 2004), some of which
make transport of nutrients between cells possible.
This enables a division of labour, because some cells
do not have to feed, and these cells can therefore be
specialized to serve specific functions, such as diges-
tion, sensation, contraction, or secretion.

The sexual reproduction and life cycle with
differentiation—embryology—of the multicellular
organism from the zygote is another important
apomorphy (Buss 1987).

All metazoan cells, except eggs and sperm, are dip-
loid, and it appears beyond doubt that the metazoan
ancestor was diploid with meiosis directly preceding
the differentiation of eggs and sperm. Sexual repro-
duction has never been observed in choanoflagellates,
but as the genes involved in meiosis have been identi-
fied in one species (Carr et 4l. 2010), the reproductive
stage has probably just been overlooked.

Metazoan spermatozoa show many specializations
in the various phyla, but the supposedly ancestral type
consists of an ovoid head, a mid piece with mitochon-
drial spheres surrounding the basal part of a long cil-
ium with a perpendicular accessory centriole, and a
tail which is the long undulatory cilium (Franzén
1987). This type is found in many free spawners.
Sperm with an elongate, fusiform-to-filiform head is
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seen in many groups with free-swimming sperm and
internal fertilization, and some authors argue that this
is the primitive type of fertilization (Buckland-Nicks
and Scheltema 1995). Non-motile sperm are found in
many species with copulation.

Metazoan eggs develop from one of the four cells
of meiosis, whereas the other three cells become polar
bodies and degenerate.

After fertilization, the zygote divides and forms an
embryo. During embryogenesis the cells become
organized in functional units, usually forming layers
that give rise to tissues and organs. The blastomeres
form cleavage patterns and, later on, embryos/larvae of
types characteristic of larger systematic groups.
Representatives of many phyla have a blastula stage,
and this has been considered one of the important apo-
morphies of the Animalia (Margulis and Chapman
2009). However, the classical blastula consisting of non-
feeding cells (Haeckel 1875) cannot represent an ances-
tor, and it has been proposed that the ancestor consisted
of choanocytes (Buss 1987; a ‘choanoblastaea’, see
Chapter 4). The embryos hatch, either as larvae (indi-
rect development), which may be planktotrophic or
lecithotrophic, or as juveniles (direct development).
Planktotrophic larvae usually have feeding structures
that are completely different from those of the adults.

The organization of various cells in an organism
depends on a number of molecules, which fulfil vari-
ous functions, such as cell recognition, cell adhesion,
and cell signalling (Richards and Degnan 2009), all
coordinated by a network of regulatory genes
(Davidson 2006) and transcription factors (Degnan
et al. 2009). Interestingly, it has turned out that a
number of the molecules involved in these functions
have been found in choanoflagellates, where they must
serve other purposes (King ez a/. 2008).

The whole genome study, including the demos-
ponge Amphimedon (Srivastava et 4l. 2010), has revealed
that a very high number of genes involved in organiz-
ing the metazoan body are common to all metazoans.

A few morphological characters that have been used
in phylogenetic analyses should be discussed here.

Cilia 'The organelles called cilia and flagella are
widespread among the eukaryotes, and the terms are

currently used for essentially identical structures
(characterized by the presence of an axoneme) and
probably of common origin (Jékely and Arendt 2006;
Satir et al. 2008). The term ‘flagella’ is used also for the
much simpler structures (without microtubuli) found
in bacteria. Botanists have preferred the word ‘flagella’
for the structures found in algae (Moestrup 1982),
whereas zoologists have generally used the term ‘flag-
ella’ when only one or a few appendages are found per
cell, and the term ‘cilia’ when many occur. I have cho-
sen to follow the general trend among molecular biol-
ogists and use the word ‘cilia’ about all the structures
that contain one axoneme (Nielsen 1987; Satir ez al.
2008).

A single cilium usually develops at the end of a cell
division, when one of the centrioles templates the for-
mation of the axoneme. Motile cilia usually have an
axoneme with a (9 x 2) + 2 pattern of microtubules
with radial spokes and dynein arms on the outer
tubules, and perform stereotypic movements. Primary
cilia, found in most vertebrate tissues but probably
present in many invertebrates too, lack both the cen-
tral tubules, radial spokes, and dynein arms, and are
non-motile (Praetorius and Spring 2005; Singla and
Reiter 2006). They host many sensory functions, and
most sensory structures (for example, many eyes) have
the sensitive molecular structures located in the cell
membrane of modified cilia.

Two main types of locomotory cilia—undulatory
and effective-stroke cilia—can be recognized in meta-
zoans (Fig. 2.1). The undulatory cilia of choanoflagel-
lates, choanocytes, protonephridia, and spermatozoa
transport water away from the cell body, or propel the
cell through the water with the cell body in front
(characteristic of the clade Opisthokonta), whereas
most protists swim in the opposite direction. The
undulatory cilia usually have an accessory centriole
but no long root. The simple structure with only an
axoneme, and no hairs or other extracellular speciali-
zations (except the vane observed in choanoflagellates
and some sponges, see Chapters 3, 5, and 7), is charac-
teristic of choanoflagellates and metazoans, whereas
most of the unicellular algae and the swarmers of mul-

ticellular algae have extra rods or other structures
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demosponge larva

Figure 2.1. The two types of cilia: undulatory cilia, which propel the water away from the cell, and effective-stroke cilia, which
propel the water parallel to the apical cell surface. The arrows indicate the direction of the water currents. The effective-stroke
cilia have a long ciliary root. Cells with effective-stroke cilia are arranged in ciliated epithelia, where the ciliary beat forms meta-
chronal waves, as shown in the larva of the demosponge Haliclona.

along the axoneme, or intricate extracellular orna-
mentations (Moestrup 1982).

The basal structures of cilia of some choanoflag-
ellates, metazoan spermatozoa and almost all mono-
ciliate metazoan cells show specific similarities, with
an accessory centriole situated perpendicular to the
basal body of the cilium (Fig. 6.1). None of the other
unicellular organisms show a similar structure. Star-
shaped arrangements of microtubuli, possibly with
an ‘anchoring and strengthening’ function, surround
the basal bodies in choanoflagellates (Hibberd 1975),
whereas similar patterns in spermatozoa of many
metazoans are formed by microfilaments (Franzén
1987). Undulatory cilia of choanoflagellates and cho-
anocytes lack a well-defined root, whereas the effec-
tive-stroke cilia have roots and rootlets. Larvae of
calcareous and homoscleromorph sponges, and adult
placozoans and bilaterians, have a cross-striated root,
but these structures have only occasionally been
observed in adult sponges (see Chapter 6). The
various types of ciliated epithelia show well-defined

patterns of ciliary movement with various types of
metachronal waves (Nielsen 1987) (Fig. 2.1). Such
patterns are rare in the protists, with the ciliates as a
conspicuous exception.

Choanocytes (Fig. 4.1) are cells with a ring of long
microvilli surrounding an undulatory cilium and
engaged in particle capture. However, cells with a ring
of shorter or longer microvilli surrounding one or
more cilia are known from most metazoan phyla.
Certain types, often with long microvilli of various spe-
cializations, function in excretion (cyrtocytes of the
protonephridia; see, for example, Ruppert and Smith
1988), while the types with shorter microvilli have vari-
ous functions (Cantell ez 4/. 1982). One type of such
cells line coelomic cavities in several phyla, where they
generate circulation in the coelomic fluid, probably
aiding gas exchange. Mucus cells with a ring of short
microvilli are known from many phyla, and the nema-
tocytes containing the nematocysts have a modified
cilium surrounded by microvilli. Many of these cells
are known to be sensory: for example, the hair-bundle
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mechanoreceptors of cnidarian nematocysts and the
mammalian inner ear, which are both sensitive to vibra-
tions of specific frequencies (Watson and Mire 1999);
and some ganglion cells have a small complex with a
cilium surrounded by inverted microvilli (Westfall and
Hessinger 1988). It is important to note that all these
cells have functions different from those of the cho-
anocytes and consequently different structures; all the
just-mentioned choanocyte-like cells have microvilli
that are not retractile and, at least in most cases, have
various supporting intracellular structures. Contractile
microvilli containing actin, like those of the collared
units, occur on intestinal cells of many animals (Revenu
et al. 2004), but they form a thick ‘brush border’ and
are not engaged in particle capture. Many cell types
can thus form various types of microvillar structures,
and it is highly questionable to propose a homology
between all the cell types that have the microvilli
arranged in a circle. I prefer to restrict the term ‘cho-
anocyte’ to the structures found in choanoflagellates
and sponges. Also Cantell ez 4l. (1982) suggested a sim-
ilar restriction of the term, and they proposed to use
the term ‘collar cells’ for all cells with a ring of micro-
villi around one or more cilia; this change in terminol-
ogy would remove inaccuracy of many comparative
discussions and is highly recommended.

Cell junctions and epithelia Cells of multicellular
organisms are connected by various types of cell junc-
tions. The terminology is somewhat confusing, but
three functional types can be recognized (Leys ez al.
2009): (1) adhesion junctions, which can be between
cells (zonula adherens or macula adherens), or between
a cell and the basement membrane (hemidesmosomes);
(2) sealing junctions or zonula occludens, such as sep-
tate or tight junctions; and (3) communication junc-
tions (gap junctions), which form small pores between
cells (discussed further in Chapter 12).

Adhesion junctions are, of course, found in all
metazoans, but several adhesion genes, such as cadher-
ins (Abedin and King 2008), are found in the choano-
flagellate Monosiga, where they must have functions
other than cell adhesion.

Layers of cells with similar orientation and con-

nected by various types of junctions are called epithelia.

It has been customary to state that ‘sponges’ do not
have epithelia, because they are ‘leaky’ with non-sealed
cell layers. However, this view has been challenged
because a number of the epithelial genes that are char-
acteristic of true epithelia are found in the sponge
Amphimedon (Leys et al. 2009; Fahey and Degnan
2010; Srivastava et a/. 2010). However, the stepwise
addition of the genes along the evolutionary line, as
shown in Fig. 4.2, demonstrates the evolution of one
important group of genes at the level of the Silicea
(the other groups of sponges have not been sequenced),
and another important group of genes at the level of
the eumetazoans (with true epithelia). So although
genes that encode sealing cell-junction proteins have
been found in the genome of a silicean, some of the
genes coding for septate junctions are missing, and
this may be used to distinguish ‘sealed epithelia’ of
sponges from ‘true epithelia’ of the eumetazoans that
have extracellular digestion. This, as well as several
other examples, indicates that absence of a gene is
sometimes more phylogenetically informative than
presence. The definition of ‘epithelium’ may of course
be extended to cover the consolidated cell layers of the
sponges, but I will stick to a more restrictive, classical
definition that excludes the outer layers, i.e. pinaco-
derm, of the sponges.

Many families of molecules are now being used in
phylogenetic analyses. An example is the collagens,
which are a large family of proteins that are secreted
from the cells. Certain types have been present in the
common ancestor of choanoflagellates and metazoans,
but the ‘canonical metazoan adhesion-protein archi-
tectures’ apparently evolved in the metazoan line
(King et al. 2008). An extracellular matrix with
fibronectin and collagen A is found in the siliceans and
the eumetazoans (Miiller 1997; Exposito ef al. 2008).
Collagen IV is of a characteristic ‘chicken-wire’ shape
and forms the felt-like basement membrane in all
major eumetazoan groups and in the homosclero-
morphs, collectively called Proepitheliozoa (see
Chapter 8). Other collagens are fibrillar, and it appears
that the genes specifying the various types found,
for example, in sponges and vertebrates have evolved

from one ancestral gene (Exposito ez al. 1993).



Several genes have been used to infer phylogeny.
A special group is the Hox genes (and further
the whole Antp family), which are discussed in
Chapter 21. Presence or absence of genes is of course
an important phylogenetic characteristic, but one
caveat should be mentioned. Organs or structures
that show expression of a specific gene are not neces-
sarily homologous (homocracy; see Nielsen and
Martinez 2003), because most genes are involved in
several processes (pleiotrophy; see e.g. Carroll ez al.
2005), and it is a recurrent theme that the genes
involved in the organization of an organ evolve long
before the organ, and are then co-opted into organ-
izing the organ. Good examples are the many ‘neuro-
genic’ genes present in the ‘sponges’ that lack nerves
(Galliot et al. 2009), and the cell-recognition and
adhesion genes found in the unicellular choanoflagel-
late Monosiga (King et al. 2008).
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Prelude:

Phylum Choanoflagellata

The Choanoflagellata is a small phylum, containing
only about 200 species of unicellular, solitary, or
colony-forming ‘flagellates’ without chloroplasts. The
cells of some of the colonial species are united by cyto-
plasmic bridges, which have not been studied in detail,
but which appear to be the remains of incomplete cell
divisions so that the colonies are actually plasmodia;
cell junctions have not been reported. The colonies
are plate-like or spherical; the more well-known
spherical types, such as Sphaeroeca (see the chapter
vignette), have the collar complexes on the outer side
of the sphere, but Diaphanoeca has the collar complexes
facing an internal cavity, so that the colonies resemble
free-swimming collar chambers of a sponge. The
monophyly of the group seems unquestioned (Carr
et al. 2008).

Choanoflagellates occur in most aquatic habitats
and are either pelagic or sessile. The apparently most
primitive species are naked or sheathed in a gelati-
nous envelope, but a large group of marine and
brackish-water species have an elaborate lorica con-
sisting of siliceous costae united into an elegant bell-
shaped meshwork. The costae are secreted in small
vacuoles and transported to the surface of the cell,
where they become arranged in species-specific pat-

terns (Leadbeater 1994).

The ovoid cell body has a circle of 15-50 micro-
villi or tentacles, forming a funnel surrounding a long
undulating cilium. The microvilli are retractile and
contain actin, and the whole structure is held in shape
by a mucous or fibrillar meshwork (Karpov and
Leadbeater 1998; King 2005). The single cilium (usu-
ally called a flagellum) is usually much longer than
the collar and has a dainty extracellular fibrillar vane
(Leadbeater 2006). The cilium forms sinusoidal waves
travelling towards the tip of the cilium, pumping
water between the microvilli; bacteria and other food
items are retained on the outside of the collar and
become engulfed by pseudopodia formed from the
base of the collar (Leadbeater 1977, 1983a). In pelagic
species, the ciliary activity is also locomotory. The
basal body of the ciliary axoneme is surrounded by an
intricate system of radiating microtubules, and there
is an accessory centriole thatis oriented at right angles
to the basal body in some species (Karpov and
Leadbeater 1997).

Reproduction is by binary fission. Sexual reproduc-
tion has not been observed, but the presence of con-
served meiotic genes indicates that the process has just
gone unnoticed (Carr et 4/. 2010). Also the presence of
a complicated life cycle, with different cell and colony
types in one species, (Leadbeater 1983b) indicates the

Chapter vignette: Sphaeroeca volvox. (Redrawn from Leadbeater 1983b.)
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presence of sexual reproduction. The ploidy level is
unknown.

The sister-group relationship of choanoflagellates
and metazoans is supported by numerous morpho-
logical and molecular analyses, including analyses of
whole genomes (King et 4l. 2008). Many parts of the
molecular machinery involved in multicellularity are
present, but with unknown functions and have
supposedly become co-opted into their cell-cell inter-
actions in the metazoans (King 2004).

Interesting subjects for future research

1. Sexual reproduction
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Early animal vadiation

There have been many ideas about metazoan origin.
Haeckel’s ideas developed in steps during a series of
papers that used slightly varying names for the earli-
est phylogenetic stages, and most of the theories dis-
cussed subsequently were actually proposed in his
early papers (see, for example, Haeckel 1868, 1870,
1873, 1875). Two main types of theories have been
prominent: the colonial theory and the cellularization
theory.

The colonial theory proposes that the first multicel-
lular organism evolved from a colony of cells, derived
from a zygote, which developed cell contacts enabling
exchange of nutrients between the cells and, subse-
quently, specialization of cells. Haeckel (1868) origi-
nally thought that the earliest metazoan ancestor,
Synamoebium, was formed by amoeboid cells that later
became ciliated. The idea of a ciliated hollow blastaea
was proposed later (Haeckel 1875). He mentioned the
colonial flagellates Volvox and Synura as living examples
of organisms showing the same type of organization
(Haeckel 1889). Different authors have mentioned vari-
ous colonial protists as ancestors, but Metschnikoff
(1886) seems to have been the first to discuss a choano-
flagellate origin of the metazoans (in the light of the
newly described Proterospongia). The question moved
out of focus for more than half a century, but Remane
(1963) argued explicitly for a spherical choanoflagellate
colony as an ancestor of the monophyletic Metazoa.

A sister-group relationship between choanoflagel-
lates is supported both by the detailed similarity
between choanoflagellates and the choanocytes of the

‘sponges’ (Fig. 4.1), and with several newer molecular
phylogenies (Chapter 3). These results have been
combined and presented in a previous paper (Nielsen
2008), and will be the backbone of the phylogeny
explained below and in the following chapters.

The alternative ‘cellularization’ theories, which
derive a turbellariform-metazoan ancestor through
compartmentalization of a ciliate, or a ciliate-like
organism (see e.g. Hadzi 1953; Steinbock 1963), is
now only of historical interest.

Recent molecular studies (for example, Sperling
et al. 2007, 2009; Peterson et al. 2008), and a few
morphological studies (Cavalier-Smith ez al. 1996;
Borchiellini et 4l. 2001) have cast doubt about the
monophyly of the Porifera, and indicated a phylogeny
like that shown in Fig. 4.2 (Nielsen 2008). This evolu-
tionary scenario is based on a combination of molecu-
lar data and studies on embryology and ultrastructure,
combined with considerations of the possible adaptive
value of each of the proposed evolutionary steps. The
scenario is in full accordance with the phylogeny
inferred by Degnan ez al. (2009), based on transcrip-
tion factors of the choanoflagellate Monosiga, the sili-
ceous sponge Amphimedon, Trichoplax, cnidarians
(Nematostella, Hydra), and bilaterians, and with the
whole-genome studies of Srivastava et a/. (2008, 2010),
based on Newurospora, Monosiga, Amphimedon, Trichoplac,
Nematostella, Hydra, and a number of bilaterians.
However, it is not in agreement with the numerous
studies based on ribosomal genes or various collections

of other smaller genes—but the very incongruent
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Figure 4.1. SEM of a choanoflagellate and collar chambers of two types of ‘sponges’. (A) A solitary stage of the choanoflagellate
Salpingoeca sp. (courtesy of Drs M.J. Dayel and N. King, University of California, Berkeley, CA, USA.) (B) The demosponge
Callyspongia diffusa (courtesy of Dr LS. Johnston, Bethel College, MI, USA; see Johnston and Hildemann 1982). (C) The calcar-

ean Sycon sp. (Friday Harbor Laboratories, WA, USA, July 1988.)

topologies presented by these papers indicate that
these genes are not sufficiently informative for resolv-
ing the deep-branching pattern of the metazoans. A
further reason for this is that the taxon sampling has
only recently begun to include ‘sponges’ other than
demosponges.

The ancestral metazoan was probably a choano-
blastaca (Fig. 4.3; see also Chapter 2 and Nielsen
2008), which had developed so close cell contacts that
nutrients could be exchanged between cells; this made
specialization of cells possible, because not all cells
had to feed. It probably had a life cycle with sexual
reproduction and haploid eggs and sperm, characteris-
tic of the living metazoans. Sexual reproduction origi-
nated at an early step in the evolution of eukaryotes
(Dacks and Roger 1999), but it could of course have
been lost in the choanoflagellates.

The new understanding of the early metazoan
radiation with a paraphyletic Porifera implies that the
life cycle found in the sponge grade, with a ciliated

free-swimming larva and a sessile adult form with a
water-canal system and choanocyte chambers, was
ancestral. The evolution of this type of organization is
visualized in Fig. 4.3.

A choanoblastaea lineage developed a number of
internalized cells (the ‘advanced choanoblastaea’), and
established a polarity with special cells without collars
at the anterior pole. These cells were used in settling,
and the choanocytes of the benthic stage became
arranged in a longitudinal groove, which established a
common water current along the groove, enhancing
the current and preventing recirculation of already
processed water. This ‘ancestral sponge’ retained the
pelagic stage as a dispersal larval stage, and a pelago-
benthic life cycle had become established. The groove
with the vulnerable choanocytes became protected by
overarching from the lateral cells so that a tubular
‘choanocyte chamber’ was formed, further enhancing
the water currents (‘the primitive sponge’). This is an
organization resembling the living calcareans of the
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Figure 4.2. Origin and early evolution of the Metazoa. (Modified from Nielsen 2008.)

Ascon-type (see Chapter 7), except that it had no
skeleton. This form could grow to a larger size by
organizing the layer of choanocytes into numerous
separate choanocyte chambers, and the larger size
made it possible to invest more yolk in the eggs, so
that development could become lecithotrophic. These
non-feeding larvae abandoned the external choano-
cytes with the undulatory cilium, but developed a new

type of locomotory cilium, the effective-stroke cilium.
This type of cilia has a long, more or less organized
root (Woollacott and Pinto 1995; Fig. 6.1), and shows
coordinated movements between neighbouring cells,
creating characteristic metachronal waves (Fig. 2.1).
This is the life cycle seen in most living ‘sponges’.
Two lineages can be recognized from the ancestral
sponge: one lineage leading to the Silicea, which
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Figure 4.3 A,B. The evolutionary scenario (see text). The water currents are indicated with blue arrows, the basement mem-
brane is red, and the nervous cells green. The muscle cells of the gastraea have been omitted for clarity. See Colour Plate 1.

developed assiliceous skeleton (Chapter 5); and another The Proepitheliozoa (Homoscleromorpha + Eume-
lineage leading to the FEuradiculata (Calcarea + tazoa) developed collagen IV in the basal membrane, and
Proepitheliozoa; Chapter 6) that developed cross- the first stages of occluding junctions became established.
striated ciliary roots in the epithelium-like outer cell One lineage led to the Homoscleromorpha (Chapter 9),
layer of the larvae (Fig. 6.1). The Calcareans devel-  which remained at this stage. The other lineage led to the
oped calcareous spicules (Chapter 7). Eumetazoa, which will be discussed in Chapter 10.
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Phylum Silicea

The Silicea (Demospongiae + Hexactinellida) is a phy-
lum of sessile, aquatic metazoans; about 4800 living
species are recognized. Sterols characteristic of demo-
sponges have been found in Late Precambrian
(Cryogenian) deposits (Love et a/. 2009), but fossil spi-
cules from both groups first appear in the Lower
Cambrian (Brasier er al. 1997; Sperling et al. 2010).
The ‘sponge grade’ of organization, seen in Silicea,
(Chapter 7),
(Chapter ¢), with a water-canal system and collar

Calcarea and Homoscleromorpha
chambers with particle-collecting collared cells trans-
porting water through the body, but with neither
mouth nor anus, has traditionally been interpreted as
an apomorphy of a monophyletic Porifera. Recent
molecular studies combined with studies on ultrastruc-
ture and biochemistry indicate that the three groups
are separate clades, with the eumetazoans as an ingroup
of a paraphyletic Porifera (Nielsen 2008; Peterson et al.
2008). However, some molecular studies still regard a
monophyletic Porifera as a probable model (Philippe
et al. 2009). The microscopic anatomy is reviewed by
Harrison and de Vos (1991), with the three phyla
treated together. The concept of a ‘diploblast’ clade of
sponges, Tiichoplax, ctenophores, and cnidarians
(Schierwater et al. 2009) is refuted by the whole-
genome study of Amphimedon (Srivastava et al. 2010),
which shows a phylogeny like that in Fig. 4.2 (although

only one sponge and no ctenophore is included).

Demospongiae and Hexactinellida are structurally
rather different, but their sister-group relationship is
strongly supported by molecular phylogeny (Sperling
et al. 2009). They will be described separately below.

The cells of adult demosponges belong to several
types, such as choanocytes, myocytes, sclerocytes,
porocytes, archaeocytes, and spongocytes, but con-
trary to the non-reversible differentiation of almost all
cell types in the eumetazoans, some cell types in dem-
osponges are able to de-differentiate and subsequently
re-differentiate into other types; this is well estab-
lished, for example, from choanocytes that can de-
differentiate and become oocytes or spermatocytes.
Other cell types become amoeboid if the sponge is
dissociated, and the cells move around and rearrange
into a new sponge; however, such cells may re-
differentiate into their original type (Simpson 1984).
The ciliated outer cells of some larvae are able to dif-
ferentiate to all cell types in a whole adult (Ereskovsky
et al. 2007).

The body of the sponge is covered by the pinaco-
derm, an epithelium-like layer of cells (see discussion
in Chapter 2) that is not connected by structurally
well-defined, occluding cell junctions, although some
eumetazoan cell-junction proteins have been found
(Adell et al. 2004). Cell junctions of various other types
have been reported, and some junctions are character-

ized as tight (Leys et al. 2009). It appears that the

Chapter vignette: Euplectella aspergillum. (Redrawn from Schulze 1887.)



pinacoderm exerts some control of the extracellular
fluids, and the freshwater sponge Spongilla has very
close contacts between the cells, perhaps with cell-
membrane fusion, so that the pinacoderm can control
the transport of ions (Adams et 4/. 2010). It was further
observed that an electric potential was maintained
across the pinacoderm, but also that this potential was
not calcium dependent, as that of the eumetazoans,
which indicates a different mechanism. It remains to
be seen whether this is a mechanism common to all
siliceans, or even to all ‘sponges’. A basal membrane
has not been reported. Some freshwater sponges show
scattered cilia on the pinacoderm. Their function and
structure are unknown (Leys et 4/ 2009). Contractile
cells—myocytes—contain actin filaments, and their
contraction can change the shape of areas of the
sponge (Elliott and Leys 2007); myosin has been iso-
lated from Halichondria (Kanzawa et al. 1995).

The middle layer of cells, mesohyl, consists of sev-
eral cell types embedded in a matrix secreted by the
spongocytes. Sclerocytes secrete siliceous spicules
already in the larvae, each spicule being secreted in a
small vacuole (Leys 2003). The spicules are embedded
in an organic skeleton of the demosponge-specific
spongin (Aouacheria et al. 2006). A few types, for
example Halisarca, are completely devoid of a skeleton
(Bergquist and Cook 2002). The calcareous sphero-
lites of the ‘stromatoporid’ Astrosclera are formed by
use of enzymes from digested bacteria and are not
endogenous as in the calcareans (Jackson ez 4/. 2010).

The choanocytes show a collar complex consisting
of a narrow tubular collar of microvilli surrounding an
undulatory cilium (Fig. 4.1B) (Gonobobleva and
Maldonado 2009). The choanocyte collars consist of
about 20—40 long microvilli, the whole structure being
stabilized by a fine glycocalyx meshwork; the micro-
villi contain a core of actin (in Ephydatia; personal
communication, Dr S. P. Leys, University of Alberta).
The collar surrounds a long cilium, which in some
species has an accessory centriole at the base, but
which always lacks a long striated root; Halisarca has
small rootlets spreading over the apical part of the
nucleus (Gonobobleva and Maldonado 2009). An
extracellular structure in the shape of a pair of lateral
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wings forming a fibrillar vane on the basal portion of
the cilium has been reported in some species
(Weissenfels 1992). The undulatory movements of the
cilium propel water away from the cell body, thus cre-
ating a current between the microvilli into the collar
and away from the cell. The general orientation of the
collared units in the collared chambers and their water
currents create a flow of water through the sponge.
Particles are captured almost exclusively by the col-
lars. Captured particles become ingested by pseu-
dopodia formed from an area around the funnel
(Langenbruch 1985). Captured particles may be passed
to archaeocytes, which transport the nutrients through
the body (Leys and Reiswig 1998). The Cladorhizidae
lack choanocytes and trap small crustaceans from the
passing water currents, but their digestion is not extra-
cellular, with secreted digestive enzymes like that of
the eumetazoans (Vacelet and Duport 2004).

Nerve cells conducting electrical impulses and gap
junctions have not been observed, but demosponges
are clearly able to react to stimuli (Leys and Meech
2006; Tompkins-MacDonald ez 4. 2010). The conduc-
tion of the stimuli is presumed to be through small
molecules. Acetylcholine and cholinesterase have been
reported, with the cholinesterase restricted to the
myocytes (Bergquist 1978; Horiuchi ez 4l. 2003), but
there is no evidence that they are involved in cell com-
munication, and similar molecules are also found in
plants (Mackie 1990). It appears that the myocytes
form a network of contractile cells that can conduct
stimuli and thereby coordinate, for example, rhythmic
activity (Reiswig 1971).

The sexual reproduction of demosponges has been
studied in a number of species (review in Ereskovsky
2010). Sperm and eggs develop from archaeocytes or
choanocytes, which lose their cilium and collar. In
some species, single choanocytes move away from the
choanocyte chamber and differentiate into spermato-
cysts with spermatogonia, whereas in other species
whole choanocyte chambers differentiate into sper-
matocysts. The spermatozoa have the elements of a
typical metazoan spermatozoon but without an organ-
ized acrosome; some species have ‘proacrosomal vesi-
cles’ (Maldonado and Riesgo 2009). The sperm is shed
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into the exhalant channels and expelled from the
sponge. Most species have brood protection, but some
species shed the eggs freely, and fertilization takes
place in the water (Maldonado and Riesgo 2009).
Cleavage is total and the 2- and 4-cell stages show the
polar bodies situated at the periphery (Maldonado and
Riesgo 2009). The early development shows consider-
able variation between species. The developing
embryo is surrounded by a thin follicle of flattened
cells. After various types of cell rearrangement, the
larvae have an outer cell layer, which consists of mono-
ciliate cells, except at the anterior and posterior poles,
where the cells are naked. In some species, the poste-
rior zone of ciliated cells forms a ring of compound
cilia. In Haliclona and Amphimedon, these cilia are light
sensitive and change their position when stimulated,
thereby changing the direction of swimming (Leys
and Degnan 2001). Some species show a gastrulation-
like invagination, but this process does not lead to the
formation of an endodermal gut, so it would be best to
avoid the term ‘gastrulation’ (Ereskovsky and Dondua
2006). The larvae swim for a short period and their
cilia show the effective-stroke-beating pattern charac-
teristic of all planktonic larvae, with conspicuous meta-
chronal waves (Fig. 2.1). The cilia lack the accessory
centriole in some species, whereas others have it; long
root structures are present, but they show considera-
ble variation and are not striated (Woollacott and
Pinto 1995; Gonobobleva and Maldonado 2009).
Gonobobleva (2007) reported a short striated root in
an early stage of a Halisarca larva, but the later stages
appeared unstriated. The larva of the carnivorous
Asbestopluma shows multiciliated cells with weakly stri-
ated ciliary roots (Riesgo et 4/. 2007), but with a much
finer periodicity than that found in calcarean and
eumetazoan ciliary roots. The larvae have a clear
polarity, but the anterior pole is devoid of a ciliated
sensory organ. Some of the inner cells secrete spicules,
and small choanocyte chambers develop precociously
in freshwater sponges. The larvae settle with the ante-
rior pole, the ciliated cells resorb the cilia and migrate
to the inner of the body or are discarded. The choano-
cytes differentiate from these cells in some species, but
from archaeocytes in other species.

Asexual reproduction through budding, fission,
and the special resting stages called gemmulae are
important in the life cycles of several species.

The structure of hexactinellids is thoroughly
reviewed in Leys ez al. (2007). It consists of a syncytial
trabecular tissue, which covers the outer surface of the
sponge, forming the main bulk of the inner tissue,
secreting the spicules, and carrying the choanosyncy-
tium, a term that may be misleading because new
investigations indicate thatitactually consists of highly
branched mononucleate cells. The spicules consist of
silica and may be loose and form a rather elastic struc-
ture (Euplectelln), or more or less fused, forming a very
compact and hard skeleton (Aphrocallistes). Collared
units rise from a fine reticular choanosyncytium and
protrude through openings in an overlying, more
robust meshwork formed by the trabecular tissue (the
meshwork is absent in Dactylocalyx). The cilia have a
well-developed fibrillar vane; accessory centriole and
roots are absent. The microvilli of the collar are con-
nected by fine transverse fibrils, possibly of glycopro-
teins. The small cytoplasmic masses that bear a collared
unit (collar bodies) lack nuclei and are isolated from
the common syncytium by peculiar intracellular plugs
(perforate septal partitions) (absent in Dactylocalyx). It
appears that the collared units together with their
basal cytoplasmic masses degenerate periodically and
become replaced through budding from the choano-
syncytium. Septate junctions occur between the collar
bodies and the adjacent trabecular tissue. Nerve cells
have not been observed, but electrical impulses travel
along the syncytia, and these impulses arrest the activ-
ity of the cilia.

Reproduction and larval development have only
been studied in detail in the cave-dwelling Oopsacus
(Boury-Esnault et al. 1999; Leys et al. 2006). Sperm
develops from groups of archaeocytes, but free sperm
has not been described (Leys et a/. 2007). The first five
cleavages are total and almost equal, so that a coelo-
blastula is formed. The following cleavages result in
an outer layer of cells of various sizes, and an inner
layer of large yolk-filled cells. Some cells fuse to form
the outer layer, and the inner cells fuse to form the

trabecular tissue. The larvae have unciliated anterior and



posterior poles, and a median zone with multiciliate
cells covered by a thin layer of outer cells perforated
by the cilia. The interior cell mass comprises a special
larval type of siliceous spicules and choanocyte cham-
bers resembling those of the adults, but lacking the
trabecular tissue. The metamorphosis has not been
studied.

There are many detailed similarities between the
ciliary apparatus of choanoflagellates and choanocytes
(Fig. 4.1) (Maldonado 2004), and the morphology of
the silicean sponge with a canal system with choano-
cytes with intracellular digestion is characteristic of
the ‘sponge grade’ of organization. The lack of striated
ciliary roots and recent molecular studies indicate a
sister-group relationship with the remaining metazo-
ans, i.e. the Euradiculata (Chapter 6).

Interesting subjects for future research

1. Metamorphosis of hexactinellids
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EURADICULATA

This clade, which consists of Calcarea and
Proepitheliozoa, is indicated in the phylogenetic dia-
gram in Nielsen (2008, Fig. 3), but without a name and
without an apomorphy. The same sister-group relation-
ship has been indicated by some molecular studies
(Sperling et al. 2007, 2009, 2010; Peterson et al. 2008).
Before  the of the

Homoscleromorpha was realized, a sister-group rela-

phylogenetic  importance
tionship between Calcarea and Eumetazoa had been
suggested by several molecular studies (for example,
Cavalier-Smith ez al. 1996; Zrzavy et al. 1998; Borchiellini
et al. 2001; Manuel et al. 2003). The clade is not sup-
ported by many morphological characters, but the char-
acteristic, cross-striated ciliary root seen in all the ciliated
cells of the larvae of calcareans and homoscleromorphs,
and in monociliated epithelial eumetazoan cells in gen-
eral (Fig. 6.1), is used to name the group. The adaptive
value of this character could be a more stable attach-
ment and orientation of the effective-stroke cilia.
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Figure 6.1. Transmission electron microscopy of ciliary basal structures. (A) and (B) Choanoflagellate and choanocyte. (A)
Choanoflagellate Monosiga. (Courtesy of Drs S. Karpov and B.S.C. Leadbeater, University of Birmingham.) (B) Choanocyte of
the homoscleromorph Corticium. (Courtesy of Dr N. Boury-Esnault, Museum National d’Histoire Naturelle, Paris; see also
Boury-Esnault ez 4l. 1984.) (C-G) Ciliated cells of larvae. (C) Larval Silicea: Aplysilla. (Courtesy of Dr R.M. Woollacott; see also
Woollacott and Pinto 1995.) (D) Larval Calcarea: Leucosolenia. (Courtesy of Dr S. Amano, Kanazawa University; see also Amano
and Hori 2001.) (E) Larval Homoscleromorpha: Plakina. (Courtesy of Dr A. Ereskovsky, University of St Petersburg; see also
Boury-Esnault et 4l. 2003.) (F) Adult Trichoplax. (Modified from Ruthmann er al. 1986.) (G) Larval Cnidaria: Nematostella.
(Courtesy of Drs Y. Kraus and U. Technau, University of Vienna.)
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Phylum Calcarea

The Calcarea is a small phylum of marine ‘sponges’,
easily identified by their calcareous spicules. About
400 living species are recognized. The fossil record is
problematic, but fossils presumed to belong to the
Calcarea are known from the Lower Cambrian
(Ediacaran) (Pickett 2002). The monophyly of the
phylum seems unquestioned. Two classes are recog-
nized: Calcinea and Calcaronea, which show differ-
ences both in adult morphology and in embryology
(Ereskovsky and Willenz 2008).

The very uncomplicated structure of genera such
as Leucosolenia, called the Ascon type, was used for dec-
ades as the starting point for descriptions of sponge
evolution. It consists of branched tubes with an inner
layer of choanocytes, an outer layer of pinacocytes,
and a thin mesohyl with sclerocytes. The Sycon type
has a central excurrent chamber with the choanocytes
arranged in peripheral pockets. The Leucon type has
the most complex morphology, with the choanocytes
arranged in choanocyte chambers with branched
incurrent and excurrent canals. However, this sim-
ple scheme does not reflect calcarean phylogeny
(Dohrmann et al. 2006; Manuel 2006).

The pinacoderm covers the outside, and the incur-
rent and excurrent canals. The cells are in close appo-
sition, and the structures are interpreted as sealing
junctions (Eerkes-Medrano and Leys 2006). A loose

collagenous mesohyl contains amoeboid cells and

sclerocytes. The spicules are single crystals (or groups
of crystals) of calcium/magnesium carbonate formed
in an extracellular space lined by sclerocytes connected
by septate junctions (Ledger and Jones 1977; Sethmann
and Worheide 2008). The choanocytes (Fig. 4.1) have
a long undulatory cilium; a fibrillar vane was reported
by Afzelius (1961) but has not been seen in later stud-
ies (Eerkes-Medrano and Leys 2006). The basal body
shows small feet but lacks an accessory centriole and
roots. There are varying types of fine connections
between the microvilli (Eerkes-Medrano and Leys
2006). Choanocytes are tightly arranged with some
cell junctions of uncertain type (Eerkes-Medrano and
Leys 2006). The choanocytes create a water current
through the sponge, and particles are captured from
this current, mostly by lamellipodia from the apical
surface of the choanocytes, but also some by the
microvilli of the collar (Leys and Eerkes-Medrano
2006).

Spermatogonia differentiate from choanocytes, but
spermiogenesis is still poorly known (Lanna and
Klautau 2010). An unciliated sperm cell was described
by Anakina and Drozdov (2001) and Lanna and
Klautau (2010), but this has to be reinvestigated. The
sperm is shed freely and fertilization is internal.

Calcarean embryology was studied in detail
before 1800, and the embryology of Sycon (Fig. 7.1),

order Calcaronea, has been used as the textbook

Chapter vignette: Sycon ciliatum. (Drawn by Stine Elle.)
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example of sponge embryology until recently
(review in Ereskovsky 2010). More recent studies
have generally confirmed the old observations. The
oocytes differentiate from choanocytes, and early
oocytes can be recognized at the base of the cho-
anocyte layer at the excurrent opening of the
choanocyte chamber (Lanna and Klautau 2010).
The future main axis of the larva is perpendicular
to the choanocyte layer, with the anterior pole in
contact with the choanocyte layer; the polar bodies
are given off at the equator. Sperm becomes trapped
by a choanocyte, which sheds the collar and cilium
and becomes a carrier cell, which transports the
sperm head to an egg. Cleavage leads to the forma-
tion of a coeloblastula with non-ciliated cells at the
pole facing the maternal choanocytes and mono-
ciliated cells on the opposite half, with the cilia at
the interior side of the sphere. An opening forms at
the unciliated pole and the blastula turns inside
out. The embryo is now an ‘amphiblastula’. This
developmental type seems characteristic of the
group Calcaronea, whereas the Calcinea have a
more usual embryology, with direct development of
a coeloblastula, which may have modified maternal

choanocytes in the blastocoel. The fully developed
larvae break through the choanocyte layer and
escape through the excurrent canals. Their cilia
beat with the normal effective stroke, and have an
accessory centriole and a long striated ciliary root
(Woollacott and Pinto 1996; Amano and Hori
2001) (Fig. 6.1). The larva of Sycon has a group of
unciliated cells at the posterior pole, whereas that
of Leucosolenia has unciliated cells scattered between
the ciliated cells. The larvae settle after a shorter or
longer free life by the ciliated anterior pole, or a
more lateral area (in Sycon), or with a more unspeci-
fied area (in Leucosolenia). The gastrulation-like
invagination of the ciliated cells reported by
Haeckel (1872) is seen just before the settling (Leys
and Eerkes-Medrano 2005). In Sycon and Leucandra,
the cells reorganize so that the compact juvenile
consists of a central mass of cells, with remains of
ciliary roots surrounded by pinacocytes with an
ultrastructure resembling that of the inner or gran-
ular cells of the larvae. The origin of the mesohyl
with sclerocytes has not been demonstrated.

The calcareous sponges are obviously a mono-

phyletic group at the ‘sponge grade’ of organization.

G

Figure 7.1. Embryology of the calcarean sponge Sycon ciliatum; transverse sections; the upper sides are facing the collar cham-
ber. (A) Fertilization with the sperm cell still inside the carrier cell (above). (B) The 8-cell stage. (C) Young blastula. (D) Blastula
with cilia on the inside. (E) Inversion of the blastula that brings the cilia to the outer side of the larva. (F) Amphiblastula, the cili-
ated half of the larva now bulges into the collar chamber. (G) Free-swimming larva. (Modified from Franzen 1988.)



Both molecular phylogeny and morphological studies
emphasizing the presence of striated roots of the
larval cilia indicate that Calcarea is the sister group of
the Eumetazoa (when Homoscleromorpha is not
included in the study) (Cavalier-Smith ez 4l 1996;
Borchiellini ez al. 2001) or of the Proepitheliozoa
(Homoscleromorpha + Eumetazoa) (Nielsen 2008;
Peterson et al. 2008; Sperling et al. 2009).

Interesting subjects for future research

I. Spermiogenesis and sperm
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PROEPITHELIOZOA

All ‘sponges’ have epithelia-like cell layers that have
joined cells with parallel orientation (Leys ez 4l. 2009),
but the homoscleromorphs have a basal membrane
with collagen IV, like that found in the eumetazoans,
and the name Proepitheliozoa was introduced for this
clade by Nielsen (2008). The same clade was called
Epitheliozoa by Sperling ez al. (2009). The silicean
Amphimedon has most of the genes that are involved in
organizing the epithelia of the eumetazoans (Leys
et al. 2000; Srivastava et al. 2010), but the epithelium
making extracellular digestion possible is nevertheless
absent in the ‘sponges’.

Homoscleromorphs have sperm with an acrosome
(Baccetti et al. 1986). This could be a further apo-
morphy of the Proepitheliozoa, but the cnidarians
have an acrosomal vesicle instead of an acrosome
(Chapter 13).

Homoscleromorphs and eumetazoans share an
astonishing number of cell-signalling and adhesion
genes (Nichols ez al. 2006), but a number of these

genes occur in other ‘sponges’ too.

Collagen IV probably adds stability to the various
cell layers.

The morphological support for this clade is weak,
so more studies are much needed.
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Phylum Homoscleromorpha

This small phylum, containing about 6o living species
of marine ‘sponges’, has until recently been placed
within the Demospongiae, but both morphological
and molecular studies now indicate that it is a separate
phylum, the sister group of the eumetazoans, although
some studies indicate the traditional monophyletic
Porifera (Philippe er a/. 2009; Pick et al. 2010). The
plakinids have siliceous spicules, the diagnostic type
being the calthrop tetractine, whereas the oscarellids
lack a skeleton (Muricy and Diaz 2002). Oscarella is
now especially well studied (Ereskovsky ez a/. 2009).
The fossil record is somewhat uncertain, but the earli-
est forms are probably carboniferous.

The general organization of the homoscleromorph
body is of the ‘sponge’ type, and some of the species
are difficult to distinguish from demosponges unless
the spicules are studied. The pinacoderm consists of
rather flat monociliate cells with specialized cell junc-
tions (Boury-Esnault et a/. 1984; Ereskovsky and
Tokina 2007). The cilia have an accessory centriole,
but a root system has not been reported. Both pinaco-
derm and choanoderm are lined by a basal membrane
with collagen IV (Boute er 4l. 1996; Leys and
Ereskovsky 2006). Sclerocytes in the pinacoderm and
in the mesohyl secrete intracellular siliceous spicules
with an axial filament (Maldonado and Riesgo 2007).

The choanocytes have a collar of microvilli and a long

undulatory cilium with an accessory centriole but no
ciliary roots (Boury-Esnault et 4/. 1984) (Fig. 6.1).
The sexual reproduction of the homosclero-
morphs has been reviewed by Ereskovsky (2010).
Spermatogonia develop from choanocytes, with
whole choanocyte chambers differentiating into
spermiocysts. The spermatozoa have an acrosome
(Maldonado and Riesgo 2009). Oocytes are found in
the mesohyl, but they may have originated from cho-
anocytes (Gaino ef al. 1986). Fertilization is internal,
and the embryo becomes surrounded by a follicle of
flattened cells originating from choanocytes.
Cleavage leads to a compact morula, but the cells
later rearrange as a monolayered coeloblastula of
monociliate cells with an accessory centriole and a
long striated root (Fig. 6.1). Desmosome- or septate-
like junctions develop between the apical parts of the
ciliated cells. The basal membrane with collagen IV
is present at this stage. The cells become increasingly
tall and narrow and the larger embryos develop deep
folds (wrinkles). When released, the wrinkles unfold
and the cinctoblastula larva swims for a short period
before settling on the anterior pole. Metamorphosis
is a variable process, which internalizes parts of the
ciliated outer layer into the interior of the body;
other areas differentiate into the pinacoderm. Groups
of internalized cells differentiate into choanocytes;

Chapter vignette: Oscarella lobularis. (Based on various sources.)
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they retain their cilium, but their striated root
disappears.

A large number of cell-signalling and adhesion
genes are common to homoscleromorphs and eumeta-
zoans (Nichols et al. 2006); some of these genes are
absent in Amphimedon (Srivastava et al. 2010), but
these studies are still in their infancy.

The presence of collagen IV in the basal membrane
indicates that the homoscleromorphs are the sister
group of the eumetazoans, and this has found support
from recent molecular studies (Sperling ez al. 2007,
2009, 2010; Peterson ez a/. 2008).

Interesting subjects for future research

1. The genome to search for cell adhesion and
communication genes
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EUMETAZOA (GASTRAEOZOA)

The eumetazoans constitute a very well-defined group
that is now considered monophyletic by almost all
morphologists and most molecular biologists. The
only problematic groups are the Placozoa (Trichoplax)
and the ctenophores. Trichoplax (Chapter 11) has been
much discussed, but both morphological and newer
molecular studies indicate that it is the sister group of
the Neuralia (Cnidaria + Bilateria). It can be inter-
preted as a flattened gastrula with the endoderm func-
tioning both in locomotion and digestion. Its ontogeny
is unfortunately unknown, but its lack of a nervous
system clearly sets it apart from the neuralians. The
ctenophores (Chapter 15) have a mesoderm and a
nervous system, but have nevertheless been placed in
the basal metazoans, or in various other basal positions
in most molecular studies. In the following, eumeta-
zoan characters are discussed in general.

The most conspicuous apomorphy of the eumeta-
zoans is that they consist of characteristic cell layers,
i.e. epithelia, with polarized cells joined together by
cell junctions, such as septate junctions, tight junctions,
and belt-adherens junctions (Magie and Martindale
2008), and special molecules characteristic of sealing
junctions (Leys et al. 2009). They rest on a basal mem-
brane with various structural molecules, such as colla-
gens (especially collagen IV), proteoglycans, and
fibronectins (Tyler 2003). Only the acoels lack a basal
membrane, except perhaps around the statocyst
(Chapter 18). The high integration of the cells enables
development of special tissues, the earliest probably
being the outer ectoderm and the inner endoderm.

The ancestral organism with this organization was

called gastraea by Haeckel (1874; 1875), who empha-
sized that this organization is found in all cnidarians
and in early embryos of many other phyla.

As in the sponges, the ontogeny of the eumetazo-
ans leads from the zygote through various embryo-
logical and larval stages before the adult form is
reached. In species with free spawning, the cleavage
often results in the formation of a sphere of mono- or
multiciliate cells. The sphere may consist of only one
layer of cells surrounding a cavity (a coeloblastula with
the blastocoel), or be compact (a sterroblastula).
Septate and gap junctions develop already after a few
cleavages both in cnidarians and bilaterians (Kraus
and Technau 2006; Burgess 2008).

In species with planktotrophic larvae, the subse-
quent ontogenetic stage is often a gastrula formed
through an invagination of one side of a coeloblastula.
This process leads to differentiation of two areas of
the ciliated epithelium, viz. an outer epithelium (i.e.
ectoderm), which in many species retains the locomo-
tory cilia, and an inner epithelium (i.e. endoderm),
which surrounds the archenteron and becomes the
digestive epithelium. The two cell layers, often called
the primary germ layers, are only connected around
the edge of the blastopore. The blastocoel often
becomes completely obliterated so that the basal
membranes of ectoderm and endoderm become
closely apposed.

The animals of the ‘sponge grade’ of organization
have intracellular digestion and are, therefore, res-
tricted to small food particles, but the evolution
of sealed epithelia and the archenteron made the
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digestion of larger particles in a closed space possible.
The ciliated epithelia with effective-stroke cilia in
both larvae and adults ensures not only efficient swim-
ming, but also other types of movement, such as creep-
ing and burrowing, not seen in the sponges.

Free ciliated gastrulae swim with the apical pole
(i.e. opposite the blastopore) in front. A concentration
of sensory cells with long cilia, the apical organ (Fig.
10.1), can be recognized in almost all free ciliated lar-
vae and is an important marker for the orientation of
the ontogenetic stages. Cnidarian apical organs con-
sist of tall ciliated cells with an FMRFamide-positive
basal plexus (Chapter 13). They generally disappear
at metamorphosis. Spiralian larvae generally have
complicated apical organs, comprising an apical gan-
glion with cilia and paired cerebral ganglia (Chapter
23). The apical ganglion degenerates before or at
metamorphosis, whereas the cerebral ganglia become
the main part of the adult brain (see for example Fig.
27.3). The apical organs of ciliated deuterostome lar-
vae (echinoderms and enteropneusts) comprise a
bilaterally symmetric plexus of serotonergic neurons
that becomes incorporated into the apical region of
the ciliary band (neotroch); they are rather diffuse in
echinoderms but well defined in enteropneusts

(Chapter 60). They are lost at metamorphosis,
together with the ciliary bands.

Both the position of apical organs, with a tuft of
cilia at the pole opposite the blastopore, and the sen-
sory cells involved in metamorphosis indicate homol-
ogy, and fibroblast-growth-factor signalling has been
shown in apical organs of both cnidarians, annelids, sea
urchins, and enteropneusts, where they may be impor-
tant in connection with metamorphosis (Rentsch ez /.
2008). Hadfield er a/. (2000) showed that competent
larvae of the gastropod Phestilla become unable to set-
tle when certain cells in the apical ganglion are ablated.
However, Dunn et a/. (2007) showed that genes NKz.1
and HNF6 together are necessary for the development
of apical tuft cilia in the sea urchin Strongylocentrotus,
whereas this is not the case in the gastropod Haliotis.
This has not been investigated in the cnidarians, so it
may represent a deuterostome specialization. It appears
that apical organs/ganglia are homologous, but some
specializations have evolved in the three main groups.

Adult cnidarians are organized as gastrulae, whereas
the Triploblastica (Ctenophora + Bilateria; Chapter 16)
differentiate further by developing a third cell layer,
i.e. the mesoderm, surrounded by the basal mem-

branes of the two primary cell layers. Archenteron and

Cnidaria: Aiptasia

Entoprocta: Loxosomella

Enteropneusta: Balanoglossus

Figure 1o.1. Median sections of larvae showing the apical organs (dark shadings). Planula larva (gastrula) of the cnidarian
Aiptasia mutabilis. (Modified from Widersten 1968.) Trochophora larva of the entoproct Loxosoma pectinaricola. (After Nielsen
1971.) Tornaria larva of the enteropneust Balanoglossus clavigerus. (Redrawn from Stiasny 1914.)



blastopore directly become gut and mouth in cnidari-
ans and ctenophores, where the mouth simultaneously
functions as the anus. In bilaterians the archenteron
develops into the midgut, and the fate of the blast-
opore varies between the major groups.

The early ontogeny just described is considered
characteristic of all eumetazoans, but in fact there is
enormous variation in both the processes leading from
one stage to the next, and between comparable stages
of different species. Like the blastulae, the gastrulae
may be hollow or solid, and the processes leading to a
two-layered stage with or without an archenteron
show many variations. The inner cell layer, i.e. the
endoderm, may be formed through invagination, dela-
mination, or ingression, or through combinations of
these. It is important to notice, however, that this vari-
ation can be observed within many phyla, and the vari-
ation can even be observed within the major cnidarian
classes (Fig. 13.2). This shows that the developmental
types cannot be used in phylogenetic analyses. The
hollow blastula, and the invagination leading to a gas-
trula with an archenteron, are observed within many
phyla and are presumed to be primitive (see below).

Larval and adult cnidarians and larval stages of
many ‘higher’ metazoans are of a gastrula-like struc-
ture, and this led Haeckel (1874) to propose that all
metazoans had evolved from a two-layered ancestor.
The gastraea theory was seen as a causative explanation
for the similarities in organization and embryology
observed among the metazoans. He included the por-
iferans in his Metazoa or Gastraeozoa, interpreting the
inner cells of the sponges as endoderm, but it is now
generally accepted that the sponges do not have a gut,
and therefore no endoderm (Ereskovsky and Dondua
2006). Haeckel (1875) proposed that the cells of a blas-
taeca became differentiated into two types: anterior,
locomotory, cells and posterior, digesting, cells, and
that the posterior cells then became invaginated to
form an archenteron. The advantage of this organiza-
tion should be that food particles could remain there
for a longer time and be ‘assimilated’ better. The gas-
traea theory has been accepted by very many authors,
and is more or less clearly expressed in most of the
modern textbooks (e.g. Brusca and Brusca 2003;
Westheide and Rieger 2007; Hickman ez al. 2008).
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The alternative ‘planula theories’ actually grew out
of Haeckel’s early papers too (Haeckel 1870, 1873),
the name planula being taken from a hydrozoan larva
described by Dalyell (1847). Haeckel proposed that
the earliest stage in animal phylogeny should have
been synamoeba, a morula-like, spherical organism
consisting of amoeba-like cells, followed by planaea, a
compact, planula-like organism consisting of outer
ciliated cells and inner, non-ciliated cells, and finally
gastraea, the gastrula-like form described above.
Haeckel soon abandoned the planula as a phylogenetic
stage, but the idea was taken up, for example, by
Lankester (1877) and many subsequent authors.

The feeding mode of the planula has usually not
been considered. Metschnikoff (1886) proposed that
particles captured by the outer cells (in some unex-
plained way) should be transported to the inner cells for
digestion, but the origins of the archenteron and the
blastopore were not explained. Willmer (1990, p. 169)
adhered to the planula theory but admitted that ‘It is
not clear how the initial planula stage was supposed to
feed, having no mouth or gut—existing planula larvae
are transient non-feeding stages’. An archenteron with-
out a blastopore appears to have no function, and the
establishing of an archenteron with an ‘occasional’
mouth appears to be without any adaptational advan-
tage. The planula larvae of living organisms are all leci-
thotrophic developmental stages, but the phylogenetic
stage must have been a feeding adult, and its feeding
mode remains unexplained (Nielsen 2009). The planu-
loid-acoeloid theory proposed a gut-less, ciliated organ-
ism (a planula) as the ancestor of the acoel turbellarians,
which should then give rise to the ‘higher’ bilaterians.
The theory was, of course, favoured by proponents of
the cellularization theory, but the origin of the planula
has not been discussed by most of the later authors. The
theory was forcefully promoted by Hyman (1951), and
several authors have followed her (for example, Salvini-
Plawen 1978; Ivanova-Kazas 1987; Willmer 1990; Ax
1995); it is implicit in phylogenetic theories that regard
lecithotrophy as ancestral in the Metazoa (for example,
Rouse 1999; Sly et 4l. 2003). However, as the planula is
apparently unable to feed, it is not a probable metazoan
ancestor. Compact, ciliated, non-planktotrophic devel-

opmental stages are known in many bilaterian phyla,
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but many of these stages are enclosed by a fertilization
membrane, so feeding is excluded, and they probably
represent ontogenetic ‘short cuts’. Direct development
through compact, ciliated larval stages are known, for
example, in echinoids, where all available information
suggests that ancestral development was through an
invagination gastrula to a planktotrophic larva (Nielsen
1998). Similar observations of multiple origins of non-
planktonic larvae have been reported: for example, from
the large gastropod genus Conus (Duda and Palumbi
1999). Platyhelminths superficially resemble planulae,
but it should be stressed that they are in no way ‘primi-
tive’, having, for example, spiral cleavage, multiciliate
cells, and complicated reproductive organs (Chapter
29). Cladistic analyses of morphological characters that
try to deduce the larval type of larger systematic groups
appear problematic because they regard gain and loss of
planktotrophy as equally probable, although there are
numerous examples of loss of planktotrophy within
clades with planktotrophic development, but very few,
if any, well-documented examples of an evolution in the
opposite direction (Nielsen 1998, 2009).

The new concept of early animal evolution, with
the eumetazoans evolving from an organism with a
sponge-grade life cycle (Figs. 4.2 and 4.3), more spe-
cifically a homoscleromorph-like ancestor, must
change the idea about the eumetazoan ancestor. The
evolution of a eumetazoan from a sponge-type, sessile

adult

dissogony in Mnemiopsis

adult that has collar chambers with undulatory cilia
seems highly improbable, whereas the sponge larvae
have an outer, epithelium-like layer of cells with effec-
tive-stroke cilia showing metachronal patterns
(Fig. 2.1), just like many eumetazoan larvae. The
homoscleromorphs have a basal membrane with col-
lagen IV and cell junctions resembling those of the
eubilaterians (Chapter g), and it has been proposed
that the eumetazoans evolved from a larva with these
characteristics (Nielsen 2008). This implies that the
eumetazoans evolved from a larva that became sexu-
ally mature and abandoned the sessile adult stage. An
evolutionary process of this type has not been described
in the literature and will indeed be difficult to demon-
strate. However, one possible way of obtaining this
type of evolution could be through a process indicated
by the development of ctenophores (Chapter 15; Fig.
10.2). The newly hatched juvenile ctenophore is
already sexually mature, and sperm and small eggs are
shed and a normal development follows (the small life
cycle). The gonads of the spent juvenile regress, but
the full-grown stage develop gonads again and a new
reproductive cycle begins (the large life cycle). This
type of ‘double’ life cycle, called dissogony, enables the
evolution of a simple life cycle based on the small life
cycle by abandonment of the large life cycle of the
ancestor, resulting in a sexually mature adult, which is
‘homologous’ to the larva of the ancestor. This is nota

‘truncation’

Figure 10.2. Truncation. The ctenophores show dissogony, i.e. sexual maturity in the newly hatched juveniles and again in the
adult stage. If the adult stage is lost permanently, the juvenile becomes the adult, and this evolutionary type is named

‘truncation’.



case of heterochrony, which denotes gradual changes
in the relative timing of organ development
(Klingenberg 1998). This hypothetical type of evolu-
tion is here named ‘truncation’.

If the eumetazoan ancestor was a homosclero-
morph-like larva, the question of the feeding of the
ancestor becomes the question about the feeding or
non-feeding of this ‘larva’. The larvae of the living
homoscleromorphs are non-feeding, so the earliest
ancestor of the eumetazoans must have been a ‘sponge’
which developed a feeding larva, which could then
become sexually mature—perhaps through trunca-
tion, as described above. The evolution of a feeding
gastraea from the non-feeding homoscleromorph-like
larva is difficult to explain, but some of the homoscle-
romorph embryos form temporary invaginations, and
if one of these (probably at the posterior pole of the

Choanoblastaea
holopelagic;
without gut

Gastroneuron =

Trochaea

Gastraea
holopelagic;
with archenteron
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larva) became permanent, it could ingest cells from
the maternal sponge. Similar ingestion of cells from
the parent is found for example in some annelids and
many gastropod molluscs, where nurse cells/eggs are
engulfed by early embryological stages (Rasmussen
1973; Rivest 1983).

The eumetazoan ancestor was probably planktonic,
but a benthic stage was subsequently added both in the
cnidarians (the sessile polyp) and in the bilaterians,
where the adults show an enormous variation of life
styles. Thus, the addition of a benthic adult stage to an
ancestral holopelagic life cycle happened both at the
origin of the sponge grade, at the origin of the cnidar-
ians (Chapter 13), and (once or twice) at the origin of
the bilaterians (Chapters 16 and 21) (Fig. 10.3).

The organisms of the sponge grade are micropha-
gous, with intracellular digestion of small particles

pelago-benthic; larva lecithotrophic; adult
with water canal system with choanocytes

pelago-benthic; both larva and adult with
archenteron; no particle-collecting ciliary bands

pelago-benthic; planktotrophic trochophora larva; gut with
mouth and anus; blastopore becomes mouth + anus;
downstream-collecting ciliary filter-feeding bands; nervous
system with cerebral ganglia and ventral cords

pelago-benthic; planktotrophic dipleurula larva; gut with
mouth and anus; blastopore becomes anus; upstream-
collecting ciliary filter-feeding bands; morphology of
nervous system unknown

? adult perhaps enteropneust-like

DEUTEROSTOMIA

Figure 10.3. Evolution of pelago-benthic life cycles in the metazoans. (From Nielsen 2009.)
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caught by the choanocytes or other cells in the water
canal system. The evolution of sealed epithelia, which
enable extracellular digestion, made it possible for the
early eumetazoans to capture and digest larger parti-
cles. This seems to be an obvious advantage. The evo-
lution of permanent ciliated epithelia in the adults
made it possible to engage in more active lifestyles,
not only with more efficient swimming but also,
for example, creeping and burrowing, so that new

ecospaces could become inhabited (Xiao and

Laflamme 2008).
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Phylum Placozoa

The phylum Placozoa comprises only one described
species, Trichoplax adbaerens, but genetic studies have
shown that many species that should represent several
genera or families are present (Voigt er al. 2004;
Buchsbaum-Pearse and Voigt 2007; Signorovitch ez al.
2007). The usually 1—2 mm large, rounded, flat organ-
isms creep on algae, and have been recorded from
warm waters from many parts of the world. The
Ediacaran fossil Dickinsonia has recently been inter-
preted as a placozoan, based on the fossil ‘trails’ that
resemble tracks of material digested by Trichoplax
(Sperling and Vinther 2010) (Fig. 11.1).

The microscopic anatomy of Tirichoplax was
reviewed by Grell and Ruthmann (199r1). The flat
body consists of one layer of epithelial cells surround-
ing a rather narrow, flat space containing a mesh-like,
syncytial network of fibre ‘cells’ with actin filaments
(Buchholz and Ruthmann 1995). The epithelial cells
are diploid and the fibre syncytium is tetraploid; the
cells can be dispersed after various treatments and
reaggregate to apparently normal individuals with epi-
thelial cells surrounding a fibre syncytium.

The epithelium of the lower side (facing the sub-
stratum) consists of rather tall ciliated cells and glan-
dular cells. The ciliated cells have one cilium, which
rises from a pit with a ring of supporting rods; the
basal complex comprises a long, cross-striated root,

short lateral rootlets, and a perpendicular accessory

centriole (Fig. 6.1F). The glandular cells are filled with
secretion droplets. The upper epithelium consists of
flat monociliate cells and spectacular cells with refrin-
gent inclusions originating from degenerating cells;
they may function as a protection against predators
(Jackson and Buss 2009). The epithelial cells are con-
nected by belt desmosomes and by what look like sep-
tate desmosomes. A basal membrane appears to be
lacking (Schierwater et a/. 2009), but Srivastava et al.
(2008) found several genes coding for extracellular-
matrix proteins—for example collagen IV—and it was
suggested that the matrix is present but in a form that
has not been seen with the methods used so far.

Figure 11.1. Tirichoplax in front of its feeding trail (the light
grey area). The animal is 2-3 mm long. Photo courtesy of

Dr Jakob Vinther (Yale University).

Chapter vignette: Trichoplax adbaerens. (Based on Rassat and Ruthmann 1979.)
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Some cells situated near the margin of the body
contain RFamide (Schuchert 1993), which is charac-
teristic of nerve cells in eumetazoans (Chapter 12), but
the cells have not been identified by transmission elec-
tron microscopy. A PaxB gene is expressed in the same
region; it appears to be basal to a number of Pax genes
and indicates the position of Trichoplax as sister group
to the neuralians (Hadrys ez 4/. 2005). Cells with Hox/
Parahox gene activity, regulating growth and fission,
are located around the periphery (Jakob et 4. 2004).

Extensions from the fibre syncytium are here and
there connected by small disc-shaped, osmiophilic
structures that may be temporary, but which in some
cases appear to be intracellular plugs surrounded by
the cell membrane.

Trichoplax feeds on the microbial mat of the sub-
stratum (Sperling and Vinther 2010), but larger organ-
isms may be ingested too. The microbial mat is
digested extracellularly (see Fig. 11.1) by the lower
epithelium, where indications of endocytosis are seen
in the ciliated cells. Other food items may be trans-
ported to the upper side by the cilia and through the
epithelium to the fibre cells, where digestion occurs.

Asexual reproduction is by fission, or by formation
of spherical swarmers from the upper side. The swarm-
ers are surrounded by cells resembling the upper epi-
thelium and have a central cavity lined by cells
resembling the lower cells; fibre cells occur between
the two layers of ciliated cells. The spheres open at
one side and stretch out so that the normal upper and
lower epithelia become established.

Knowledge of sexual reproduction is very incom-
plete. In cultures, one or a few large eggs have been
observed to develop in each animal; they differenti-
ated from a cell of the lower epithelium and became
surrounded by a layer of fibre cells functioning as
nurse cells. Meiosis and spermatozoa have not been
observed. Some of the egg cells formed a fertilization
membrane and started dividing, but the embryos soon
degenerated (Grell 1972; Grell and Benwitz 1974).

Analyses of morphological characters and combined
analyses have in several cases placed Tiichoplax as the
sister group of the neuralians (Nielsen ez al 1996;
Zrzavy et al. 1998). Analyses of whole genomes show

Trichoplax between ‘sponges’ (the silicean Amphimedon)
and Eumetazoa (Srivastava et 4l. 2008, 2010). Analyses
of nuclear housekeeping genes of a large set of basal
animal groups show it as a sister group of the eumeta-
zoans, with the homoscleromorphs as the first out-
group (Sperling ez 4l. 2009), in full agreement with the
phylogeny proposed here (see Fig. 4.2 and 4.3). Other
analyses, mostly with emphasis on bilaterians, show
Trichoplax in various positions, for example as sister
group to a monophyletic ‘Diploblastica’ (Porifera +
Cnidaria) (Signorovitch er al. 2007), ‘between’
Demospongia and Homoscleromorpha (Hejnol ez al.
2000), as sister group to the Bilateria (Pick et 4/. 2010)
and as basal to all other metazoans (Dellaporta et 4.
2006). None of these hypotheses have been discussed
in relation to morphology. The Trichoplax genome
shows several remarkable similarities with the human
genome and must be regarded as highly conserved
(Srivastava et al. 2008). The position of Trichoplax as the
sister group of the Neuralia is shown in the whole-
genome analyses (Srivastava ef al. 2008, 2010).

The combination of morphological characters,
especially the sealed epithelium enabling extracellular
digestion and the lack of any nervous structures, and
the molecular data strongly indicates the position of
Placozoa as the sister group of the Neuralia (Fig. 4.2).

The body plan of Trichoplax has been interpreted in
two ways: either as an unfolded gastrula, i.e. as a special-
ized gastraea, or as a two-layered organism, called plakula,
which should have given rise to the other eumetazoans
through invagination (Biitschli 1884). Both interpreta-
tions homologize the special cells of the periphery with
the blastopore region of the gastraea, and are in accord-
ance with the phylogenetic position favoured here, and
because a gastrula stage is observed in so many eumeta-
zoan/neuralian phyla, I prefer the first-mentioned theory.
Information about the embryology of Tiichoplax may
throw further light on this question.

Interesting subjects for future research

1. Sexual reproduction (spermatozoa, cleavage, cell
differentiation, larva)
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NEURALIA

The most conspicuous apomorphy of the Neuralia
(Cnidaria + Ctenophora + Bilateria; see Nielsen 2008)
is the presence of specialized communication cells,
neurons with axons, signal propagation via action
potentials using Na*/K* channels, electrical synapses
(gap junctions), and chemical synapses with various
neurotransmitters (Marlow ez 4l. 2009; Watanabe et 4.
2000; Nickel 2010). Further apomorphies include the
presence of special sensory cells, often organized in
sensory organs, and special muscle cells, which are
innervated and which make it possible for the animal
to perform more complex movements. Trichoplax
(Chapter 11) has contractile elements in the inner syn-
cytial meshwork, but special nervous, sensory, or mus-
cle cells are not found.

Unicellular organisms are of course sensory cells
and effector cells at the same time, and this type of cell
is found in some silicean larvae (Chapter §) and in
cubozoan larvae (Chapter 13). In a few cases, the two
functions are separated in two cells. In the tentacle
epidermis of the sea anemone Aiptasia, ciliated sensory
cells communicate directly with a muscle cell (Westfall
et al. 2002). In the eye-prototroch system of the larvae
of the annelid Platynereis, an extension from the pho-
toreceptor cell directly contacts two of the prototroch
cells and can alter their ciliary beat (Jékely ez 4. 2008).
However, the normal organization is a sensory cell,
one or more nerve cells, and the effector organ.

The origin of special nerve cells has been discussed
in several recent reviews (Galliot ez a/. 2009; Ryan and
Grant 2009; Watanabe et 4/. 2009; Nickel 2010). Much

of the genetic circuitry expressed in neuronal cells has
been observed in various sponges, and some even in
choanoflagellates and other unicellular organisms
(Galliot et al. 2009; Ryan and Grant 2009; Tompkins-
MacDonald et 4l. 2010). Action potentials have long
been known to occur in ‘protozoans’, such as ciliates
(Schwab et 4l. 2008), so most of the building blocks for
the construction of a nervous system were present
before the actual structure became established.

Cells in non-neuralian organisms are able to com-
municate via a large number of cell-signalling mole-
cules (Nichols ez al. 2006), but neurons and synapses
are present only in the neuralians. There are various
ideas about the evolution of the neurons, but the ‘clas-
sical’ theory of Mackie (1970; see also Nickel 2010),
still seems to be the most preferred one. It explains
both the origin of neurons, and of myocytes, through
specialization of sensory myoepithelial cells, like those
seen in many living cnidarians (Lichtneckert and
Reichert 2007). For the cell to become a muscle cell it
sinks in from the epithelium and loses the sensory
function, but retains connection with a neighbouring
sensory cell. Further internalization can then result in
the evolution of a primitive neuron, which is a cell spe-
cialized for transmitting information from a sensory
cell to an effector cell.

Gap junctions are specialized contacts between
cell membranes that permit transport of small mole-
cules and direct conduction of action potentials with-
out a synapse between neighbouring cells. Each gap
junction consists of six protein molecules arranged in



a ring in each cell membrane, together forming an
intercellular channel that can be opened and closed
(Hertzberg 1985). The proteins are ‘tetra-span’
transmembrane proteins of two types, innexins and
connexins. Gap junctions and innexins have been
found in the cnidarians Hydra and Nematostelln
(although the structure has not been observed micro-
scopically in Nematostella), and in several proto-
stomes, whereas connexins have been found only in
urochordates and vertebrates (Garré and Bennett
2009; Scemes et al. 2009; Phelan er al. 1998).
Surprisingly, the echinoderms appear to lack both
gap junctions and junction proteins, but there is both
electric and dye coupling in these animals, so another
structure must be involved (Garré and Bennett 2009).
Gap junctions are formed as early as at the 2-cell
stage in some molluscs (van den Biggelaar ez a/. 1981),
when transport of small molecules between the blas-
tomeres can be detected. They are believed to be
important in regulating developmental processes
(Caveney 1985).

In chemical synapses, action potentials in the
presynaptic cell membrane of axon terminals trigger
the release of neuropeptides or neurotransmitters
from synaptic vesicles into the synaptic cleft, where
they excite the postsynaptic cell membrane.
Neuropeptides, such as FMRFamides, are known
from the synapses of all neuralians, and neurotrans-
mitters, such as acetylcholine, dopamine, GABA and
serotonin, are known to be involved in signalling in
all neuralians, but their association with synapses has
yet to be demonstrated in the cnidarians. A number
of the genes are present in cnidarians (Anctil 2009),
and the neurotransmitters are known to be involved,
for example, in metamorphosis (Zega et al. 2007),
but, for example, acetylcholine is found also in bac-
teria, plants, and fungi (Kawashima ez 4/. 2007; Anctil
2009; Watanabe et al. 2009; Chapman et al. 2010).
‘Post-synaptic scaffolds’ are present both in choano-
flagellates and sponges, which do not have nervous
systems (Ryan and Grant 2009). The silicean
Amphimedon has most of the genes needed for the
organization of a nervous system with synapses
(Srivastava ef al. 2010), but it is only in the neural-
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ians that these genes get co-opted into the gene net-
work needed for building a synapse. This is an
example of the general principle of ‘preadaptation’
(Marshall and Valentine 2010).

There are many types of dedicated sensory cells,
and the phylogeny of photoreceptors has been much
discussed. At an early point, it was suggested that the
two main types of photoreceptor cells, ciliary and
rhabdomeric, were characteristic of two lineages.
However, it was soon realized that both types of cells
are found in several species—for example, the anne-
lid Platynereis (Arendt et al. 2004)—and in some cases
even in the same eye—for example, in the mantle
eyes of the bivalve Pecten (Nilsson 1994). Both cell
types are present in cnidarians, so phylogenetic infer-
ence has to be based on details in each type. The Pax6
gene has been dubbed the ‘master control gene’ for
eye development in bilaterians (Gehring and Ikeo
1999) because it can induce ectopic eyes in various
organisms, but the structurally related PzxB, which is
able to induce ectopic eyes in Drosophila, is present in
the cnidarian Tiipedalia (Kozmik et al. 2003). A PaxB-
like gene is found in the silicean Chalinula, but this
gene is not able to induce ectopic eyes (Hill er 4l
2010). It appears that Pax6 is a gene involved in basal
photoreception.

Almost all ciliated neuralian larvae have an apical
ganglion/organ at the apical pole (Fig. 10.2). It usu-
ally carries a group of longer cilia, the apical tuft, and
because they are at the front when the larva swims
they have always been supposed to be sensory. It
always degenerates before or at metamorphosis
(see Chapter 10).

Most of the newest molecular phylogenies based
on whole genomes interpret the Neuralia (Cnidaria +
Bilateria) as a monophyletic group (Srivastava ez 4l.
2008, 2010). The ctenophores are placed more basally
in almost all phylogenies obtained by molecular analy-
ses (see Chapter 15), but a whole ctenophore genome
is not yet available.

Lichtneckert and Reichert (2007, p. 291) very pre-
cisely stated that: ‘Complex, coordinated behaviour
controlled by a primitive nervous system in early

metazoan animals must have conferred strong selec-
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tive advantages and thus contributed significantly
to the evolutionary success of nervous systems within

metazoan animals.’
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Phylum Cnidaria

Cnidarians are a well-defined phylum comprising
about 10000 living, aquatic, mainly marine species,
and their monophyly is supported in all newer molec-
ular analyses (the approximate 1300 myxozoan species
are discussed below). The freshwater polyp Hydra has
been a favourite experimental organism ever since
Trembley (1744) cut the polyp into small pieces and
observed their complete regeneration; its genome has
now been sequenced (Chapman et 4l. 2010). However
Hydra is a highly specialized cnidarian and the marine
starlet anemone Nematostella is now a popular new
cnidarian model organism (Darling et /. 2005; Putnam
et al. 2007). The radiation of the phylum is now well-
established through both morphological and molecu-
lar studies (Collins et 4l 2006; Pick et al. 2010).
Anthozoans and medusozoans are sister groups, and
the discussions about whether the polyp or the medusa
represents the ancestral body plan seems settled by the
morphology of the mitochondrial RNA (mtRNA) in
the two groups, where the anthozoans have the usual
(plesiomorphic) metazoan circular mtRINA, whereas
the medusozoans have a linear mtDNA, which is
clearly an apomorphy (Bridge et 4/. 1992). The derived
character of the medusozoans is further supported by
the several additional types of nematocysts and mini-
collagens (David et a/. 2008).

Fossils of gelatinous organisms, such as medusae

and naked polyps, are difficult to identify with cer-

tainty, and a number of Ediacaran fossils may belong
to this phylum. The Uppermost Ediacaran Olivooides
(Zhao and Bengtson 1999) is very similar to scypho-
zoan polyps with a strong perisarc. The earliest
unquestionable anthozoan appears to be the sea anem-
one Xianguangia from Chengjiang (Hou ez al. 2004).
Putative fossils of scypho- and hydromedusae are
known from Chengjiang (Sun and Hou 1987), and
more certain forms from the Middle Cambrian
(Cartwright et al. 2007).

The most conspicuous apomorphy of the phylum is
the nematocysts (cnidae) (David et 4l. 2008), which are
highly complicated structures formed inside special
cells called cnidocytes (nematocytes) (Tardent 1995),
and are differentiated from interstitial cells (Holstein
1981; Galliot ez al. 2009). The nematocyst is formed as
a small cup-shaped structure inside the cell (Fig. 13.1);
it increases in size and becomes pear-shaped; a long
hollow thread forms from the narrow end of the cap-
sule, and this thread, which in most types has rows of
spines at the base, finally invaginates and becomes
coiled up inside the capsule. The nematocyst is now
fully formed and when the cell has reached the position
where it is to function, the final differentiation of the
cell with the cnidocil (a modified cilium) takes place;
when the nematocyst discharges, the tube everts again
(Ozbek et al. 2009). A few other animals contain nema-

tocysts, but they have come from cnidarian prey that

Chapter vignette: The cubomedusa Tiipedalia cystophora. (Redrawn from Werner 1973.)
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Figure 13.1. Formation and discharge of a nematocyst. (Redrawn from Holstein 1981 and Tardent and Holstein 1982.)

may be identified by studying the ‘cleptocnidia’ (stolen
nematocysts). It has been discussed whether the nema-
tocysts are symbiotic organelles originating, for exam-
ple, from dinoflagellates (Hwang ez 4. 2008), but if this
is true, the symbiosis must have been established
already in the stem lineage of the living cnidarians. The
colloblasts of the ctenophores are cells of a completely
different structure (see Chapter 15).

The microscopic anatomy was reviewed by Fautin
and Mariscal (1991: Anthozoa), Thomas and Edwards
(1991: Hydrozoa) and Lesh-Laurie and Suchy (1991:
Scyphozoa (incl. Staurozoa) and Cubozoa).

A characteristic that sets the cnidarians apart from
all other neuralians is their primitive (plesiomorphic)
body plan, which in principle is that of a gastrula, i.e.
only an outer cell layer, i.e. the ectoderm (epidermis),
and an inner cell layer, i.e. the endoderm (gastroder-
mis), the latter surrounding the digestive cavity (arch-
enteron); the blastopore functions both as mouth and
anus. Interstitial stem cells originate in the endoderm
and can differentiate into neurons and nematocytes
(Galliot et al. 2009).

The two cell layers are separated by a basal mem-
brane that, especially in the medusa, is elaborated to
form a thick gelatinous mesogloea (see below).
Medusozoans are generally radial, but bilaterality is
seenin certain hydroids (for example Branchiocerianthus)
and the siphonophores. The anthozoans are all more
or less bilateral, but a head with a brain is not devel-
oped. The larvae have an apical nervous concentration

and the polyps have a concentration of neurons around
the blastopore (see below). The main axis of the cni-
darians is the primary, apical-blastoporal axis. The
quasiradial body plan with the sac-shaped gut and the
lack of a brain apparently limits the life styles to ses-
sile, pelagic or parasitic.

All anthozoans have a simple life cycle, with a larva
and an adult polyp. Medusozoans have life cycles com-
prising both an asexual polyp and sexual medusa
stages, although many groups especially of the hydro-
zoans have only polyps or medusae. Most species have
asexual reproduction through budding that may occur
both from polyps and medusae. The buds become
released, or the budding leads to the formation of
colonies of species-specific shapes. Some hydrozoans,
for example the siphonophores, consist of several
types of units that resemble polyps and medusae
serving different functions.

Ectodermal and endodermal cells form sealed epi-
thelia with septate junctions and belt desmosomes
(Chapman ez al. 2010). Thecate hydroids and some
scyphozoan polyps have an exoskeleton called perisarc,
consisting of chitin and proteins, and many antho-
zoans have a conspicuous calcareous exoskeleton, or
an ‘inner’ skeleton, formed by fused calcareous spi-
cules formed by sclerocytes embedded in a proteina-
ceous matrix.

Many of the cells carry one cilium with an acces-
sory centriole and a striated root; some of these cilia
are motile while others are sensory. Scattered exam-



ples of cells with more than one cilium are known: the
endodermal cells of certain hydropolyps and antho-
zoans have two or several cilia per cell. The ectoderm
of labial tentacles of some anthozoans comprises cells
with several cilia each with an accessory centriole.
The tentacles of the hydromedusa Aglantba have a
pair of lateral ciliary bands that are formed from mul-
ticiliate cells (Mackie ez al. 1989); these ciliary bands
propel water past the tentacles, but do not collect par-
ticles like the ciliary bands of many bilaterian larvae
(Chapter 21). Cilia generally beat as individual units,
but compound cilia in the shape of wide, oblique
membranelles occur in the anthozoan larva called
zoanthina (Nielsen 1984).

The nervous system is intraepithelial, forming
nerve nets both in ectoderm and endoderm, that may
be concentrated in nerve rings in both polyps and
medusa, and in ganglia in scyphomedusae and
cubomedusae (Garm et 4/. 2006; Watanabe et /. 2000).
Special sensory cells of various types occur at charac-
teristic positions, for example in ocelli and statocysts,
in both polyps and medusae. Interneuronal and neu-
romuscular chemical synapses of the unidirectional
type (the usual type in the ‘higher’ metazoans) are
known from all cnidarian classes, as are bidirectional
(symmetrical) interneuronal synapses (Lichtneckert
and Reichert 2007). Synapses are generally few and
difficult to fix (Westfall 1996). Neurons may fuse to
form neurosyncytia, which may be more widespread
than first realized (Grimmelikhuijzen and Westfall
1995). Acetylcholine, the neurotransmitter found in
ctenophores and bilaterians, has been observed in
Nematostella, but its possible function in synapses has
not been demonstrated; Hydra appears to lack typical
acetylcholinesterases (Chapman et 4/. 2010). Gap junc-
tions have not been observed in anthozoans, but both
the structure and the gap-junction innexins (Phelan
2005) have been identified in interneuronal, neu-
romuscular and intermuscular junctions in Hydra.

Epithelio-muscular cells occur in both ectoderm
and endoderm in all groups and is the only type of
muscle cell in several groups. Special muscle cells
(myocytes) without an epithelial portion occur in scy-

phozoan and cubozoan polyps. Some cubozoan genera
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(for example Carybdea) have only myocytes, while
Tripedalia has both types of contractile cells with all
types of intermediary stages (Chapman 1978). All
muscle cells of the scyphistoma of Aurelia originate
from the ectoderm (Chia et a/. 1984). The muscle cells
are generally of the smooth type, but striated muscle
cells are found in the subumbrella of some
hydromedusae. They develop from the so-called
entocodon during budding, which has been inter-
preted as a type of mesodermal pockets (Seipel and
Schmid 2005). However, the entocodon is just an
ectodermal invagination, like those seen during bud-
ding of, for example, bryozoans, entoprocts, and ascid-
ians. The striated muscle cells must be interpreted as a
specialization of the subumbrellar epithelium (Burton
2007).

The epithelial cells are sometimes anchored both to
the mesogloea by hemidesmosomes like those of the
other eumetazoans (Chapman ez /. 2010) and to the
perisarc by tonofilaments. Ectoderm and endoderm
are rather closely apposed in most scyphopolyps and
hydropolyps, but are separated in all other forms by a
more or less thick, gelatinous to almost cartilaginous,
hyaline layer, i.e. the mesogloea. Both ecto- and endo-
derm participate in secretion of collagen, which forms
the web-like organic matrix of the mesogloea in
hydropolyps. The mesogloea is generally without cells
in hydrozoans and cubozoans, but cells of various types
enter the mesogloea from both ectoderm and endo-
derm in scyphozoans and especially in the anthozoans.
The cells of the anthozoan mesogloea enter the gelati-
nous matrix in the form of tubes or solid cell strings
and differentiate into isolated amoebocytes, star-shaped
cells, scleroblasts, myocytes, and a number of other cell
types, some of which secrete collagen fibres. It seems
clear from all recent descriptions that the mesogloea,
with its varying content of cells moving in from both
ectoderm and endoderm, is different from the meso-
derm of the bilaterians. The ‘real’ mesoderm forms
epithelia and other tissues in which the cells are con-
nected by cell junctions, and that are isolated from
ectoderm and endoderm by basement membranes.

Eggs and sperm differentiate from endodermal

cells in anthozoans, scyphozoans, and cubozoans, and
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Figure 13.2. Gastrulation types in the Cnidaria; diagrams of the main types of gastrulation following the holoblastic cleavage
are shown, together with one of the several types of plasmodial development. (Modified from Tardent 1978.)



from ectodermal cells in hydrozoans; they are usually
shed freely in the water. The spermatozoa are of the
primitive metazoan type, but have acrosomal vesicles
instead of an acrosome (Ehlers 1993; Tiemann and
Jarms 2010). In hydrozoans the main (apical-blastopo-
ral) axis of the larva is determined already during oog-
enesis, with the presumptive apical pole situated at the
side of the egg that s in contact with the endoderm or
mesogloea (Freeman 1990). Fertilization and polar-
body formation take place at the oral (blastoporal)
pole where cleavage is also initiated (this end of the
embryo is therefore called the animal pole). It appears
that a similar orientation is found in anthozoans and
scyphozoans (Tardent 1978), but the details are not so
well documented. The position of the polar bodies at
the blastoporal pole also appears to be a characteristic
of cnidarians (and ctenophores, see Chapter 15);
almost all bilaterians have the polar bodies situated at
the apical pole (Chapter 16).

Cleavage is usually total, but the early develop-
mental stages are plasmodial in some hydrozoans (Fig.
13.2). In species with total cleavage, the first cleavage
cuts towards the apical pole, and a very unusual stage,
with the two incipient blastomeres connected with a
handle-like apical bridge, is reached just before the
separation of the blastomeres (Tardent 1978). There is
considerable variation in the subsequent development
(Fig. 13.2). Several species have the presumably primi-
tive coeloblastula, which invaginates to form a gas-
trula. The larvae are ciliated, often with an apical tuft
of longer cilia (Fig. 10.1). Some of these larvae are
planktotrophic, but the feeding structures never
include ciliary bands engaged in filter feeding.
Development through a feeding-gastrula larva occurs
in several anthozoans (Fritzenwanker et 4/. 2007) and
scyphozoans (Fadlallah 1983). In other species, the
blastula develops into a ciliated, lecithotrophic planula
larva that consists of ectoderm and endoderm; the
endoderm may be compact or surround an arch-
enteron; a mouth is usually lacking in the early stages
but develops before the larva settles. In the anthozoan
Nematostella (Marlow et al. 2009) that has a plank-
totrophic larva, the early gastrula stages develop a dif-
fuse nerve net of both ectodermal and endodermal
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components, with an apical organ with a tuft of cilia
and oral and pharyngeal nerve rings. Tentacles develop
after metamorphosis, and the nervous system becomes
more concentrated around the mouth. In the scypho-
zoan Aurelia (Nakanishi et al. 2008; Yuan et al. 2008)
that has a lecithotrophic larva, the development of the
nervous system is slower, but essentially similar. The
larva usually settles with the apical pole and becomes a
polyp, but the larvae of a few hydrozoans and scypho-
zoans develop directly into medusae, and a polyp stage
is lacking. The apical nervous concentration in the
larva disappears at metamorphosis, but a nervous con-
centration is found at the base of the stalk in Hydra
(Grimmelikhuijzen 1985), possibly related to its abil-
ity to detach from and reattach to the substratum. All
primary polyps are capable of one or more types of
asexual reproduction, for example lateral budding
(often leading to the formation of colonies), frustule
formation from a basal plate, or transverse fission giv-
ing rise to medusae developing through different
processes in the three medusozoan groups:

In cubozoans, the polyp goes through a metamor-
phosis and becomes the medusa; the tentacles of the
polyp lose the nematocysts and become sense organs,
and new tentacles develop (Werner 1973, 1984).

In scyphozoans, the medusae are typically formed
through transverse fission (strobilation) of the polyp,
but, for example, Pelagia is holopelagic. Staurozoans
lack the medusa stage; they are sometimes regarded as
a separate group.

In hydrozoans, the polyps typically form lateral
medusa buds, which detach as medusae, but there is a
wide variation in the life cycles (Petersen 1990). Some
groups are holopelagic without a polyp generation.
Other groups show reduction of the medusae, which
can be followed in many transformational series from
the eumedusoid stage, where the medusa is reduced
relatively little, through cryptomedusoid and styloid
stages to the type represented by Hydra, which has tes-
tes and ovaries situated in the ectoderm of the polyp.
Polypodium has a very unusual polyp stage, which is
parasitic in the eggs of sturgeons, and that is everted so
that the endoderm is on the outside and ectoderm
with tentaculated buds on the inside; when the stur-
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geon sheds the eggs the polyps turn inside out and
small medusae are budded off (Raikova 1994). It
appears that Polypodium shows a link to the parasitic
myxozoans (Lom 1990; Kent ez /. 2001) that repre-
sent a further specialization to parasitic life, with
extreme miniaturization, complete loss of nervous sys-
tem, and highly modified sexual reproduction, but
metazoan characteristics, such as septate junctions,
have been retained. Their nematocysts resemble those
of other cnidarians, and their systematic position as
parasitic hydrozoans is supported by molecular analy-
ses, which place the investigated species as sister group
of Polypodium when this species is included (Siddall
et al. 1995; Zrzavy et al. 1998; Siddall and Whiting
1999; Jiménez-Guri et 4l. 2007). Also the presence of
cnidarians-specific minicollagens in the myxozoan
Tetracapsuloides (Holland ez al. 2011) also support their
inclusion in the Cnidaria. Analyses that do not include
Polypodium show myxozoans in a basal position within
the metazoans (Schlegel et 4l. 1996; Evans et al. 2008),
but this may be owing to both Polypodium and the
myxozoans being ‘long branch taxa’.

The cnidarians are at the gastraea stage with only
ectoderm and endoderm, and have the nematocysts as
the unquestionable apomorphy; they form the logical
sister group of the Triploblastica, which all have meso-
derm (Chapter 14). The lecithotrophic planula larvae
can easily be interpreted as a specialization from the
planktotrophic larval type; similar transitions from
planktotrophic to lecithotrophic development with
concurrent delay of development of the gut and vari-
ous feeding structures are well known in almost all
invertebrate groups (Nielsen 1998).

The ancestral cnidarian was probably a holopelagic,
advanced gastrula, probably with nematocysts on small
tentacles, and was thus one of the very first metazoan
carnivores. If the adult of this gastrula type attached by
the apical pole, we have an organism resembling Werner’s
(1984) hypothetical ancestor of the cnidarians.

Recent molecular studies almost unanimously show
Cnidaria as a monophyletic group, but the relative
position of the basal metazoan taxa is still not settled.
Most studies now place the ‘sponges’ at the base of the
metazoan tree, but the interrelationships of Cnidaria,

Trichoplax, Ctenophora, and Bilateria has not reached a
stable state (see Chapter 12). The position of Tiichoplax
as sister group of the Bilateria is becoming the more
accepted position (Chapter 11), but especially the cten-
ophores are apparently problematic (Chapter 15).

Interesting subjects for future research

I. A reinvestigation of hydrozoan gap junctions

2. Ultrastructure of cubozoan and scyphozoan
cnidocytes

3. Origin of the secondary body axis

4. Extracellular matrix
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TRIPLOBLASTICA

Triploblasts are built of three germ layers: the primary
ectoderm and endoderm, and the secondary meso-
derm. The mesoderm is surrounded by the basal
membranes of ectoderm and endoderm. The term
‘Diploblastica’ has been used for its ‘sister taxon’ with
various combinations of non-bilaterian groups. The
group was called Coelenterata by Hatschek (1888),
and this concept has survived in various combinations.
It has been recovered in a few molecular analyses
(Dellaporta et al. 2006; Wang and Lavrov 2007; Ruiz-
Trillo er al. 2008; Wang and Lavrov 2008; studies
based on mitochondrial genomes that quite often give
unexpected trees, and Schierwater ez 4/l. 2009; study
with low support). Morphology does not show any
synapomorphies of this group, all the ‘defining charac-
ters’ being plesiomorphies; it will not be discussed
further.

Mesoderm is often organized as epithelia, cover-
ing, for example, muscles and other mesodermal
organs or lining cavities, such as coeloms, or in a few
cases as compact, apolar, mesenchymatous tissue
(Rieger 1986). Epithelia show a pronounced polarity
with a basal membrane at the basal surface, septate/
tight cell junctions, and Golgi apparatus in the apical
part of the cell and in some cases one or more cilia at
the apical pole. Mesodermal tissues are easily distin-
guished from the rather isolated cells in the mesogloea
of the cnidarians (Chapter 13). Well-defined meso-
derm is found in ctenophores (Chapter 15).

Mesoderm originates through ingression or invagi-

nation from ectoderm or endoderm, or from the blas-

topore lips where the two primary germ layers are in
contact. Four main types of mesoderm formation can
be recognized: (1) ingression of ectodermal cells; (2)
ingression of one or a few cells at the blastopore rim;
(3) compact, hollow pockets, or egressions from the
endoderm; and (4) neural crest cells of the vertebrates
(see Chapter 653).

Mesoderm formed through the first-mentioned
process is called ectomesoderm, and has been reported
from many of the spiralian phyla, where it usually
originates from the a-c cells of the 2nd and 3rd micro-
mere quartet (Boyer et 4. 1996; Hejnol et al. 2007).
Mesoderm from the d cells of these quartets has been
reported in old studies of echiurans and nemertines,
but Henry and Martindale (1998) did not find
ectomesoderm originating from these cells in the
nemertine Cerebratulus. Ectomesoderm is usually not
reported from ecdysozoans, but as the cleavage of sev-
eral nematodes has now been described in great detail,
it is possible that some of the cells that form muscles
could be classified as ectomesoderm (Chapter 49).
There are only a few reports of ectomesoderm in the
deuterostomes (Salvini-Plawen and Spelchtna 1979),
and most of the reports of normal ectodermal origin
of parts of coeloms are connected with coelomoducts.
Organs that are normally formed by mesoderm and
endoderm may develop from the ectoderm under
regeneration or budding; these special cases are dis-
cussed under the respective phyla.

Mesoderm formed from the blastoporal lips, or

from one cell located at the posterior side of the
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blastopore (the 4d cell in the spiral cleavage), is found
in most spiralians (Chapter 23), but it has not been
observed in deuterostomes. This type of mesoderm
mixes freely with ectomesoderm so that the origin of
various mesodermal structures from these two sources
can only be distinguished by cell-lineage studies.

Mesoderm formed from various parts of the arch-
enteron is characteristic of deuterostomes, but also the
chaetognaths (which are now classified as protostomes)
have mesoderm originating from the archenteron
(Chapter 553).

It is obvious that the cells that give rise to meso-
derm have different origin in different phyla, and
nothing indicates that the mesoderm of all phyla is
homologous. Endoderm is formed in many different
ways in cnidarians (Fig. 13.2), so the different types of
mesoderm formation may just represent specializa-
tions of an unspecified ancestral ability to proliferate
cells from the primary germ layers.

Cnidarians have epitheliomuscular cells, i.e. the
muscle cells either have a small part that is situated in
the epithelium, or they lie at the base of the epithelium
above the basement membrane. Ctenophores and bila-
terians have true myocytes that are situated between
the basal membranes of ectoderm and endoderm; epi-
theliomuscular cells are only found in certain organs.
The mesoderm of the ctenophores is discussed in
Chapter 15. A long series of genes are known to be
involved in endodermal specification in bilaterians, and
some of these genes have been identified in the endo-
dermal tissue of the sea anemone Nematostella, indicat-
ing that the ancestral origin of mesoderm is from the
endoderm (Martindale et 4/. 2004).

Other apomorphies of the Triploblastica are more
difficult to point out.

The group was recognized already by Ax (1995),
who used the name Acrosomata for this group, but an
acrosome is now known to be present in the homo-
scleromorphs (Chapter ).

Molecular phylogenies usually place ctenophores at
or near the base of the metazoan tree, but their position
as triploblasts seems strongly supported by morphology.
The molecular analyses are discussed in Chapter 15.

The adaptational value of the triploblast organi-
zation seems obvious: many different types of organs

can grow and differentiate when their tissues are
isolated from the primary germ layers, and this per-
mits evolution of larger and more complex body
plans.
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Phylum Ctenophora

Ctenophora, or comb jellies, is a small phylum of
about 150 living, marine species. Most species are hol-
opelagic, transparent, and sometimes too fragile to be
collected with any of the more conventional methods.
The few creeping, benthic species are more compact,
and the sessile Tjalfiella is almost leathery. Lampetia
has a rather undifferentiated larval stage (called
Guastrodes) that parasitizes salps (Mortensen 1912;
Komai 1922). Surprisingly well-preserved specimens
have been reported from Cambrian deposits from
Chengjiang (Chen and Zhou 1997). Recent reviews of
the phylum based on morphological and 18S sequence
studies (Harbison 1985; Podar er al. 2001) give no
clear picture, but it seems that the atentaculate Beroe is
not the sister group of the remaining families as
believed previously. The many new types that are cur-
rently being discovered, for example during blue-
water diving, indicate that our knowledge of the
phylum is still quite incomplete. Considerable mor-
phological variation is found within the phylum, but,
nevertheless, it is very well delimited.

The ctenophores have the structure of a gastrula,
with the blastopore remaining as the mouth-anus,
and the archenteron as the sac-shaped adult gut, but
the presence of a mesodermal (mesogloeal and mus-
cular) layer between the ectoderm and endoderm
indicates the higher level of organization. The apical-
blastoporal axis is retained throughout life as the main

axis. A pair of tentacles and the main axis define the
tentacular plane, and the perpendicular plane is called
oral (or sagittal) because the mouth and stomodaeum
are flattened in this plane. This type of symmetry is
called biradial. The almost spherical Pleurobrachia
appears to be close to the ancestral type, with retract-
able tentacles with tentillae with colloblasts. Most of
the more ‘advanced’ types, such as Mnemiopsis, go
through a juvenile stage of a similar type, called the
cydippid stage, but the later stages lose the tentacles
and develop lobes at the oral side; these lobes are used
in feeding. Also the creeping and sessile forms have
cydippid juveniles, but Beroe lacks tentacles in all
stages. The microscopical anatomy was reviewed by
Hernandez-Nicaise (1991).

The body is spherical in the supposedly primitive,
cydippid forms, but various parts of the body may be
expanded into folds or lappets, or the whole body may
be band-shaped with extreme flattening in the tentac-
ular plane (Cestus). The benthic forms creep or are
attached with the oral side (Harbison and Madin
1982). The cylindrical tentacles can usually be retracted
into tentacle sheaths and have specialized side branches
(tentillae) in many species (Mackie er a/. 1988). The
adhesive colloblasts are specialized ectodermal cells of
the tentacles (see below). Eight meridional rows of
comb plates, which are very large compound cilia, are
the main locomotory organs in most pelagic forms,

Chapter vignette: Pleurobrachia pilens. (Based on Brusca and Brusca 199o.)
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and can also be recognized in developmental stages of
the benthic species, which lack the comb plates in the
adult phase. Some pelagic forms have short, apically
located comb rows, and the expanded oral lobes or the
tentacles appear to be more important in locomotion.
The benthic forms creep by means of cilia on the
expanded pharyngeal or oral epithelium.

The ectoderm is monolayered in the early devel-
opmental stages, but adults have both an external epi-
thelium, with ciliated cells, glandular cells and
‘supporting’ cells, and nerve cells and ribbon-shaped,
smooth parietal muscles at the base of the ectoderm
of the body and the pharynx. The epithelial cells are
joined by spot desmosomes, zonula adherens, and
series of punctate contacts, resembling the vertebrate
zonula occludens (Tyler 2003). The ectoderm is
underlain by a conspicuous basal membrane. The cili-
ated cells are multiciliate (except in some sense
organs) and several specialized types can be recog-
nized. The comb plates consist of many aligned cilia
from several cells and show an orthoplectic beat pat-
tern; their structure is unique, with compartmental-
izing lamellae between the lateral doublets (numbers
3 and 8) of the axoneme and the cell membrane. The
comb plates are used in swimming, which is normally
with the apical pole in front, i.e. the effective stroke is
towards the oral pole, but their beat can be reversed
locally, or on the whole animal so that oriented swim-
ming, for example associated with feeding, is possible
(Tamm and Moss 1985). Unique macrocilia with sev-
eral hundred axonemes are found at the mouth of
beroids. The cells at the base of the apical organ and
the polar fields, and ciliated furrows, that extend from
the apical organ, have separate cilia.

The apical organ is a statocyst with four com-
pound cilia, called balancers, carrying a compound
statolith. The balancer cells are monociliate, and the
individual otoliths are formed as specialized cells
from a region adjacent to the balancer cells. The
whole structure is enclosed in a dome-shaped cap
consisting of cilia from cells at the periphery of the
organ. The organ protrudes from the apical pole in
most species, but is situated in an invagination in
Coeloplana (Abbott 1907).

The very characteristic colloblasts (Fig. 15.1) are
formed continuously from undifferentiated ecto-
dermal cells of the basal growth zone of the tenta-
cles. Fully-grown colloblasts have a very
characteristic structure, with a spirally coiled thread
around the stalk, and a head with numerous small
peripheral granules with a mucous substance that is
released by contact with a prey (Franc 1978). They
bear no resemblance to cnidarian nematocysts,
which are intracellular organelles (compare with
Fig. 13.1).

The tentacles of Haeckelia lack colloblasts, but con-
tain nematocysts (cleptocnidia), which originate from
ingested medusae (Mills and Miller 1984). They are
enclosed in a vacuole in an innervated cell that lacks
the cnidocil and the other structures associated with
the nematocyst when it is in the normal position in a

cnidarian nematocyte (Carré and Carré 1989). The

mucous
granules

covering
cell

nucleus

nerve cell with synapse

mesogloea

Figure 15.1. Diagrammatic longitudinal section of a collo-
blast. (Modified from Franc 1978.)



tentacles also have many cells of a type called pseudo-
colloblasts, which are used in prey capture before the
cleptocnidia have become functional, but their homol-
ogy with colloblasts seems uncertain.

The nervous system consists of a nerve net at the
base of the ectoderm, with conspicuous concentra-
tions along the comb rows and at the mouth opening,
and one at the base of the endoderm; nerve nets occur
also in the mesoderm, especially concentrated in the
tentacles. The synapses have a unique structure, with a
‘presynaptic triad’, and a thickened postsynaptic mem-
brane. Synapses are both chemical, with acetylcholine
and FRMFamide, and gap junctions. There is a large
concentration of nerve cells in the epithelium below
the apical organ, and this concentration serves many
of the functions of a brain.

The gut or gastrovascular cavity is a complicated
system of branched canals with eight major, meridi-
onal canals along the comb-plate rows. The pharynx
should probably be interpreted as a stomodaeum, as
indicated by its origin from the apical micromeres (see
below), and by its innervation and parietal muscula-
ture. A narrow apical extension of the gut reaches to
the underside of the apical organ, where it forms a pair
of Y-shaped canals in the oral plane. One branch on
each side ends in a small ampulla while the other forms
a small pore to the outside; these pores may function
as anal openings (Main 1928), but the undigested
remains of the prey are usually egested through the
mouth (Bumann and Puls 1997). Prey may be captured
with the tentacles or the large lobes, but smaller organ-
isms may be wafted to the mouth by ciliary currents;
the beroids capture other gelatinous prey by use of the
macrocilia.

The walls of peripheral parts of the gastrovascular
system show ‘ciliated rosettes’, consisting of a double
ring of endodermal cells surrounding a pore, that can
be constricted by the ring of cells in plane with the
gut wall. This ring of cells has a conical tuft of cilia
protruding into the gut cavity. A similar ring of cili-
ated cells protrudes into the mesogloea. Experiments
indicate that the rosettes can transport water between
the gut and mesogloea, but their function remains
unknown.

Phylum Ctenophora ¢ 15 M 57

The mesoderm, or mesogloea, is a hyaline, gelati-
nous extracellular matrix with muscle cells, nerve cells,
and mesenchyme cells; epithelia are not formed. The
matrix contains a meshwork of fibrils, which are
banded like collagen in certain areas, especially in the
tentillae, but it is now assumed that collagen is a major
component of the whole meshwork. The matrix
appears to be secreted mainly by ectodermal cells, but
some smooth muscle cells of the mesoderm also
secrete collagen. The muscle cells in the body are very
large, branched, and smooth. The smooth, longitudi-
nal muscle cells of the tentacles are arranged around a
core of matrix with nerves (Fig. 15.2). The tentillae of
Euplokamis contain striated muscle ‘cells’, which lack a
nucleus. The ultrastructure of their sarcomeres indi-
cates that they contract but do not relax, and this indi-
cates that they only contract once, and that they cannot
be considered homologous of the eubilaterian striated
muscle cells (Mackie et 4/. 1988; Burton 2007). The
mesenchymal cells are of two types, but their func-
tions are unknown.

The gonads differentiate from the endoderm of the
eight meridional gastrovascular canals. The develop-
ing oocyte is connected with three clusters of nurse
cells through intercellular bridges, and the polar bod-
ies are given off in a constant relation to these bridges
(Martindale and Henry 1997a). The sperm has an
acrosome (Franc 1973). The gametes are shed through
pores in the epidermis above the gonads (Pianka
1974)-

Fertilization takes place at spawning. As a unique
feature of ctenophores, as many as 20 spermatozoa
enter the egg (in Beroe; Sardet et al. 1990). The female
pronucleus moves through the cytoplasm and ‘selects’
one male pronucleus for syngamy. The apical blast-
oporal axis is apparently not fixed in the oocyte, but
the position of the ‘selected’ male pronucleus appears
to determine the position of the blastoporal pole; the
polar bodies are often but not always situated in this
region.

Development is highly determined (Martindale
1986; Martindale and Henry 1997a,b; Henry and
Martindale 2004); isolated blastomeres of the 2-cell

stage develop into half-larvae, and blastomeres of the
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nerve with giant cell

endodermal cell with

nematocyst
central vacuole

lateral ciliated cell

myoepithelial cell
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Figure 15.2. Cross sections of a tentacle of the trachyline hydromedusa Aglantha digitale (redrawn from Mackie et a/. 1989) and

a cydippid ctenophore (based on Hernandez-Nicaise 1973).

Table 15.1. Cell lineage of one quadrant of the embryo of
the ctenophore Mnemiopsis leidyi. (Based on Martindale and
Henry 1997a.) Capital letters: macromeres, lower-case let-
ters: apical micromeres. The 2M macromeres divide once
more before giving off the oral micromeres from which the
mesodermal elements develop.

1e ectoderm, nervous system
E 2e ectoderm
1E 3e ectoderm
3E stellate mesenchyme, muscles,
EM endoderm
im ectoderm, nervous system,
M somatic gonad

™ {Zm ectoderm
2M stellate mesenchyme, muscles,

photocytes, anal canals

4-cell stage each develop into one quadrant of an ani-
mal. The first cleavage is in the oral plane and the sec-
ond in the tentacular plane. The first cleavage begins
at the blastoporal pole, and the cleavage furrow cuts
towards the apical pole, so that a peculiar stage with
the two blastomeres connected by an apical ‘handle’ is

formed before the blastomeres finally separate; similar
shapes are seen in the following two cleavages
(Freeman 1977). The third cleavage is in the oral
plane, but slightly shifted towards a radial pattern; the
embryo now consists of four median (M) cells and four
external (E) cells, with highly determined fates (Table
15.1). At the fourth cleavage each large cell gives off a
small cell at the apical pole, and this is repeated once
in the M cells and twice in the E cells. During the fol-
lowing cleavages, the micromeres first form an oval on
top of the eight macromeres; later on the oval devel-
ops into a sheet of cells covering the apical side of the
macromeres (Fig. 15.3). The macromeres then pro-
duce some micromeres at the blastoporal pole. The
embryo goes through an embolic gastrulation through
the spreading of the apical micromeres over the mac-
romeres to the blastoporal pole, where an invagina-
tion forms so that the blastoporal micromeres become
situated at the bottom of an archenteron, with the
lower part of the invagination (the pharynx-stomo-
daeum) covered by apical micromeres (Fig. 15.3).
Brachyury is expressed in the stomodaeum, as in sev-

eral deuterostomes (Yamada ez 4/. 2010) and cnidarians
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stomodaeum

Figure 15.3. Ctenophore embryology: 128-cell stage (the 4E cells have not divided yet) of Muemiopsis leidyi (based on Freeman
and Reynolds 1973), and early and late gastrula of Callianira binlata (redrawn from Metschnikoff 1885).

(Fritzenwanker et al. 2004). The apical micromeres
remain in their respective quadrants, whereas the
macromeres and blastoporal micromeres mix freely.
The apical micromeres form the ectoderm, including
the apical organ, comb rows, tentacle epidermis
with colloblasts, pharyngeal epithelium, and nervous
system; the macromeres form the endoderm. The fate
of the oral micromeres has not been followed directly,
but has been inferred from experiments with markings
of the remaining macromeres; they form stellate mes-
enchyme, muscles, and photocytes. The four quad-
rants are almost identical, except for the four M cells,
two of which give rise to the anal canals.

The tentacles develop just after gastrulation as
ectodermal thickenings, which invaginate to form the
tentacle sheaths; the tentacles sprout from the bottom
of these invaginations. Metschnikoff (1885) reported
similar epithelial thickenings in Beroe, which lacks
tentacles, but this should be reinvestigated.

Dissogony, i.e. sexual maturity, both in early larval
and adult stages separated by a period with reduced
gonads, has been observed, for example, in Pleurobrachia
and Mnemiopsis (Remane 1956; Martindale 1987) (see
Fig. 10.2).

The monophyly of the Ctenophora can hardly be
questioned. The comb plates and the apical organ
are unique, and further apomorphies can be pointed
out, for example the very unusual oogenesis and
embryology, and the naked extracellular bundles of
tubulin structures resembling ciliary axonemes,

found in grooves along the smooth muscle cells

(Tamm and Tamm 1991). The ancestral ctenophore
probably resembled a cydippid, with tentacles with
colloblasts.

A sister-group relationship between cnidarians
and ctenophores is indicated by the unusual shape of
the first embryonic cleavages and the position of
the polar bodies. Cnidarians have remained at the
gastrula stage with an acellular mesogloea, whereas
ctenophores have an extracellular matrix with meso-
dermal cells, and mesodermal muscles in the tentacles
developing from micromeres of the invaginated blas-
toporal area of the early embryo (Fig. 15.2). The lat-
ter character links the ctenophores to the bilaterians.
The intracellular nematocysts of cnidarians are com-
pletely different from the colloblasts of ctenophores
(compare Figs. 13.1 and 15.1).

One Hox1 gene was found by Finnerty ez 4l. (1996),
but no Hox genes were found in the study of Pang and
Martindale (2008).

Older studies of molecular phylogeny using ribos-
omal RNA have shown ctenophores in many different
positions (review in Nielsen 2008), and even the new-
est publications disagree strongly about the position
of the group. Many studies do not include the cteno-
phores. The expressed sequence tag study of Dunn
et al. (2008) and the phylogenomic study of Hejnol
et al. (2009) showed them as sister group to the
remaining metazoans. The analyses of nearly com-
plete mitochondrial RNA by Mallatt ez al. (2010)
placed them as sister group of the Calcarea. Analyses

of nuclear-encoded proteins and mitochondrial genes
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(Philippe et al. 2009; Schierwater et al. 2009) showed
them as the sister group of the Cnidaria (in the tradi-
tional ‘Coelenterata’). An extensive phylogenomic
study placed the Ctenophora as sister group of
Cnidaria + Placozoa + Bilateria (Pick et 4l. 2010).
However, to a traditional morphologist it seems obvi-
ous that the Ctenophora belong to the Neuralia, as
the sister group of the Bilateria. Any position further
‘down’ on the tree would require either massive losses
of complex characters in ‘sponges’ and/or cnidarians,
such as nervous system, mesoderm, and epithelia, or
massive homoplasies in ctenophores, cnidarians, and
some bilaterians. It can only be hoped that future
studies, perhaps of whole genomes, can produce more
acceptable results.

Interesting subjects for future studies

1. Development of the nervous system

2. A whole genome
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BILATERIA

For more than a century it has been customary to con-
trast two main groups within the Eumetazoa, viz.
Coelenterata and Bilateria (Hatschek 1888). The first-
mentioned group has previously been rejected as non-
monophyletic (Chapters 8 and 10), but the monophyly
of the Bilateria has been accepted in practically all
recent papers, whether based on morphological,
molecular, or developmental analyses (Hejnol er al.
2009; Paps et al. 2009a; Paps et al. 2009b), although
the Acoelomorpha has only been included in more
recent analyses. The most conspicuous characteristic
of the group is of course the bilaterality, with an anter-
oposterior axis forming an angle with the primary,
apical-blastoporal axis, but there are not many other
morphological apomorphies.

The origin of bilaterality with the establishment of
the new anteroposterior axis appears intimately linked
with a change of life style, from holopelagic or sessile
to creeping. It was probably the adults that took up the
creeping, benthic life style, whereas the larval stages
remained pelagic (see below and Fig. 10.3). Adult
sponges do not retain the larval primary body axis,
which is the only body axis in cnidarians and cteno-
phores. Bilateral symmetry is seen in anthozoans and a
few hydrozoan polyps (Chapter 8), but they are sessile
and none of them have an anterior pole with a brain.
The anthozoan bilaterality, with a ‘directive axis’
defined by the siphonoglyph(s) perpendicular to the
primary, apical-blastoporal axis, has been interpreted
as homologous to bilaterian homology, based on simi-
lar expression of some genes along this and the bilat-

erian dorsal-ventral axis (Finnerty e al. 2004; Matus

et al. 2006). It seems clear that Hox genes are involved
in the patterning along the primary (anterior-poste-
rior) axis in Nematostella (Ryan et al. 2007), although
the expression pattern is different in hydrozoans
(Raible and Steinmetz 2010), and it is also clear that
they are active in the patterning along the directive
axis. However, newer studies show that both the
expression of bone morphongenetic protein genes and
Hox genes have evolved along separate lines in cnidar-
ians and bilaterians, so ‘true bilaterality’ is a bilaterian
apomorphy (Raible and Steinmetz 2010).

Bilateria comprises two well-separated groups,
Acoelomorpha and Eubilateria (Fig. 16.1). The acoe-
lomorphs have the structure of a bilateral gastraea,
whereas the eubilaterians have a tube-shaped gut. The
Hox gene cluster of the acoelomorphs is short, signifi-
cantly lacking the Hox3 gene, whereas the eubilateri-
ans have a long cluster, which indicates that the
platyhelminthes that lack an anus, are derived from an
ancestor with an anus (Fig. 21.3). A recent study that
placed the acoelomorphs as the sister group of the
ambulacrarians (Philippe e 4/. 2011) implies massive
gene losses for which there is no evidence.

References

Finnerty, J.R., Pang, K., Burton, P., Paulson, D. and
Martindale, M.Q. 2004. Origins of bilateral symmetry:
Hox and Dpp expression in a sea anemone. Science 304:
1335-1337-

Hatschek, B. 1888. Lebrbuch der Zoologie, 1. Lieferung (pp
1-144). Gustav Fischer, Jena.



BILATERIA ¢ 16 W 63

ACOELOMORPHA EUBILATERIA
Acoela Nemertodermatida Xenoturbellida PROTOSTOMIA DEUTEROSTOMIA
Fig. 22.1 Fig. 56.1
< ‘duet’ cleavage 4 No continuous <« thick extracellular <« blastopore becomes blastopore becomes

extracellular matrix

matrix

and roots, short Hox cluster

<« apomorphies

<« multiciliate cells, special ciliary tips

mouth and anus, anus
paired ventral nerve

cords, multiciliate cells,
quadrant cleavage

<« tube-shaped gut, striated muscle
cells, long collinear Hox cluster

< plesiomorphies

Fig. 4.2

Figure 16.1. Phylogeny of the Bilateria.
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ACOELOMORPHA

Acoels, nemertodermatids, and Xenoturbella have been
regarded as closely related ‘primitive turbellarians’
already from the first description of Xenoturbella
(Westblad 1950), and several subsequent studies
have described morphological details supporting the
monophyly of the Acoelomorpha (review in Nielsen
2010). Molecular phylogenetics has conclusively
removed Acoela and Nemertodermatida from the
Platyhelminthes (Philippe et 4l. 2007, 2011; Egger
et al. 2009; Mallatt et al. 2010), and placed them either
as sister groups in the Acoelomorpha (Ruiz-Trillo ez 4i.
2002), or separately as subsequent early off-shots of
the line to the Eubilateria (Jondelius et a4/ 2002;
Wallberg et al. 2007; Hejnol and Martindale 2009;
Paps et al. 2009a,b). Xenoturbella was taken on a long
detour, via molluscs and deuterostomes, to end up as a
group belonging to the Acoelomorpha, with support
from phylogenomics and Hox genes (Fritsch et al
2008; Hejnol et al. 2009; Nielsen 2010). The recent
analysis of Philippe et 4l. (2011) places the acoelo-
morphs as the sister group of the ambulacrarians,
whereas that of Edgecombe ez 4. (2011) supports the
position favoured here.

In addition to the similar general organization of
the three phyla, a small number of morphological
synapomorphies can be pointed out. The epithelium
of the three groups shows several specializations in the
ultrastructure of the ciliary tips and similar, com-
plicated root systems (Franzén and Afzelius 1987;
Pedersen and Pedersen 1988; Rohde et 4l 1988;
Lundin 1997, 1998). An unusual feature is that cells

can be withdrawn from the epithelium and digested
(Lundin 2001). The rather diffuse nervous system with
no brain is another similarity between the groups, but
specific synapomorphies are difficult to point out. The
Hox genes (see below) may show other important
characters, but the nemertodermatids are poorly stud-
ied. Acoels and nemertodermatids have unique frontal
organs with glandular and sensory cells (Ehlers 1992).
The embryology of the acoels has been studied in
great detail, whereas that of the nemertodermatids is
poorly known, and that of Xenoturbella is virtually
unknown, so nothing can be said about the ancestral
developmental type of the acoelomorphs.
Acoelomorphs can be characterized as bilateral, tri-
ploblastic gastrulae. In contrast to the cnidarians, the
acoelomorphs have a pronounced anteroposterior axis
different from the primary axis, often with a statocyst-
like sensory organ in the anterior end. The circumoral
nerve ring of the cnidarians is not found, and there is
no well-defined brain. The sack-shaped gut could be
interpreted as the result of a loss of the anus as that
seen in the Platyhelminthes (Chapter 29). However,
the acoelomorphs have genes belonging to most of the
groups characteristic of the bilaterian Hox cluster, but
they have few genes of the central and posterior groups
and lack Hox3, whereas the platyhelminths, which
have lost the anus secondarily, have retained an
almost full cluster (Fig. 21.3); this indicates that the
sack-shaped gut of the acoelomorphs is ancestral. So
Hyman (1951) was actually right in pointing to the
acoel organization as being ancestral of the Bilateria,



although the derivation from a compact planula
appears highly unlikely (Chapter 10).

The basal position of the acoelomorphs is further
supported by the paucity of microRNA in the acoel
Symsagittifera (Sempere et al. 2007).

The three phyla are treated here as the sister group
of the Eubilateria, but it cannot be excluded that they
represent subsequent side branches on the line leading
to the Eubilateria.
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Phylum Acoela

The Acoela is a small phylum of about 400 species of
small, completely ciliated, mostly marine ‘worms’. Its
monophyly has not been questioned.

Until recently, the acoels were regarded as ‘primi-
tive’ platyhelminths, but almost all of the newer
molecular studies place the acoels at the base of the
Eumetazoa (together with the nemertodermatids, and
sometimes also with Xenoturbella, see Chapter 17) as
the sister group of the Eubilateria (Ruiz-Trillo ez al.
1999; Egger et al. 2009; Hejnol er al. 2009; Paps et al.
2009). Only a few studies are more undecided between
a position together with the Platyhelminthes and the
‘basal’ position (Egger et al. 2009). The basal position
is supported by the low number of microRNAs
(Sempere et al. 2007).

The acoels are organized as bilateral, creeping gas-
trulae with mesoderm. The microscopic anatomy was
reviewed by Rieger et al. (1991). The cilia of the
monolayered epithelium have microtubular doublets
numbers 4—7 ending below the tip, which has a lamel-
lar cap; their basal system is unusually complicated,
with a posterior rootlet with a brush of microtubules
(Rohde et al. 1988; Lundin 1997; Tyler and Hooge
2004). The basal membrane is almost absent, only rep-
resented by small ‘islands’ of extracellular matrix
(Tyler and Hooge 2004). The statocyst is surrounded
by a proteinaceous capsule (Ferrero 1973), but whether

this represents a basal membrane remains unknown.

The mesoderm comprises a subepidermal layer of
thin muscle cells showing a highly variable pattern
between species (Tyler and Hyra 1998; Tyler and
Rieger 1999). The muscles are characterized as smooth
or pseudo-striated (Todt and Tyler 2006).

The midventral mouth opens directly to a central
digestive syncytium, surrounded by a layer of paren-
chymal cells, but the central syncytium is apparently
shed after digestion of a prey in some species (Smith
and Tyler 1985). Only Paratomelln has an epithelium-
like organization of the endoderm, but without cell
junctions. Protonephridia are absent.

The nervous system consists of a ring-shaped ante-
rior ganglion surrounding a statocyst with one
lithocyte and various patterns of longitudinal nerve
cords with transverse commissures (Kotikova and
Raikova 2008; Semmler er al. 2010). Unique ocelli
with a pigment cell and sensory cells without cilia or
rhabdomeres are found in several species (Yamasu
1991; Nilsson 2009). There is a frontal gland complex
consisting of ciliated sensory cells and glandular cells,
and with a common apical pore (Ehlers 1992).

The gonads are groups of germ cells in the paren-
chyma surrounded by various types of accessory cells.
Some species have more organized male and female
gonads, with various copulatory structures.

The spermatozoa are biciliate, but show much vari-

ation with cortical or axial microtubules in the tail

Chapter vignette: Convolutriloba longifissura. (Based on an illustration by Eric Rottinger, Kahikai.)



(resembling some rhabditophoran platyhelminths),
and various numbers of central microtubules in the
axoneme (Raikova and Justine 1994; Raikova et 4l
2001; Tekle et al. 2007).

Cleavage shows a characteristic pattern that was
earlier interpreted as a modified spiral pattern, with
duets instead of quartets, but this idea has now been
abandoned. However, the nomenclature with micro-
meres, macromeres, and ‘duets’ is still used. Earlier
studies recorded the cleavage pattern of a number of
genera (e.g. Bresslau 19og; Apelt 1969), and Henry
et al. (2000) documented the early cell lineage through
marking of blastomeres (Table 18.1). The first cleavage
is equal, and divides the embryo into a left-dorsal part
and a right-ventral part. The following three cleavages
are unequal so that three duets of micromeres are given
off all through laeotropic cleavages. Gastrulation is
embolic, and descendants of all three micromere duets
form the ectoderm with the nervous system of the
juvenile. The third duet macromeres both give rise to
endoderm and mesoderm. The following development
was followed by Ramachandra et 4/. (2002). Gastrulation
is embolic and the ectodermal cells become ciliated. A
nervous concentration develops at the anterior pole,
and muscle cells differentiate at the periphery of the
invaginated endo- and mesoderm. A concentration of
neurons differentiate into an unpaired brain ganglion,
with perikarya surrounding a neuropile and paired lon-
gitudinal nerve cords (see also Bery et 4. 2010). The
mesoderm differentiates into a complicated system of
fine muscles (Ladurner and Rieger 2000), and the
endodermal cells fuse into the digestive syncytium.

Table 18.1. Cell lineage of Neochildia fusca.
(Modified from Henry et al. 2000.)

1a ectoderm (neurons)
A 2a ectoderm (neurons)
1A 3a ectoderm (neurons)
Z 2A { 3A  endoderm, mesoderm
1b ectoderm (neurons)
B 2b ectoderm (neurons)
B { ectoderm (neurons)

3B endoderm, mesoderm
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The acoel Childia is able to form normal larvae
when one blastomere of the 2-cell stage is deleted
(Boyer 1971).

Hox1, Hox4/5 and a posterior Hox gene have been
identified (Cook er al. 2004; Hejnol and Martindale
2009) (Fig. 21.3).

The phylogenetic position of the Acoela as one of
the ‘basal’ metazoan groups is now well-documented
(see Chapter 17). A sister-group relationship with the
Nemertodermatids is indicated by the possession in
both groups of the characteristic frontal organ. The
relationships of the three acoelomorph phyla are dis-
cussed in Chapter 17.

Interesting subjects for future research

1. Nature of the statocyst capsule
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Phylum Nemertodermatida

Nemertodermatida is a very small phylum, comprising
about ten species of millimetre-sized ‘turbellariform’,
mostly interstitial worms; Mearua is a commensal in the
pharynx of holothurians (Sterrer 1998). The micro-
scopic anatomy was reviewed in Rieger et al. (1991; see
also Lundin and Sterrer 20071).

The monolayered, multiciliary epithelium shows a
complex system of connecting ciliary roots. The cilia
have characteristic tips with microtubular doublets
4-7, terminating at a distance from the tip and a ter-
minal disc (Lundin 1997). Worn ciliated cells become
internalized and digested (Lundin 2001). There is no
continuous extracellular matrix (Tyler and Hooge
2004).

In most species, the midventral mouth opens into a
short ciliated pharynx. The mouth opening is absent
in Ascoparia, but digestive glands at the expected posi-
tion of the mouth may indicate the formation of a
temporary opening. The gut has a narrow lumen and
lacks cilia. There are no protonephridia

The nervous system is basiepithelial, with an annu-
lar concentration at the anterior end and one or two
pairs of weak longitudinal nerves; there is no sto-
mogastric nerve system (Gustafsson et al. 2002). A
small statocyst has two statoliths (Westblad 1937;
Raikova et al. 2004). A ‘frontal organ’ consists of a
group of gland cells and ciliated, putative sensory cells
(Ehlers 1992).

Both ovaries and testes are situated between the
dorsal-body wall and the gut. The mature sperm is
collected in a vesiculum seminalis, and is probably
transferred to the female through hypodermal
injection. The sperm is fusiform with a slender nuclear
head and a long mid piece, with a pair of spirally coiled
mitochondria and a long cilium (Lundin and
Hendelberg 1998).

The embryology is not well known. The first three
cleavages of Nemertoderma are duet cleavages, with
micro- and macromeres, but the 16-cell stage consists
of a ring of micromeres and a ring of macromeres; the
following development has not been described
(Jondelius et al. 2004).

Two central and one posterior Hox gene have been
identified (Jiménez-Guri et al. 2006).

Nemertodermatida appears always to be regarded
as a monophyletic group, closely related to Acoela,
and a number of papers also point to a close relation-
ship with Xenoturbella. Possible synapomorphies
include several characters of the cilia. Readers are

referred to Chapter 17 for further discussion.

Interesting subjects for future research

1. Embryology

2. Hox genes

Chapter vignette: Ascoparia neglecta. (Redrawn from Sterrer 1998.)
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Phylum Xenoturbellida

The two described species of Xenoturbella are centi-
metre-long, ‘turbellariform’, marine worms, with a
thick ciliated epidermis, a thick extracellular matrix,
a layer of strong muscles, and a sac-shaped gut with a
mid-ventral mouth opening (Westblad 1950).

The ectoderm is heavily ciliated and shows open-
ings of numerous mucus glands (Pedersen and Pedersen
1988). The cilia have the characteristic acoelomorph
morphology, with the axonemal doublets numbers 4—7,
ending at a small plateau below the tip, which has an
intracellular cap. Their basal structure comprises dou-
ble, striated roots and a basal foot with a brush of
microtubules (Franzén and Afzelius 1987). An unusual
process of withdrawing and resorbing epithelial cells
was also observed (Lundin 2001). The extracellular
matrix comprises a thick layer of striated filaments,
probably collagen (Pedersen and Pedersen 1986). The
strong musculature consists of an outer layer of annu-
lar muscles, an inner layer of longitudinal muscles, and
a system of radial muscles (Ehlers and Sopott-Ehlers
1997; Raikova et 4. 2000). Characters of the muscula-
ture led Ehlers and Sopott-Ehlers (1997) to place
Xenoturbella as the sister taxon of all other bilaterians.

There is a diffuse, intraepithelial nerve net without
any special concentrations (Raikova er 4/. 2000). An
anterior ‘statocyst’ has a number of mobile, monocili-

ated cells (Ehlers 1991), but its function as a statocyst
was doubted by Israelsson (2007).

The midventral mouth opens directly into a gut
that Westblad (1950) described as syncytial, but this
has turned out not to be correct (personal communica-
tion, Dr Kenneth Lundin, G6teborg Natural History
Museum). The food consists almost exclusively of
bivalves, especially Nucula (Bourlat et al. 2008).

Some of the developmental stages found inside
Xenoturbella are probably of bivalve origin (Bourlat
et al. 2003), and the embryology is unknown. The
sperm is of the ‘primitive’ type, with a rounded head
with an acrosomal vesicle, four mitochondria in a long
cilium (Obst et 4l. 2011), but sperm resembling that
of the bivalve Nucula have been observed too (Claus
Nielsen, unpublished observations).

Both the general morphology and most of the
detailed observations of the structure of Xenoturbella
indicate that it is a basal bilaterian close to the Acoela
and Nemertodermatida. Only the transmission elec-
tron microscopy studies of the extracellular matrix
(Pedersen and Pedersen 1986) and immune reactions
of the nervous system (Stach et 4l 2005) hint to a
closer relationship to enteropneusts. A formal cladistic
analysis of morphological characters (Haszprunar

1996) placed Xenoturbella with the acoelomorphs.

Chapter vignette: Xenoturbella bocki (based on various sources.)
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The first
Xenoturbella is a bivalve (Norén and Jondelius 1997),

molecular studies indicated that
but it was subsequently demonstrated that the mol-
luscan RNA was from Xenoturbella’s food (mostly
bivalves of the genus Nucula), and placed it as sister
group to the Ambulacraria (Bourlat ez /. 2003). This
position was subsequently recovered in a series of
analyses (see Nielsen 2010), and this finds some mor-
phological support for a relationship with the enter-
opneusts (Rieger er a/. 1991). However, a few newer
analyses show Xenoturbella in a more basal position, as
the sister group to all other deuterostomes (Bourlat
et al. 2009; Perseke et al. 2007). Finally, the phyloge-
nomic study of Hejnol et 4/. (2009) showed reasonably
good support for a position of Xenorurbella as the sister
group of Acoela + Nemertodermatida together, form-
ing the Acoelomorpha at the base of the eubilaterian
tree, in good agreement with the morphological data.
Further support for this position is found in the struc-
ture of the short Hox cluster (Fritsch et 4l 2008),
which lacks the Hox3 gene characteristic of the eubila-
terians (see Fig. 21.3). Analyses of the mitochondrial
genome excludes a position of Xenorurbella within the
Aceolomorpha, but its position is very uncertain
(Mwinyi et al. 2010).

Acoela, Nemertodermatida, and Xenoturbellida
may constitute the monophyletic sister group of the
Bilateria, as suggested by Hejnol et al. (2009), or rep-
resent one or two side branches on the line leading to
the Eubilateria. The recent study of (Philippe et 4.
2011) supports the position of Xenoturbella within the
Acoelomorpha, but places this group as the sister
group of the Ambulacraria (see Chapter 17).

Interesting subjects for future studies

1. Embryology
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EUBILATERIA

Eubilateria is one of the most well-defined metazoan
groups. It shows a whole suite of morphological apo-
morphies, and practically all molecular phylogenies
and studies of Hox genes agree on the monophyly.
The most important apomorphies of the clade com-
prise the presence of a tubular gut with mouth and
anus, a well-defined anterior brain, and a long Hox-
cluster collinear with an anteroposterior axis and func-
tioning as an organizer of the body parts along this
axis. The Hox cluster comprises the eubilaterian sig-
nature (a group 3 gene and the two most anterior cen-
tral genes), plus varying numbers of more posterior
central and posterior genes (see below). Not many
other morphological apomorphies can be pointed out;
protonephridia have been mentioned, and this charac-
ter has inspired the alternative name Nephrozoa
(Jondelius et al. 2002), but protonephridia are appar-
ently only found in the protostomes. These and a
number of other characters will be discussed below.
The tubular gut has made a rapid radiation possible,
probably in the Ediacaran (see for example Nielsen
and Parker 2010), because this new organization
allowed for occupation of a number of new ecospaces
(Xiao and Laflamme 2008).

Bilateral symmetry is seen in anthozoans, a few
hydrozoan polyps (Chapter 13), and in acoelomorphs
(Chapters 17-20), but they lack all the eubilaterian
characteristics listed above. All bilaterians have a sec-
ondary, anteroposterior axis (usually with anterior
brain and mouth), which forms an angle to the pri-

mary, apical-blastoporal (animal-vegetal) axis, and

this defines the bilateral plane of symmetry character-
istic of the Bilateria. If one accepts that the eubilate-
rian ancestor was organized as a gastraea, then the
tubular gut could have evolved in two ways: either by
division of the blastopore into two openings, mouth
and anus, or through the establishing of a new open-
ing, where the blastopore was retained as the anus, and
the new opening became the mouth or vice versa. This
is discussed below and in more detail in Chapters 22
(Protostomia) and 56 (Deuterostomia).

Fossils resembling compact embryos with large
cells, indicating lecithotrophy, have been described
from the Neoproterozoic (Xiao and Knoll 2000;
Hagadorn ez al. 2006; Chen et al. 2009), and other fos-
sils from the same period strongly resemble thin-
walled gastrulae of deuterostomes and protostomes,
indicating the presence of planktotrophic larval stages
(Chen ez al. 2000). However, the very nature of both
types of fossils has been questioned by a number of
authors (for example, Bailey ez 4/. 2007; Bengtson and
Budd 2004), so the evidence is inconclusive.

Unfortunately, the fossil record of adult organisms
tells very little about early animal radiation. The early
ancestors were small and without skeletons or tough
cuticles. Most of the Vendian organisms interpreted as
cnidarians, annelids, or arthropods are highly ques-
tionable (McCall 2006). The ‘Ediacaran—Cambrian
explosion’ with rich fossil faunas, for example, from
Chiengjiang and Sirius Passet (Early Cambrian; Hou
et al. 2004; Conway Morris and Peel 2008), Burgess
Shale (Middle Cambrian; Briggs et 4l. 1994), and the



Orsten fauna (mainly Upper Cambrian; Maas et al.
2006) are ‘windows’ showing that most of the groups
that we call phyla today, or their stem lineages, were
established already at that time together with a number
of forms that are difficult to relate to existing phyla. It
seems likely that a period of radiation preceded the
faunal ‘explosion’ we see in the Early Cambrian, and
this is also indicated by studies of the ‘molecular clock’
(Peterson et al. 2008; Nielsen and Parker 2010). The
Cambrian faunas have given us good information
about the diversity and morphological complexity of
the animal life at that time, but they do not give us
much information about animal radiation.

The morphology of the ancestral eubilaterian is
difficult to visualize because the protostomes and deu-
terostomes show such different body plans and embry-
ology, but it was probably a pelago-benthic bilateral
gastraea with an apical brain and a nervous concentra-
tion on the ventral side (facing the substratum).
Evolution of an early protostome from this common
ancestor seems easy to reconstruct in a series of steps
that can be recognized in ontogenetic stages of several
protostomes, and that shows functional continuity
(the trochaea theory, see Chapter 22). On the contrary,
the evolution of the deuterostome ancestor is difficult
to infer, because the two sister clades, Ambulacraria
and Chordata, are so different, both in development
and in adult structure.

The traditional division of the Eubilateria into
Protostomia and Deuterostomia is based on several
morphological characters, and the two groups are
recovered in almost all molecular phylogenies, includ-
ing studies of microRNAs (Wheeler ez al. 2009).

The two groups have been given various names by
different authors to underline the differences each
author considered most important. The name pairs
introduced by some important classical authors are:
Zygoneura/Ambulacralia + Chordonia (Hatschek
1888); Protostomia/Deuterostomia (Grobben 19o8);
Ecterocoelia/Enterocoelia (Hatschek 1911); Hypone-
uralia/Epineuralia (Cuénot 1940); and Gastroneuralia/
Notoneuralia (Ulrich 1951). Hatschek’s first system
was based on his trochophora theory, which empha-
sized the unity of the Zygoneura with a paired ventral
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nerve chord; Grobben’s division was based on the dif-
ferences in the fate of the blastopore (see below);
Hatschek’s second scheme was based on differences in
the formation of the mesoderm and coelom; and
Cuénot’s and Ulrich’s names refer to the position of the
main parts of the central nervous systems. There are no
nomenclatural rules for the highest systematic catego-
ries in zoology, but Protostomia and Deuterostomia
have become the preferred names. An alternative
scheme that until recently has been followed by a
number of college textbooks (even as recent as Margulis
and Chapman 2009) is Hyman’s (1940) arrangement of
her chapters on bilaterians under three headings: acoe-
lomates, pseudocoelomates, and coelomates. This
scheme has unfortunately been used by a number of
molecular phylogeneticists under the misleading name
‘the tradidonal morphology-based phylogeny’ (see
Nielsen 2010). However, Hyman did not consider this
as a phylogenetic scheme (Jenner 2004), and the names
are not found in her ‘hypothetical diagram of the rela-
tionships of the phyla’ (Hyman 1940: fig. 5.1). Luckily,
this three-group classification is now almost totally
abandoned.

A number of characters and organ systems of phy-
logenetic interest are discussed below in an attempt to
evaluate information about their origin and phyloge-
netic importance. More detailed discussions can be
found in Schmidt-Rhaesa (2007).

Tube-shaped gut with mouth and anus This is one
of the defining apomorphies of the Eubilateria.
The exclusively parasitic Nematomorpha have non-
functioning rudiments of a gut, and completely gut-
less groups, such as acanthocephalans, cestodes, and
‘pogonophorans’, occur within a number of phyla
where the lack of a gut can be interpreted with confi-
dence as a specialization. Free-living eubilaterians
without an anus are found within phyla, where the
presence of an anus is the ‘normal’ condition, for
example in rotifers, such as Asplanchna (Chapter 34),
the articulate brachiopods (Chapter 41), and the
ophiuroids (Chapter 58). The platyhelminths all lack
an anus, but both embryological and molecular data
support the interpretation of this as a derived charac-

ter (Chapter 29).
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A more difficult question is whether gut, mouth,
and anus of all eubilaterias are homologous. The posi-
tion of the gut, its general structure and function, and
its origin from the archenteron of a gastraea appear
similar, so homology of the guts (endoderm) appears
well founded. However, as mentioned above, there
appears to be two fundamentally different ways of
deriving a tube-shaped gut from the sac-shaped gut of
a gastraea: (1) the lateral lips of the blastopore may
fuse so that the blastopore becomes divided into
mouth and anus (as observed in many protostomes,
see Fig. 22.2); and (2) the blastopore may become the
anus and a new mouth formed as an opening from the
bottom of the archenteron (as observed in some deu-
terostomes). This demonstrates that the mouth open-
ings of the two main groups of bilateral animals, viz.
Protostomia and Deuterostomia, cannot # priori be
regarded as homologous. Blastopore fate and the
development of the adult gut in the two groups are
discussed in Chapters 22 and 56.

Monociliate/multiciliate epithelial cells Monociliated
epithelia are the rule in all the non-triploblastic phyla
and this must be interpreted as a plesiomorphy
(Chapter 4).

The multiciliate condition has obviously evolved
more than once outside the animal kingdom (for
example in polymastigine flagellates, ciliates, and
sperm of ferns) and it is therefore not unexpected
that it has evolved more than once within the ani-
mals. Multiciliary cells are found in hexactinellid
larvae (Chapter 5), in few cnidarians (Chapter 13), in
ctenophores (Chapter 15), and in the acoelomorphs
(Chapters 17—20). It appears that the protostomian
ancestor evolved the multiciliate condition, and
that this has then been lost in certain clades. The
monociliate annelid Owenia (belonging to a family
with multiciliate species) is a good example of this
(Chapter 25). All gnathostomulids and some gastro-
trich clades are monociliate (Chapters 30, 32), and
this is best interpreted as reversals to the ancestral
type of ciliation. The brachiozoans (Chapters 39—41)
are exclusively monociliate. Multiciliarity appears to
have evolved independently in enteropneusts, which

have monociliate ciliary bands in the larvae (Chapter

60) and in urochordates + vertebrates (Chapters
64-65).

Ciliary bands Ciliated epithelia are used in locomo-
tion in many aquatic metazoans, either in creeping or
in swimming. A special type of ciliated epithelia are
the narrow ciliary bands with diaplectic metachronism
(Knight-Jones 1954) used in swimming and feeding.
Such bands are characteristic of practically all types of
ciliated planktotrophic invertebrate larvae, and are
also found in some adult rotifers and annelids, and in
all adult entoprocts, bryozoans, cycliophorans, phoro-
nids, brachiopods, and pterobranchs. The special type
found on the gills of some autobranch bivalves (called
cirral trapping, see Riisgird and Larsen 2001) is not
discussed here.

The ciliary bands fall in well-defined groups accord-
ing to structure and function. The ciliated cells may be
monociliate or multiciliate, and the cilia may be separate
or compound. The bands may function in downstream
collecting, ciliary sieving, or upstream collecting.

Planktotrophic trochophora larvae of annelids,
molluscs, and entoprocts, and adult entoprocts, some
rotifers, and annelids have downstream collecting
bands composed of compound cilia on multiciliate
cells (Nielsen 1987) (Fig. 22.6). The filtering systems
are organized with two bands of compound cilia, with
opposed orientation of their effective strokes (this
type is also called the opposed band or double-band
system). The compound cilia create a water current
and ‘catch up’ with suspended particles that are then
pushed onto a band of separate cilia, which transports
the particles to the mouth (Strathmann et al. 1972;
Riisgérd et al. 2000).

Adult bryozoans and cyphonautes larvae capture
particles by setting up a water current with a lateral
band of separate cilia on multiciliate cells, and filtering
particles from the water current by a row of stff
laterofrontal cilia; the captured particles are then
transported further through ciliary or muscular move-
ments of the filtering structure (Chapter 38). Phoronids
and brachiopods show a similar system, but the cells
are all monociliate (Chapters 39—41).

Planktotrophic larvae of enteropneusts and echino-

derms use ciliary bands of separate cilia on monociliate



cells in an upstream collecting system (Strathmann
et al. 1972; Nielsen 1987; Strathmann 2007). The ciliary
bands both create the water current and strain the
food particles, apparently by reversal of the ciliary
beat. The pterobranch tentacles have been described
as having laterofrontal cilia as those of the bryozoans
and brachiozoans, but there are no laterofrontal cells
in the tentacles of Cephbalodiscus (Chapter 61), so their
ciliary bands have the same structure and probably
also function as those of the ambulacrarian larvae
(Chapter 57).

The chordates use mucociliary filtering systems
where the water currents are created by cilia and the
particles caught by a mucous filter (Chapter 62).

Nervous systems Most ciliated bilaterian larvae have a
ciliated apical organ like that of the cnidarians (Fig. 10.1)
that is lost before or at metamorphosis (Chapter 10).
The larval spiralians have an apical organ with an apical
ganglion that is lost at metamorphosis, and a pair of cer-
ebral ganglia that is retained in the adult brain (Chapter
23), but the ecdysozoan brains are of different types.
However, all protostomes appear to have a dorsal/circu-
moral brain and a pair of longitudinal ventral nerve
cords (Chapter 22, Fig. 22.3). The deuterostomes show
two quite different types of nervous systems. The ambu-
lacrarians lack a centralized brain (Chapter 57), whereas
the chordates have the characteristic neural tube
(Chapter 62). Gene-expression patterns in the ventral
nerve cords of annelids and arthropods show strong
similarities with those of the chordate neural tube, see
for example Denes et 4l. (2007). It has therefore been
suggested that the ventral cord of the protostomes,
which originates from the blastopore margin, is homol-
ogous with the neural tube of the chordates; see further
discussion in Chapter 62.

At present, it seems almost impossible to envisage
the morphology of the ancestral eubilaterian nervous
system.

Muscle cells Striated muscle cells have been
reported from certain hydromedusae (Chapter 13)
and the very peculiar, anucleate tentillae of a cteno-
phore (Chapter 15), but it is generally believed that
striated muscle cells are an apomorphy of the
Eubilateria (Burton 2007).
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Coelom A coelom is defined as a cavity surrounded
by mesoderm, which is usually a peritoneum with
basal membrane and apical cell junctions, and with the
apical side facing the cavity. The discussions about the
origin and homologies of the mesodermal cavities in
the various phyla have been very extensive in the past,
and the phylogenetic significance of the coeloms has
definitely been grossly exaggerated. Here it may suf-
fice to say that the cavities that fall under this defini-
tion are of quite different morphology and ontogeny.
Only where the coeloms have an identical origin and
an identical, complex structure, as for example the
endodermally derived proto-, meso-, and metacoel of
the deuterostomes, can one speak of well-founded
homology.

The origin of the coelomic compartments has been
related to the locomotory habits of the organisms,
with the coeloms functioning as hydrostatic skeletons
(Clark 1964), and this correlation appears very well
founded in annelids. However, the fluid-filled body
cavity of priapulans that is used as a hydrostatic skele-
ton in the large burrowing species is not a coelom
(Chapter 52). Fluid-filled body cavities function as
hydrostatic skeletons in protrusion and retraction of
anterior parts of the body in many types of animals.
The cavity is a primary body cavity in rotifers and
pelagic larvae of annelids and molluscs, and a large
coelom in the adult bryozoans and sipunculans. It
appears that fluid-filled cavities have evolved inde-
pendently in several phyla. There is nothing to indi-
cate that the various coeloms are homologous, and
this opinion is now shared by most authors.

The function of the coelomic cavities as hydro-
static organs does not necessitate the presence of
coelomoducts, and the association between gonads
and coeloms (see below) is probably secondary. Coelo-
moducts may have originated in connection with the
association between gonads and coelom, so that the
original function of coelomoducts was that of
gonoducts.

Circulatory systems Special fluid transport systems
are absent in cycloneuralians, in microscopic animals,
and in larvae of many of the spiralian and deuteros-

tome phyla where diffusion and circulation of the fluid
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in the primary body cavity appears sufficient for the
transport of gases and metabolites. In adults of larger
compact and coelomate organisms these methods are
usually supplemented by special transport systems,
which fall into two main types: coelomic and haemal
(Ruppert and Carle 1983).

Coelomic circulatory systems are lined by coe-
lomic epithelia and the circulation is caused by the
cilia of the peritoneum, which have now been observed
in a number of phyla (Ruppert and Carle 1983), or by
muscles. The coelomic cavities of many polychaetes
are segmental and cannot transport substances along
the body, whereas other annelids have extensive coe-
lomic cavities formed by fusion of the segmental
coelomic sacs so that the coelomic fluid, which con-
tains respiratory pigments in many forms, can circu-
late through most of the animal. In the leeches, the
coelomic cavities have been transformed into a sys-
tem of narrow canals that are continuous throughout
the body and that function as a circulatory system
(Chapter 25). Coelomic specializations such as the
tentacle coelom, with one or two tubular, contractile
‘compensation sacs’ of the sipunculans (Chapter 26),
and the water-vascular system of the echinoderms
(Chapter 58), have respiratory functions too.

Huemal systems, also called blood vascular systems,
are cavities between the basal membranes of the epi-
thelia, for example blood vessels in the dorsal and ven-
tral mesenteries in annelids (Ruppert and Carle 1983;
Ruppert et al. 2004). This position could indicate that
the blood spaces are remnants of the blastocoel, but
the blood vessels arise de novo between cell layers in
most cases (Ruppert and Carle 1983). The only major
deviations from this structure appear in vertebrates
that have blood vessels with endothelial walls, and in
cephalopods that have endothelium in some vessels
(Yoshida et 4l. 2010).

The blood vessels may be well defined in the whole
organism, for example in some annelids, or there may
be smaller or larger blood sinuses or lacunae, in addi-
tion to a heart and a few larger vessels, for example in
molluscs. These two types are sometimes called closed
and open haemal systems, respectively, but the phylo-

genetic value of this distinction is dubious.

Arthropods and onychophorans show a very pecu-
liar organization of coelom and haemal system. During
ontogeny, the contractile dorsal vessel is formed by
the dorsal parts of the coelomic sacs, but the ‘coelomic
parts’ of the coelomic cavities fuse with the haemal
system so that a large mixocoel is formed (Chapters 44
and 45).

Contractile blood vessels are found in many ani-
mals, and their muscular walls are, in all cases, deriva-
tives of the surrounding mesoderm, which in most
cases can be recognized as coelomic epithelia. The
well-defined hearts consist of usually paired coelomic
pouches that surround a blood vessel; each has a mus-
cular inner wall and a thin outer wall, separated by a
coelomic space, the pericardial cavity, that facilitates
the movements of the heart.

Unique circulatory systems of various types are
found in a few phyla. Many platyhelminths have lacu-
nae between the mesenchymal cells, and some dige-
nean trematodes have a well-defined system of a right
and a left channel lined by mesodermal syncytia sur-
rounded by muscle cells (Strong and Bogitsch 1973).
Carle and Ruppert (1983) interpreted the funiculus of
the bryozoans as a haemal system, because it usually
consists of one or more hollow strands of mesoderm
where the lumen is sometimes lined by a basement
membrane. It is possible that this structure transports
nutrients from the gut to the testes, which are usually
located on the funiculus (and to the developing stato-
blasts of phylactolaemates), but neither position,
structure, or function of the funiculus bears resem-
blance to blood vessels of other metazoans, and it may
simply be a highly specialized mesentery (Chapter 38).
Also chaetognaths have a small basement-membrane-
lined cavity that has been interpreted as a haemal
space, but a circulatory function is not obvious
(Chapter 55). The lateral channels of the nemertines
are discussed in Chapter 28.

The two types of circulatory system are usually not
found in the same organism, but the echinoderms are
a remarkable exception in that they have both a hae-
mal system and a coelomic circulatory system - the
water vascular system clearly transports, for example,
oxygen from the podia (Chapter 58).



There seems to be no morphological indication of
an ancestral eubilaterian circulatory system. The
orthologous regulatory genes tinman in Drosophila and
Nkx2.5 in the mouse specify the development of the
mesodermal heart, and this has led some authors (for
example De Robertis and Sasai 1996) to postulate that
the eubilaterian ancestor had a circulatory system with
a mesodermal heart. However, the homologous gene
ceh-22 regulates differentiation of the ectodermal
myoepithelial pharynx in Caenorbabditis (Lam et al.
2006), where a homology seems very far fetched.
Davidson (2006) interpreted the highly complex
heart-gene network common to Drosophila and the
mouse as a kernel specifying a pulsating tissue, and
proposed that this ancestral network has lost some of
its components in Caenorbabditis. It could be interest-
ing to look for similar genes in other metazoans.

Nephridia/coelomoducts/gonoducts Half a century ago
Goodrich (1946) summarized the available knowledge
about nephridia/coelomoducts/gonoducts and con-
cluded that there are two main types of nephridia:
protonephridia with a closed inner part; and metane-
phridia with a ciliated funnel opening into a coelom.
He further concluded that the coelomoducts appear to
have originated as gonoducts, and that these canals
may secondarily have become engaged in excretion,
and eventually have lost the primary function as gon-
oducts. The different types of organs may fuse so that
compound organs (nephromixia) are formed.
and Smith 1988;
Bartolomaeus and Ax 1992; Bartolomaeus and Quast

Protonephridia  (Ruppert
2005; Schmidt-Rhaesa 2007) are ectodermally derived
canals with inner (terminal) cells with narrow, slit-like
gaps or interdigitations with a canal-cell, usually cov-
ered by a basal membrane that functions as an ultrafil-
ter in the formation of the primary urine. The filtration
is usually from the blastocoel or from interstices
between the mesodermal cells, but protonephridia
draining coelomic spaces are found in some annelids
(Bartolomaeus and Quast 2005). The primary urine is
modified during the passage through the canal cells,
and the duct opens to the exterior through a nephridi-
opore cell. The definition based on the ectodermal

origin is more narrow than the usual one and excludes,
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for example the cyrtopodocytes of amphioxus, which
develop from mesodermal cells (Chapter 63).

Protonephridia are probably an ancestral charac-
ter in spiralian larvae and are found in a number of
adults too. The ecdysozoans lack primary larvae, but
protonephridia are found in a number of adult
cycloneuralians, so protonephridia may have been
present in the protostomian ancestor. There is con-
siderable variation in the morphology of these organs,
but it is difficult to see any evolutionary tendencies
(Schmidt-Rhaesa 2007). The nematodes have an
excretory organ of one or a few cells without a filtra-
tion weir (Chapter 49), and its homology is uncertain.
Protonephridia are found in phoronids (Chapter 40),
and this is one of the characters that indicate their
spiralian relationship.

The driving force for filtration is usually said to
come from the movements of the cilium/cilia, but I
find it difficult to see how this should work.

Metanephridia/gonoducts (Ruppert and Smith
1988; Bartolomaeus 1999; Schmidt-Rhaesa 2007) are
mesodermal organs that transport and modify coe-
lomic fluid (and sometimes also gametes) through a
canal that often has an ectodermal distal part (for
example in clitellates) (Weisblat and Shankland 1985;
Gustavsson and Erséus 1997). The coelomic fluid can
be regarded as the primary urine in most organ-
isms and it is formed by filtration from the blood
through ultrafilters, formed by cells of blood vessels
specialized as podocytes. There is, however, one
important exception to this, namely the sipunculans,
which have large metanephridia but lack a haemal sys-
tem (Chapter 26). The coelomic compartment may be
large and have retained the primary functions (as
hydrostatic skeleton or gonocoel), or be very restricted
so that the blood vessel(s), podocytes, coelomic cavity,
and sometimes also the modifying nephridial canal are
united into a complex organ, for example the antennal
gland of the crustaceans (Chapter 44), the axial com-
plex of echinoderms (Chapter 58) and enteropneusts
(Chapter 60), and the vertebrate nephron. Annelid
metanephridia (Bartolomaeus 1999) often develop from
a pair of intersegmentally situated mesodermal cells that
divide and develop a lumen with cilia; this primordial
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structure may either form a weir and become one or
more cyrtocytes, or open to become a ciliated funnel
(a traditional metanephridium). Genital ducts in the
form of ciliated mesodermal funnels develop inde-
pendently or in association with the nephridia.

Segmentation Repeated units of anatomical struc-
tures are found in a number of eubilaterians, and a
complex type, comprising both mesodermal and ecto-
dermal elements, such as coelomic sacs, ganglia, and
excretory organs, sequentially added from a posterior
growth zone, are called segments or somites (Tautz
2004). Such ‘true’ segments are characteristic of
Annelida (Chapter 25), Panarthropoda (Chapter 43),
and Chordata (Chapter 62). The three ‘segments’ of
the ambulacrarians, i.e. prosome, mesosome, and
metasome, are excluded here because there is no ter-
minal addition of segments.

Several authors have pointed out that homologous
genes are involved in organizing segmentation in all
the three ‘segmented clades’, and this has led to the
hypothesis that the common ancestor of the eubilate-
rians, ‘Urbilateria’, was segmented (Balavoine and
Adoutte 2003; De Robertis 2008; Saudemont ez al.
2008; Couso 2009). This would imply that the bilate-
rian ancestor was a coelomate, and that both coeloms
and segmentation have been lost numerous times dur-
ing the bilaterian radiation. Other authors point to the
differences in the segmentation mechanisms (Blair
2008), and the question is far from settled.

The patterning of protostomian-type segmenta-
tion has been studied extensively in annelids and espe-
cially in arthropods, both by use of direct observation
of cleavage patterns and by observations of gene
expression.

Arthropods, especially malacostracans (Dohle and
Scholtz 1997; Browne et 4l. 2005), show teloblastic
growth of both ectoderm and endoderm (Chapter 44).
Each ring of cells given off from the ectoteloblasts
divides twice forming a parasegment with four rows of
cells. The anteriormost row of cells in each paraseg-
ment and the three posterior rows of the anterior par-
asegment fuse into a ‘true’ segment with a ring of
sclerites. This seems necessary for the function of the

mesodermal muscles connecting the sclerites of two

segments. The gene engruiled is expressed in the ante-
rior row of cells in the parasegment and wingless in the
posterior row of cells, so that both of these two stripes
become located in the posterior part of each segment.
Other arthropods do not show teloblasts, but the same
pattern of gene expression is seen in insects and spi-
ders (Damen 2002; Tautz 2004).

In the annelid Platynereis (Prad’homme ez al. 2003;
Dray et al. 2010), a similar striped gene expression pat-
tern is found, but the engrailed stripe remains in the
anterior side of the (para)segment, so that the border
between two segments is between the wingless/Wntr
and engruiled/bedgebog stripes. In contrast to arthropod
musculature, the annelid musculature functions pri-
marily within each (para)segment, possibly because
the segmentation ancestrally was functioning as rows
of hydrostatic compartments

The annelid parapodia develop from the middle of
the segments, whereas the arthropod limbs develop at
the border between parasegments, so the two struc-
tures cannot be homologous (Prud’homme ez 4/. 2003;
Prpic 2008; Dray et 4l. 2010).

It appears that the segmentation genes of annelids
and arthropods could be an extreme example of co-
option of genes into similar function in two separate
lineages (Chipman 2010).

It should be mentioned that two hypotheses for the
evolution of the protostomes exist. The ‘classical’
Articulata hypothesis, which emphasizes the similari-
ties in morphology of segmentation in annelids and
arthropods and in the similarity of gene expression of
segmentation genes (see for example Saudemont ez al.
2008; Dray et al. 2010), and the Ecdysozoa hypothesis,
which is supported by the very consistent tree topol-
ogy, with Spiralia and Ecdysozoa as sister groups seen
in molecular phylogenetic analysis and in the Hox-
gene signatures (see below and Fig. 21.3). I have cho-
sen to follow the Ecdysozoa hypothesis, but this leaves
the problem of explaining the gene expression pat-
terns. Two possibilities have been proposed. One is
that the ancestral bilaterian was segmented and that
this character was subsequently lost in all the non-
segmented phyla, and the other is that the segmenta-

tion with the genes evolved convergently in annelids,
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Figure 21.1. Examples of cleavage types in major eubilaterian groups; 2- and 4-cell stages are shown with indication of adult
body orientations. The cells giving rise to germ cells are shaded. Ctenophores have biradial cleavage with strictly defined cleav-
age planes; 0-o, the oral plane, t-t, the tentacle plane. Spiralians have spiral cleavage with oblique cleavage planes, so that four
quadrants are formed: A, left; B, anteroventral; C, right; D, posterodorsal. Arthropods (exemplified by Semibalanus) with similar
quadrants. Cycloneuralians (exemplified by the nematode Caenorbabditis) first have a transverse cleavage; at the second cleavage
the anterior cell (AB) divides medially and one of the resulting cells immediately slides to the dorsal side (see Fig. 37.2), whereas
the posterior cell (P ) divides transversely into the anterior EMS and the posterior P . Deuterostomes have a bilateral cleavage
pattern where the first cleavage is median and the second transverse.

arthropods, and chordates (see for example Balavoine
and Adoutte 2003). Much more information is obvi-
ously needed to resolve the discrepancy between the
various types of information.

The chordates show a probably non-homologous
segmentation organized from the mesodermal somites,
which is patterned by segment polarity genes of other
types (Holley 2007) (see Chapter 62).

It should of course be mentioned once again that
expression of a gene in structures or functions in dif-
ferent lineages does not prove homology (Nielsen and
Martinez 2003). A good example is the presence of the
microRINA-183 family in ciliated sensory cells of vari-
ous sense organs in both protostomes and deuteros-
tomes (Pierce et al. 2008). Nobody would regard
nematode sensilla, fruit-fly sensilla, sensory cells at the
sea-urchin tube feet, and the ciliated cells of the verte-
brate ear as homologous organs. The presence of seg-

mentation genes in non-segmented bilaterians is

possibly another example of ‘preadaptation’ (Marshall
and Valentine 2010).

Gonads The origin of the germ cells has been stud-
ied in many bilaterian phyla, and it appears that it is
always mesodermal, but there are differences in the
timing of the segregation of the germ cells. In proto-
stomes with spiral cleavage, the germ cells differenti-
ate from the 4d cell at a late stage of development, and
this seems also to be the case in many arthropods. In
the cycloneuralians, the germ cells can be traced back
to the 2- and 4-cell stages. This is discussed further
below and in connection with cleavage patterns of
protostomes (Chapter 22, Table 22.1). Deuterostomes
generally have a late segregation of the germ cells, but
this is not the case in the vertebrates (Juliano and
Wessel 2010).

Almost all bilaterians studied so far have the polar
bodies situated, at least initially, at the pole where the

apical organ will be formed, opposite to the position of
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the blastopore at the point where the two first cleav-
age furrows intersect. The polar bodies are situated at
the blastoporal pole in cnidarians and ctenophores
(Chapters 13 and 15). Oocyte polarity has only been
studied in a few groups, but the apical face of the
oocyte in the ovarial epithelium becomes the apical
pole of the embryo in nemertines (Chapter 28), bra-
chiopods (Chapter 41), and amphioxus (where there is
even a small cilium; Chapter 63).

Spawning may have been through rupture of the
external body wall in the earliest triploblastic organ-
isms, but this method is rare among extant organisms
(amphioxus is one example; see Chapter 63), and the
isolated examples must be interpreted as apomorphies.
Gonoducts of acoelomate organisms are typically
formed by fusion of an ectodermal invagination, with
an extension of the gonadal wall (for example in nemer-
tines; Chapter 28). In coelomate groups, the gametes
are usually shed via the coelom and the gonoducts are
therefore coelomoducts. These structures are usually
formed through fusion between an ectodermal invagi-
nation and an extension from the coelom.

Cleavage patterns Early metazoan development
shows a high degree of variation, both intraphyletic

apical tuft

metatroch

N e

anus

Protostomia: trochophora larva

adoral ciliary zone

and between phyla. Only development with total
cleavage will be discussed here.

The ‘sponges’ (Chapters 5,7,9) do not show any
characteristic pattern. Cnidarians show much varia-
tion (see Fig. 13.1), but a radial pattern can be recog-
nized in most species. There is only the primary,
apical-blastoporal axis, and this is apparently the
primitive cleavage pattern in the eumetazoans.
Ctenophores (Chapter 15) have a highly determined
biradial cleavage pattern, with the first cleavage
through the oral plane and the second through the
tentacle plane, reflecting the symmetry of the adults.
This is definitely an apomorphy of the phylum. Acoels
show a highly specialized cleavage pattern (Chapter
18), but the embryology of Nemertodermatida is
poorly known and that of Xenorurbella unknown.

Eubilaterian cleavage patterns show much varia-
tion too, but it appears that three main types of total
cleavage can be recognized (Fig. 21.1). Many
protostomes with total cleavage show unequal cleav-
age with the two first cleavage planes cutting along the
primary axis, but being oblique, so that three smaller
cells (left, anteroventral, and right) and a larger, pos-
terodorsal cell are formed. These four blastomeres

apical tuft

neotroch

mouth

gut

anus

Deuterostomia: dipleurula larva

Figure 21.2. Diagrams of the two main types of larvae of bilaterians, the protostomian trochophora and the deuterostomian

(ambulacrarian) dipleurula.



give rise to quartets of cells with more or less fixed
fates. The three smaller cells, called A-C, have rather
similar fates, whereas the fourth cell, called D, usually
contributes to other tissues, such as endomesoderm
and germ cells. This pattern, which is here called
quadrant cleavage, is considered a protostomian apo-
morphy. A special, well-known example of this type of
cleavage is the spiral cleavage found in most of the spi-
ralian phyla (Chapter 23). Among the ecdysozoans,
some arthropods with small eggs and total cleavage
and most nematodes show quadrant cleavage.
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Deuterostomes have a bilateral cleavage pattern
(Chapter 56), where the first cleavage usually divides
the embryo medially and the second cleavage is trans-
verse, resulting in anterior and posterior blastomeres.

Life cycles and larval types Metazoan life cycles show
a bewildering variation, but biphasic, pelago-benthic
life cycles with a ciliated larva are known for the
‘sponges’ and in a number of eubilaterian groups.
From the phylogeny presented here it seems clear that
the eumetazoan ancestor was a gastraea, and that an
adult benthic stage was added independently in cni-

— Eubilateria —y Deuterostomia Chordata
1 2 6 7 8 13 14 15
Branchiostoma - - D |:| D |:| |:| |:| DDDDDDD
Mus ENOCOONNNDPE|EREEEEDE
Ambulacraria
9/10 11/13 abc
i— Saccoglossus N ] L] 0 0 BEEE
Strongylocentrotus [l I | ] [ ] [] O B EEE
r Protostomiay —— Ecdysozoa
lab pb |Hox3 Dfd Scr || Lox5 Antp Ubx abd-A abd-B
Tribolium EROOCOERE (| 2 F M
Priapulus - - |:| ‘:l |:| |:| |:| |:| |:|
Lox2 Lgxﬂrggiﬂ Post2
Capitella ENCOOONEE (|BE EE .
Pecten --DDD |:||:| Ell:ll:ll:l
Platyhelminthes - I:l |:| |:| |:|
Lingula B |0 CIf|EE D IZI D =
—| Xenoturbella . D l:l |:|
Symsagittifera - |:| |:|
Nematostella . . Z IZ IZ

Figure 21.3. Hox genes of a cnidarian and selected representatives of the major bilaterian groups, demonstrating the existence
of series of ‘Hox signatures’ (see the text). The Eubilaterian Hox signature consists of a group 3 gene and the two anteriormost
central genes. Genes belonging to the same orthology group have the same colour: anterior genes, red; group three, orange;
central group, green; and posterior group, blue. Duplications are not shown. Diagram based on: Branchiostoma: Holland et al.
(2008), Mus: Carroll et al. (2005), Saccoglossus: Aronowicz and Lowe (2006), Strongylocentrotus: Cameron et al. (2006), Tribolium:
Shippy et al. (2008), Priapulus: de Rosa et al. (1999), Capitella: Frobius et al. (2008), Pecten: Canapa et al. (2005), Platyhelminthes:
Olson (2008); Badets and Verneau (2009), Lingula: de Rosa et al. (1999), Xenoturbella: Fritsch et al. (2008), Symsagittifera: Moreno
et al. (2009), Nematostella: Ryan et al. (2007). The platyhelminth sequences are rather divergent so the genes have been inserted

with question marks. See Colour Plate 2.
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darians and once or twice in the bilaterians (Fig. 10.3;
Nielsen 1998, 2009).

It seems obvious that the cnidarians have evolved
from a planktotrophic gastraea thay has added a sessile
adult stage (Chapter 13). The acoelomorphs are creep-
ing bilateral gastraeae (Chapters 17-20).

The eubilaterian sister groups, Protostomia and
Deuterostomia, both comprise two lineages one of
which has retained the primary, ciliated larvae (Fig.
21.2), whereas the other has lost it.

Among the protostomes, the spiralians have the
trochophore as the typical larva. Planktotrophic tro-
chophores are known from annelids, molluscs, and
entoprocts, and some of the adult rotifers have similar
ciliary bands and can be interpreted as progenetic.
This larval type is characterized by a downstream-
collecting ciliary system consisting of proto- and
metatroch of compound cilia on multiciliate cells and
an adoral ciliary zone (see Chapter 23). The ecdyso-
zoans lack the primary, ciliated larvae.

Among the deuterostomes, the ambulacrarians
have the dipleurula as the typical larva. Planktotrophic
larvae of this type are known from enteropneusts and
echinoderms. It is characterized by the upstream-
collecting ciliary band of single cilia on monociliate
cells called the neotroch (see Chapter 57).

The two larval types are so fundamentally different
that it seems impossible to derive one from the other.
It appears easy to derive the trochophore from a gas-
traea (Chapter 2 3), whereas the origin of the deuteros-
tome life cycle is very difficult to visualize.

Hox genes The Hox genes are instrumental in the
patterning of organs along the anteroposterior axis of
the bilaterians. The full complement of 10-15 Hox
genes is only found in the eubilaterians (Fig. 21.3).
Acoelomorphs and cnidarians have much shorter Hox
clusters and lack the full complement of the Hox3—5
genes, and the homologies of their central and poste-
rior genes are uncertain. It appears that both
Protostomia and Deuterostomia have specific signa-
tures, which are also found both in Spiralia and
Ecdysozoa, and in Ambulacraria and Chordata (de
Rosa et al. 1999; Telford 2000; Ogishima and Tanaka
2007; Thomas-Chollier et 4. 2010).

Interesting subjects for future research

1. Function of protonephridia
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PROTOSTOMIA

Protostomia is a large clade of bilateral animals charac-
terized by a mosaic of features, but few groups exhibit
them all (Table 22.1). Hatschek (1888) named the
group Zygoneura with reference to the characteristic
paired ventral nerve cords. However, Grobben (19o8)
introduced the name Protostomia for the group, based
on the fate of the blastopore, which should become the
mouth (as opposed to it becoming the anus as in the
Deuterostomia). Unfortunately, Grobben’s name has
prevailed although the fate of the blastopore is highly
variable even within phyla (see below), and this has
inspired very many fruitless phylogenetic discussions.
The protostomes are considered monophyletic in
almost all morphological and molecular studies.
Modern studies divide the group into Spiralia
(Lophotrochozoa) and Ecdysozoa (Fig. 22.1) as this is
shown by all the newer molecular phylogenies.
Ecdysozoa is well characterized morphologically by a
suite of characters related to the lack of ciliated ecto-
derm, such as the predominantly chitinous (ancestral?)
cuticle, and the lack of primary larvae (Chapter 42).
Unfortunately, Spiralia is mostly characterized by ple-
siomorphies. The presence of the ciliated epithelium
(found in all the more ‘basal’ metazoans and in the
deuterostomes) and the primary larvae are clearly ple-
siomorphies, and it is quite difficult to find good apo-
morphies. Adult morphology and ontogeny of the
central nervous system indicate that the evolution has
proceeded from a gastraea-like ancestor (trochaea)
with a lateral blastopore closure, leaving mouth and

anus (amphistomy, see Arendt and Niibler-Jung 1997)

as explained in the trochaea theory (see below). The
cilia and the primary larvae have then been lost in the
ecdysozoans.

The Chaetognatha (Chapter 55) has always been a
problematic group, but the morphology and ontogeny
of the nervous system leaves no doubt about their pro-
tostomian affinities, and this is now supported by most
molecular analyses. A closer relationship with one of
the protostome phyla has not been indicated, and also
the Hox genes indicate their isolated position. They
are here placed in a trichotomy with Spiralia and
Ecdysozoa (Fig. 22.1).

All molecular analyses place the Brachiozoa
(Phoronida + Brachiopoda) in the Spiralia, but they
lack almost all of the characteristics emphasized here
as apomorphies of the Protostomia, except the pro-
tonephridia of the phoronid larva (Table 22.1). To
facilitate the following discussion, they are discussed
separately in Chapters 39—41.

Classification has often been based on one character
only, but the following complex of characters should be
considered apomorphic of the protostomes: (1) the blas-
topore becomes divided by the fusing lateral lips leaving
only mouth and anus (Fig. 22.2); (2) the nervous system
includes a dorsal-circumpharyngeal brain, and a pair of
ventral longitudinal nerve cords (sometimes fused)
formed from longitudinal zones along the fused blast-
opore lips (Fig. 22.3); (3) the primary larvae are trocho-
phore-types with a downstream-collecting ciliary system
consisting of bands or compound cilia on multiciliate
cells (Figs. 22.4-7) (primary larvae are lacking in the
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SPIRALIA ECDYSOZOA Chaetognatha
Fig. 23.1 Fig. 42.1
¢ spiral cleavage, nervous system with < |oss of ciliated epithelia and primary loss of ciliated epithelia and primary
paired cerebral ganglia and paired larvae, moulting, ecdysozoan Hox larvae, enterocoely, unique Hox
ventral nerve cords, spiralian Hox ‘signature’ ‘signature’
‘signature’

4 quadrant cleavage, trochophora
larvae, paired ventral nerve cords,
multiciliate cells, germ line

Fig. 16.1}<] radial cleavage, monociliate cells,

<« apomorphies
<] plesiomorphies

Figure 22.1. Phylogeny of the Protostomia.

Table 22.1. Phylogenetically informative characters of spiralians, ecdysozoans, chaetognaths, and deuterostomes. The rotifers
can be interpreted as progenetic trochophores. The non—ciliated Ecdysozoa lack an apical organ, but their brain is situated in a
position similar to that of the spiralians. Nemertines and platyhelminths lack the ventral part of the nervous system.

Blastopore Trochophora Circumoral D-quadrant Spiral Protonephridia

becomes larvae brain + ventral cleavage cleavage

mouth + anus nerve cords
Annelida + + + + ¥ ¥
Sipuncula - + + + + _
Mollusca + + + + + +
Nemertini - ) - + + ¥
Platyhelminthes - (+) (+) + + +
Gastrotricha - - +) _ +
Gnathostomulida - ? + +) +) +
Micrognathozoa - ? ? ? ? +
Rotifera - +) (+) + - +
Entoprocta - + - ¥ +
Cycliophora - ? (+) ? ? +
Ectoprocta - - - _ _ _
Phoronida - - - - _ "
Brachiopoda - - - - - _
Onychophora + - + _ _ _
Arthropoda - - + +) _ _
Tardigrada - - ¥ > _ _
Nematoda + - + + _ _
Nematomorpha - - + ? - -
Priapula ? - + — — +
Kinorhyncha ? - + ? ? ¥
Loricifera ? - + ? > "
Chaetognatha - - + ¥ - _
Enteropneusta - - - - - _
Pterobranchia - - - - - _
Echinodermata - - - - . -
Cephalochordata - - - - - -
Urochordata - - - - - -

Vertebrata - - - - - -




Ecdysozoa, which lack the ciliated ectoderm); and (4)
the first two cleavages separate one cell that has a special
fate, usually contributing a large part of the body ecto-
derm, endomesoderm, and germ cells (Fig. 21.1). The
spiral pattern is a special case of this pattern and is per-
haps the most important spiralian apomorphy, although
it could of course have been lost together with the cilia-
tion in the ecdysozoans.

Only some polychaetes show both the life cycle,
and the larval and adult structures, that are considered
ancestral. However, Table 22.1 shows that a number of

Annelida: Polygordius

Onychophora: Peripatopsis

Nematoda: Pontonema
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these characters occur in every protostome phylum
(except the Bryozoa (Ectoprocta) that are discussed in
Chapter 38).

The fate of the blastopore has, for almost a century,
been used as the characterizing feature of the proto-
stomes (see Chapter 21), usually with the under-
standing that the blastopore should become the
mouth (as indicated by the name). Unfortunately,
this character is highly variable even within phyla, so
it is of little value in phylogenetic analyses. The

amount of yolk or an evolution of placental nourish-

anterior midgut

cerebral stomodaeum

ganglion

mesoderm

proctodaeum

germ cells posterior midgut

Arthropoda: Lucilia

Figure 22.2. The lateral blastopore closure is considered ancestral in the Protostomia; embryos of some annelids, onychopho-
rans, and nematodes with embolic gastrulation directly show the fusion of the lateral blastopore lips, leaving only mouth and
anus; embryos with epibolic gastrulation or more derived types have fate maps that reflect the ancestral pattern with the ventral
nerve cords developing from the ectoderm along the line between mouth and anus. Annelida: Polygordius sp.; the white circle
shows the position of the future anus. (Based on Woltereck 1904.) Onychophora: Peripatopsis capensis. (Redrawn from Manton
1949.). Nematoda: Pontonemna vulgare. (Redrawn from Malakhov 1986.) Arthropoda: fate map of the fly Lucilia sericata. (Based

on Davis 1967 and Anderson 1973.)



Annelida: Acanthobdella

—

Onychophora: Peripatopsis

Arthropoda: anostracan Rotifera: monogonont

Chaetognatha: Sagitta Gastrotricha: Turbanella

R

Nematoda: Caenorhabditis

Priapula: Priapulus Kinorhyncha: generalized form

Figure 22.3. Left views of central nervous systems of protostomes. Sipuncula: Sipunculus nudus. (Based on Metalnikoff 1900.)
Mollusca: Limifossor talpoideus. (After an unpublished drawing by Drs A.H. Scheltema and M.P. Morse, based on Heath 1905.)
Annelida: the hirudinean Acanthobdella peledina. (Based on Storch and Welsch 1991.) Onychophora: Peripatoides novaezelandiae.
(Based on Snodgrass 1938.) Tardigrada: Macrobiotus hufelandi. (Modified from Cuénot 1949.) Arthropoda: generalized anostra-
can. (Redrawn from Storch and Welsch 1991.) Rotifera: generalized monogonont. (Redrawn from Hennig 1984.) Chaetognatha:
Sagitta crassa. (Based on Goto and Yoshida 1987.) Gastrotricha: Turbanella cornuta. (Based on Teuchert 1977.) Nematoda:

Cuaenorbabditis elegans (see Fig. 35.1). Priapula: Priapulus caudatus. (Based on Apel 1885.) Kinorhyncha: generalized kinorhynch.
(Redrawn from Hennig 1984.)
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Figure 22.4. Planktotrophic spiralian larvae and an adult rotifer, showing the ciliary bands considered ancestral in the
Protostomia. (Polygordius appendiculatus based on Hatschek 1878; the other three drawings from Nielsen 1987.)

ment of the embryos have decisive influence both
on the cleavage patterns and on gastrulation. In
many species a normal gastrulation can hardly be
recognized, and a blastopore is not recognized as an
opening to an archenteron. Many examples of epi-
bolic gastrulation, superficial cleavage, discoidal
cleavage, etc. will be mentioned in the discussions of
the various phyla, but most of these cases can be

interpreted as variations on the general theme of
holoblastic cleavage, followed by embolic gastrula-
tion. Fusion of the lateral blastoporal lips is only
observed directly in few species representing few
groups, but the trochaea theory (see below) proposes
that the protostomian ancestor had a nerve ring along
the blastopore rim, with an archaeotroch, and the
development of the ventral nerve cords from areas
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Figure 22.5. Oral area with prototroch, adoral ciliary zone, metatroch, and gastrotroch of larval and adult protostomes (SEM).
(A) Larva of the polychaete Serpula oregonensis (Friday Harbor Laboratories, WA, USA, July 1980). (B) Larva of the bivalve
Barnea candida (plankton, off Frederikshavn, Denmark, August 1984). (C) Larva of the entoproct Loxosoma pectinaricola (Qresund,
Denmark, October 1981). (D) Adult of the rotifer Conochilus unicornis (Almind Lake, Denmark, May 1983). acz, adoral ciliary
zone; ap, apical organ; ga, gastrotroch; me, metatroch; mo, mouth; pr, prototroch. (See also Nielsen 1987.)



Figure 22.6. Diagram of the downstream-collecting cili-
ary system at the edge of the velum of a gastropod. The
large compound cilia of the prototroch catch up with the
particles in the water and push them into the adoral ciliary
zone; the opposed beat of the metatroch apparently pre-
vents the particles escaping from the ciliary band. (After
Riisgard et al. 2000.)

corresponding to the lateral blastopore lips can be
followed in most of the protostomian groups, also in
groups with epibolic gastrulation, and direct devel-
opment. In annelids, the two longitudinal cords
develop from the ectoderm along the lateral blast-
opore lips or corresponding lateral areas, for example
in ‘polychaetes’ with lecithotrophic larvae (Fig. 25.4)
and in the leeches, which have yolk-rich eggs and
direct development (Fig. 25.8; Table 25.3). In the
nematodes, which have epibolic gastrulation with a
few endodermal cells, the lateral blastopore closure
can nevertheless clearly be recognized, and the devel-
opment of the median nerve cord from the ectoderm
of the lateral blastopore lips has been documented in
every detail (Fig. 49.3). A further example is the cha-
etognaths, where the ventral ‘ganglion’ develops
from paired ectodermal bands that fuse in the mid-
line (Fig. 55.1).

The lack of an anus in the Platyhelminthes is dis-
cussed in Chapter 29.

The paired or fused ventral, longitudinal nerve cord is
perhaps the most stable character of the protostomes
(Table 22.1). As mentioned above, the cords differen-
tiate from areas along the lateral blastopore lips of the
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embryo, or from comparable areas in species with
modified embryology. This is well known from many
studies of various spiralians, whereas the embryology
of many of the ecdysozoan phyla is poorly studied or
completely unknown. However, the detailed studies of
the nematode Caenorbabditis have shown that the ven-
tral nervous cells originate from the lateral blastoporal
lips (Fig. 49.3). The position of the ventral cord(s) is
intraepithelial in the early stages, and it remains so in
some phyla, whereas it becomes internalized in some
types within other phyla (Fig. 25.4). A ventral cord in
the primitive, intraepithelial/basiepithelial position,
i.e. between the ventral epithelium and its basal lam-
ina, is found in adults of annelids (both in several of
the primitive ‘polychaete’ families and in some oligo-
chaetes), arthropods, chaetognaths, gastrotrichs, nem-
atodes, kinorhynchs, loriciferans, and priapulans. In
other groups, for example nematomorphs, the cord is
folded in and almost detached from the epithelium,
but it is surrounded by the peritoneum and a basal
membrane, which is continuous with that of the ven-
tral epithelium. A completely detached nerve cord sur-
rounded by peritoneum and the basal membrane is
found in sipunculans, molluscs, many annelids, ony-
chophorans, tardigrades, and arthropods.

Nemertines and platyhelminths appear to lack the
ventral component of the protostomian nervous sys-
tem (Chapters 28, 29). Their main nervous system
develops entirely from the cerebral ganglia, and there
is no indication of ventral nerves originating from a
blastopore closure. Their larvae have diminutive hyp-
ospheres that can be interpreted as a reduction of the
ventral part of the body.

Polyzoans are sessile and lack cerebral ganglia and
the ventral nerve cord (Chapters 35-38).

The main part of the spiralian brain, the cerebral
ganglia, develop from paired areas of the larval epi-
sphere, but a small part originates from the anterior
side of the circumblastoporal nerve ring (observed in
annelids, see below). A similar organization of the
ecdysozoan brains can perhaps be recognized in the
arthropod nervous system (Chapter 45).

The ‘pioneer cells’” (cells located at the posterior
pole of the embryo, and that are believed to guide the
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Planktotrophic Pericalymma
larvae larvae type 1
Annelida

Polygordius neapolitanus

Mollusca

Neomenia

Barnea

Polygordius appendiculatus

Pericalymma
larvae type 2

Pericalymma
larvae type 3

Owenia

Lyrodus

Figure 22.7. Normal trochophore larvae and different types of pericalymma larvae of molluscs and annelids. Annelida: plank-
totrophic trochophore of Polygordius neapolitanus. (based on Woltereck 1902); pericalymma larva type 2: endolarva of Polygordius
appendiculatus (based on Herrmann 1986); pericalymma larva type 3: endolarva of Ouwenia fusiformis (after Wilson 1932).
Mollusca: planktotrophic veliger larva of the bivalve Barnea candida (based on Nielsen 1987); pericalymma larva type 1: lecitho-
trophic larva of the solenogaster Neomenia carinata (based on Thompson 1960); pericalymma larva type 2: brooded larval stage
of the bivalve Lyrodus pedicellatus. (Long Beach, CA, USA; after a scanning micrograph by Drs C.B. Calloway and R.D. Turner,
Museum of Comparative Zoology, Harvard University, MA, USA.)

neurons during the establishment of the ventral nerve
cords) may be another apomorphy of the protostomes.
They have been reported in annelids (Platytnereis;
Dorresteijn et al. 1993), molluscs (Mytilus; Raineri
1995), arthropods (Artemia and Gonodactylus; Fischer
and Scholtz 2010), and possibly in platyhelminths
(Maritigrella; Rawlinson 2010).

The trochophora larva was pointed out as a protosto-
mian characteristic already by Hatschek (1891). As
stated above, the lack of primary larvae in the ecdyso-
zoans must be a derived character. The ancestral tro-
chophore is believed to have been planktotrophic with

a tube-shaped gut, and the five ciliary bands found, for
example in the planktotrophic larvae of the annelids
Polygordius and Echiurus, are: (1) a prototroch of com-
pound cilia anterior to the mouth (a small dorsal break
in this band is observed in early stages of several spi-
ralians; see Chapter 23); (2) an adoral ciliary zone of
separate cilia surrounding the mouth and with lateral
extensions between proto- and metatroch; (3) a meta-
troch of compound cilia with a break behind the
mouth; (4) a gastrotroch that is a midventral extension
of the adoral from the mouth to the anus; and (5) a
telotroch of compound cilia surrounding the anus,



except for a break at the ventral side. All these bands
are formed from multiciliate cells. The prototroch is
the main locomotory organ, together with the telo-
troch when this is present. Prototroch, adoral ciliary
zone, and metatroch form the feeding organ, which is
a downstream-collecting system in that the large com-
pound cilia of the opposed prototroch and metatroch
cut through the water and catch up with particles,
which are then pushed onto the adoral ciliary zone,
this in turn carries them to the mouth (Fig. 22.6). This
is called the ‘catch-up principle’ (Riisgard ez a/. 2000),
and it has only been found in spiralian phyla, viz. anne-
lids, sipunculans, molluscs, rotifers, cycliophorans, and
entoprocts (Nielsen 1987). The particles may be
rejected at the mouth and transported along the gas-
trotroch to the anal region where they leave the water
currents of the larva. Other characteristics of trocho-
phore larvae include the presence of an apical ganglion
(probably a eumetazoan character) and a pair of
protonephridia.

The larvae of platyhelminths and nemertines may
be interpreted as derived trochophores, and this is
supported by the identical cell lineage of the pro-
totrochs (Chapters 28, 29).

However, only the planktotrophic larvae have the
metatroch, and other of the characteristic ciliary bands
are absent in various types of non-feeding larvae.
Among the phyla, here referred to the Protostomia,
only the bryozoans (ectoprocts) have larvae with a dif-
ferent ciliary filter system, which is of a unique struc-
ture (Chapter 38). Some rotifers have a ciliary feeding
organ that is of exactly the same structure and func-
tion as that of the Polygordius and Echiurus larvae, and
they have been interpreted as progenetic trochophores
(Chapter 34).

None of the deuterostome larvae have down-
stream-collecting ciliary bands, and the upstream-
collecting ciliary bands found in the larval (and some
adult) ambulacrarians are in all cases made up of
separate cilia on monociliate cells in contrast to the
compound cilia on multiciliate cells observed in the
protostomes.

The original concept of the trochophora larva
(Hatschek 1891) comprised also the actinotroch larva
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of Phoronis. The sharpened definition of structure and
function of the ciliary bands given above (see also
Nielsen 1985, 1987) excludes the actinotroch because
it has an upstream-collecting ciliary system and ciliary
bands consisting of separate cilia on monociliate cells.

The trochophora concept has been attacked sev-
eral times (Salvini-Plawen 1980; Rouse 1999, 2000a,b),
but I find it useful to maintain the term for the hypo-
thetical ancestral planktotrophic larva, and to use it for
actual larvae that have all or most of the ciliary bands
described above; it provides a set of names for the vari-
ous ciliary bands, which are very useful in comparisons.
The cell-lineage studies of several spiralian embryos
have clearly demonstrated the homology of the pro-
totrochs in the various phyla (see for example Henry
et al. 2007).

Some authors believe that the original protosto-
mian (and bilaterian in general) life cycle was a direct
one, and that the larval stages, especially the plank-
totrophic trochophore, were ‘intercalated’ in several
lineages (see for example Sly et 4l. 2003). I have dis-
cussed this in some detail (Nielsen 2009) and come to
the conclusions that a non-feeding planula must be a
very unlikely ancestor, and that the characteristic
planktotrophic ciliated larvae found in cnidarians, spi-
ralians, and ambulacrarians most probably have origi-
nated from a common holopelagic planktotrophic
ancestor, gastraea, that gave rise to pelago-benthic
descendents through addition of adult benthic stages,
with retention of the planktotrophic stage as a larva
(Fig. 10.3).

A convergent evolution of the morphologically and
functionally identical filter-feeding ciliary systems,
with identical cell lineages in planktotrophic larvae
from uniformly ciliated lecithotrophic larvae in sev-
eral lineages, appears highly unlikely. An origin of a
locomotory prototroch (and a telotroch) could well be
envisaged as an adaptation to more efficient swimming
(Emlet 1991). However, the evolution of a metatroch,
which is apparently a necessary component in the
downstream or opposed-band system, from a uniform
post-prototrochal ciliation, as proposed by various
authors (for example Salvini-Plawen 1980; Ivanova-

Kazas 1987; Ivanova-Kazas and Ivanov 1988), appears
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highly unlikely. A developing metatroch, which is
without any function before it is fully developed (and
that may even hamper the swimming because the
direction of its beat is opposite to that of the pro-
totroch), appears without adaptational value, and a
driving force for the evolution is therefore lacking.

Hejnol et al. (2007) and Henry ez al. (2007) pro-
posed that the row of secondary trochoblasts of the
Crepidula larva in some way has become separated
from the primary trochoblasts, and become the meta-
troch. This would not only require an unexplained
development of the adoral ciliary zone separating the
two bands of compound cilia, but also a reversal of the
beat of the metatroch cells. It appears impossible to
imagine the intermediate stages in this evolution and
the necessary adaptational advantages leading through
this process.

Miner et al. (1999) observed that small larvae of the
polychaete Armandia collect particles using their
downstream bands, and that both the length of the
bands and of the prototroch cilia increase with growth,
thus increasing the filtration capacity. However, this
increase cannot catch up with the strong growth of the
adult, segmented body, and some of the oral cilia
increase in size and become specialized for capturing
large particles, which are handled individually. This
indicates that the downstream system is phylogeneti-
cally older, and that the various systems of large oral
cilia found in several other polychaete larvae, for
example the ciliary ‘brush’ found on the left side of the
mouth in polynoid larvae, are derived.

Salvini-Plawen (1980) restricted the term ‘trocho-
phora’ for the larvae of annelids and echiurans, and
created new names for larvae of other phyla. The mol-
lusc larvae, for example, were stated generally to lack
both a metatroch and protonephridia, but a metatroch
is present in almost all planktotrophic larvae of gastro-
pods and bivalves, and protonephridia are now consid-
ered to be an ancestral character of mollusc larvae
(Chapter 27).

A useful term introduced by Salvini-Plawen (1972,
1980) is the ‘pericalymma’ larva, which comprises tro-
chophore-like larvae with most of the hyposphere cov-

ered by a usually ciliated expansion (often called serosa)

from an anterior zone (these larvae have also been
called ‘Hiillglocken’, test-cell, or serosa larvae).
However, it is important to note that these expansions
originate from different areas in different larvae (Fig.
22.7): In the larvae of molluscs such as the protobranch
bivalves Yoldia and Acila (Drew 1899; Zardus and Morse
1998), the solenogaster Neomenia, and in the sipuncu-
lan Sipunculus (Hatschek 1883), the expansion origi-
nates from the prototroch area (or from the episphere)
(type 1); the three bands of compound cilia in the mol-
lusc larvae correspond to the three rows of cells that
form the prototroch in scaphopods (van Dongen and
Geilenkirchen 1974). In the annelids Polygordius lacteus
and the phyllodocids (Pernet et a/. 2002), and in the
bivalve Lyrodus, the expansion originates from the zone
just behind the mouth (type 2). In the oweniid polycha-
etes, the serosa is formed from an area further away
from the ciliary bands, viz. a zone between the two first
segments with parapodia, so that the very long setae of
the first segment are exposed (type 3). It should be
clear that the serosae of these three types of perica-
lymma larvae are non-homologous. The fact that vari-
ations from the more usual planktotrophic trochophore
larvae to pericalymma types can be observed even
within a genus, makes it very unlikely that the evolu-
tion has gone from various lecithotrophic pericalymma
larvae to the structurally and functionally complicated
planktotrophic trochophores, which are very similar
among the phyla. The pericalymma larvae must thus
be interpreted as independent specializations in differ-
ent phylogenetic lines.

Quadrant cleavage and blastomere fates. In most of
the studied protostomes, one cell of the 4-cell stage is
different from the other three (Fig. 21.1) and gives
rise to the endomesoderm and germ cells, and I pro-
pose the term ‘quadrant cleavage’ for this type of
cleavage.

In the spiralians, the two first-cleavage furrows
separate an anterior, a pair of lateral, and a posterior
blastomere (called D). A germ line has been demon-
strated in a few spiralian phyla, but it is generally
believed that the germ cells differentiate from the
endomesoderm, which derives from the 4d cell. Direct

observations are few, but the presence of a cell lineage



ventral views lateral views

circumblastoporal
nerve

apical ganglion

oral cilia

Q
©
2
©
% metatroch
<
g gastrotroch
blastopore archaeotroch
ontogeny phylogeny #
« ‘mouth’
=
©
®
Q
ES]
c
o
fe!

‘anus’

prototroch

adoral cilia - -

PROTOSTOMIA e 22 W 97

ventral views lateral views

apical ganglion
cerebral ganglia

telotroch anus

mouth

anus

Figure 22.8. The trochaea theory. Evolution of the pelago-benthic protostomian ancestor gastroneuron (right) from a radially
symmetric, holopelagic trochaea (upper left), through an advanced, bilaterally symmetric pelago-benthic trochaea (left). Short
thin lines, separate cilia; long thick lines, compound cilia; red, apical organ; yellow, cerebral ganglia; green, circumblastoporal
nerve ring. (See Nielsen and Norrevang 1985; Nielsen 2010.) See Colour Plate 3.

is well documented in the mollusc Sphaerium (Woods
1932) (Chapter 27). In the rotifer Asplanchna, the 6D
cell is the primordial germ cell (Table 34.1). Phoronids
and brachiopods have cleavage patterns and late blast-
omere specification, as seen in the deuterostomes (see
Chapters 39—41).

In the ecdysozoans, the existence of a special cell of
the 4-cell stage has been demonstrated in a few arthro-
pods (Chapter 44). A large D cell is seen in the arthro-
pod Semibalanus (Fig. 44.3; Table 44.2), and a
corresponding, but not large cell has been observed in
the decapod Sicyonia (Table 44.3). One of the blast-
omeres of the 4-cell stages of Parbyale and Holopedium
is a germinal cell, and corresponds to the D cell of the
spiralians (Baldass 1937; Gerberding ez a/. 2002). The
lineage of the germinal cells is well documented in the
nematodes Caenorbabditis and Romanomermis, where
the P cell of the 4-cell stage is the primordial germ
cell (Tables 49.1 and 49.2). The other cycloneuralian
phyla have not been studied.

The chaetognath Sagitta has a ‘germ-cell determi-
nant’ that has been followed from the zygote to the
germ cells (Fig. §5.1).

The deuterostomes generally show the two first
cleavages separating anterior right and left, and poste-
rior right and left blastomeres (Fig. 21.1). The deuter-
ostomes do not show a germ line.

Blastomere specification It has been known for more
than a century that isolated blastomeres of spiralian
embryos in some species develop as if they were still in
their place in the embryo, as shown for example for
Patella (Wilson 1904) and Nereis (Costello 1945). This
type of development with very limited powers of regu-
lation has been called mosaic development. It has been
extensively studied in annelids (Chapter 25) and mol-
luscs (Chapter 27), but studies of other phyla are scarce.
The nemertine Cerebratulus is reported to regulate
after isolation of blastomeres of the 4-cell stage, but
the larvae have not been followed to metamorphosis
(Horstadius  1937). The platyhelminth  Hoploplana
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Figure 22.9. Generalized cell lineage of an annelid. (Based on Podarke and Arenicola; Child 19oo; Treadwell 1901.) See

Colour Plate 4.

showed only partial regulation after deletion of one
blastomere at the 2- and 4-cell stages (Boyer 1989).
The rotifer Asplanchna shows a high degree of determi-
nation already at the earliest cleavage stages (Lechner
1966). Zimmer (1973) reported ‘full regulation’ of iso-
lated blastomeres of 2-cell stages in the bryozoan
Membranipora, but without further details. Nematodes
show very limited powers of regulation (Chapter 49).
The trochaea theory (Fig. 22.8-10) The protostomian
characteristics discussed above have led me to propose

the ‘trochaea theory’ (Nielsen 1979, 1985; Nielsen and
Norrevang 1985), which proposed the trochaea as the
ancestor of all the bilaterians, but I have subsequently
restricted it to the Protostomia (Nielsen 2001, 2009).
The theory proposes that an early protostomian
ancestor was a uniformly ciliated, planktotrophic gas-
traea that developed a ring of special locomotory cilia
around the blastopore (the archaeotroch). It appears
that the multiciliate cells evolved at this stage, and that
the cilia of the archaeotroch became organized as
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Figure 22.10. Larval regions of epidermis and nervous systems of a larva and an adult of the ancestral spiralian, gastroneuron,
with a trochophora larva and a benthic adult. The two left diagrams show the trochophore from the ventral and the left side,
and the right diagram shows the adult from the ventral side. The right and left diagrams show the development of the nervous
system, and the middle diagram shows the embryological origin of the main epithelial areas. The blue areas in the middle
diagram indicate the secondary trochoblasts originating from the second micromere quartet, from the cells 2a>~2d?, and the
whole area covered by the descendents of the 2d cell, which have spread enormously to cover almost the whole post-trochal

region. See Colour Plate 5.
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Figure 22.11. Central nervous system of a stage-6 larva of
Capitella telata in left view. The left cerebral ganglion (yellow)
is derived from 1c cells, and the circumblastoporal nerves
(green, posterodorsal brain, circumoesophageal connectives,
and ventral nerve cord) are derived from 2d cells. (Based on
Meyer and Seaver 2010.) See Colour Plate 6.

compound cilia, which can grow longer and carry out
the usual effective stroke with increased force. The
archaeotroch became specialized as a downstream-
collecting system, based on the catch-up principle
(Riisgard et al. 2000) to strain particles from the water
and transfer them to the cilia of the area surrounding

the mouth. A functional ring-shaped ‘archaeotroch’ is

found in the cycliophoran Symbion (Chapter 37). This
hypothetical holopelagic stage is called trochaea.

If a trochaea went down to the bottom and stopped
the ciliary beat of the archaeotroch at the end of the
recovery stroke, it could collect deposited detritus
particles from the bottom with the blastoporal cilia.
However, if the detritus on the bottom should be
exploited efficiently it would be advantageous for the
organism to be able to move along the bottom, and a
preferred direction of creeping became established.
The blastopore elongated along the new anteroposte-
rior axis perpendicular to the primary, apical-blast-
oporal axis. This created one-way traffic along the
archenteron, from the anterior to the posterior end,
and this movement and the digestion of food particles
could be enhanced by pressing the lateral blastopore
lips together, creating a functionally tubular gut. The
lateral blastopore closure could later become perma-
nent by a fusion of the lips, with the anterior mouth
and the posterior anus as the only remains of the
blastopore.

This evolution is perhaps best illustrated by the
annelid development, where the cell lineage is so well
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known (Fig. 22.9; see also Table 25.2). The elongation of
the body along the new axis is caused by a dispropor-
tionate growth of the D quadrant (Wilson 1892; Mead
1897; Shankland and Seaver 2000), especially of the 2d
cell, the somatoblast (Fig. 22.10). The micromeres of the
first quartet form the epithelium of the prostomium,
and the descendants of the other micromeres of the A-C
quadrants are restricted to the head and mouth region.
The descendants of the 2d cell expand enormously over
the whole post-oral part of the body as the somatic plate,
finally covering almost the whole post-trochal region
and fusing along the ventral midline (Fig. 22.10). Its pos-
terior edge carries the telotroch surrounding the anus.
Thus, the ‘blastoporal edge’ of the second micromere
quartet carries the ancestral archaeotroch, which is
retained as the secondary prototroch cells, the meta-
troch (see Chapter 25), and the telotroch. The circum-
blastoporal nerve is retained as a small posterior brain
region, a pair of circumoesophageal connectives, the
paired ventral nerve cords, and a loop around the anus
(Fig. 22.11). The band of compound cilia had lost its
functions in the benthic adult and disappeared.

However, the pelagic stage was retained as a dis-
persal stage, and its structure, including that of the
ciliary bands, changed in connection with the changes
in the adult morphology (adultation; see Jigersten
1972). With the lateral blastopore closure, the parts of
the archaeotroch along the fusing blastopore lips dis-
appeared, whereas the anterior part, now surrounding
the mouth, developed lateral loops so that its pre-oral
part became the large prototroch used also for swim-
ming and the post-oral part became the smaller meta-
troch; the posterior part surrounding the new anus
became the telotroch. The circumblastoporal field of
separate cilia became the adoral ciliary field around
the mouth, with extensions between proto- and meta-
troch, and the gastrotroch along the ventral side. This
pattern of ciliary bands can be recognized in several
protostome larvae and in some adult rotifers (Figs
22.4 and 22.5). This ancestral protostome, with a pel-
ago-benthic life cycle, is called gastroneuron (Nielsen
1985; Nielsen and Nerrevang 1985).

The trochaea had a small apical ganglion with con-
nections to a ring nerve along the archaeotroch. This

ganglion is found in the trochophore, where it disap-
pears at metamorphosis; it is a plesiomorphy, found
also in cnidarian and deuterostome larvae (Fig. 10.1).
A pair of cerebral ganglia developed near the new
anterior pole. The ring nerve along the archaeotroch
became deformed by the blastopore closure to attain
the shape of a loop around the mouth, a pair of longi-
tudinal nerves along the blastopore lips, and a small
loop around the anus. This corresponds to the idea
that the whole bilaterian central nervous system is
homologous to the circumblastoporal nerve ring of
the cnidarians (Koizumi 2007). The cerebral ganglia
fused with the anterior loop forming the brain. This is
the central nervous system seen in most protostomes
(Fig. 22.3). The morphology of the arthropod nervous
system indicated that the protocerebrum is the homo-
logue of the cerebral ganglia, and the deutocerebrum
(surrounding the oesophagus) represents the anterior
part of the circumblastoporal loop (Anderson 1969;
Harzsch ez al. 2005).

It appears that the trochaea theory is the only avail-
able theory that explains the origin and evolution of
the complex of the tubular gut, the characteristic tro-
chophora larva, and the characteristic nervous system
through continuous modifications of functioning
organisms. All other theories propose changes without
explaining the structure and function of the interme-
diary stages, and none of the theories explain the adap-
tational advantages of the changes. Both of these
requirements should, when possible, be fulfilled in
acceptable evolutionary theories (Frazzetta 1975).

An alternative theory of the origin and evolution of
the nervous system of protostomes is the orthogon
theory (Reisinger 1925; Hanstrom 1928; Reisinger
1972). It envisages a transformation series, from the
diffuse nervous net of the cnidarians via an orthogonal
nervous system with a circumoral brain, and typically
eight longitudinal nerves and a series of annular
nerves, to a nervous system with only a pair of midven-
tral longitudinal nerves. However, a typical orthogon
is only found in a few platyhelminths; it is definitely
absent in nematodes (Chapter 49) (and other cyclone-
uralians), and its presence in annelids and molluscs is
in the eye of the beholder.



A number of other characters have been used in
characterizing major bilaterian groups.

Mesoderm and coelom have played major roles in
phylogenetic discussions. It has often been stated that
one of the major differences between protostomes and
deuterostomes is that the protostomes form coelomic
cavities through schizocoely, and the deuterostomes
through enterocoely. There is some truth in the state-
ment, but when the variation within the two groups is
considered it turns out that the situation is much more
complex, and that the origin of the mesoderm, which
by definition surrounds the coelomic cavities, is per-
haps more significant. The mesoderm and coelom of
the deuterostomes are discussed in Chapter 56, and
here it should suffice to mention that their mesoderm
in all cases originates from the walls of the archenteron
(and from the neural crest in the chordates); the coe-
lomic pouches are often formed through enterocoely,
but even among, for example, enteropneusts there is a
variation ranging from typical schizocoely to typical
enterocoely (Chapter 6o; see also Fig. 57.2).

In the protostomes, the mesoderm originates from
the blastopore lips and as ectomesoderm, and the coe-
lomic cavities originate through schizocoely; only the
chaetognaths form an exception, with coelomic
pouches originating from the archenteron (Chapter
55). Well-defined coeloms are found in Schizoecoelia
(Annelida, Sipuncula, and Mollusca), Ectoprocta,
Arthropoda, Onychophora, and Chaetognatha, but
their morphology shows much variation. Many of the
schizocoelians have metanephridia that drain and
modify the primary urine in the coelomic sacs and in
most cases function as gonoducts (see Chapter 21).
There is an enormous literature discussing the phylo-
genetic importance of coeloms and metanephridia,
but it appears that the structure of coeloms is of such
low complexity that its phylogenetic significance is
very limited.

Protonephridia are probably an ancestral character
of the trochophora larva (see Chapter 21). This type of
excretory organ is found in adults of most of the pro-
tostome phyla. With the brachiozoan phyla included
in the Protostomia, the protonephridia appears to be a
synapomorphy.
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Segmentation, i.e. repetition of structural units com-
prising a pair of coelomic sacs and associated struc-
tures, such as metanephridia and ganglia, is seen in
annelids and arthropods, and the several significant
similarities of segmentation of these groups has been
emphasized by many authors, arguing for the
‘Articulata hypothesis’ (Scholtz 2002), which considers
annelids and arthropods as sister groups. This is dis-
cussed further in Chapter 21.

Special genes Specific, rarely changing amino acids
in the mitochondrial gene nads have been identified
only in protostomian phyla, viz. annelids, molluscs,
platyhelminths, brachiopods, chaetognaths, priapulids,
nematodes, and arthropods (Papillon et al. 2004;
Telford ez al. 2008). This seems to be an important
marker for this large clade.

Hox genes show a characteristic protostomian signature
(Fig. 21.3), with the genes fiz and Antp found only in the
protostomian phyla. Also the clades Spiralia and
Ecdysozoa are characterized by special signatures.

As emphasized above, the protostomes fall into two
morphologically rather well-separated groups: Spiralia
(Lophotrochozoa) (Chapter 23) and Ecdysozoa
(Chapter 42), and it appears that the spiralians have
retained a number of the ancestral characters that have
been lost in the ecdysozoans. This could indicate that
the Ecdysozoa is an ingroup of the Spiralia, but the
molecular analyses, including the analyses of Hox genes,
are almost unanimous about the monophyly of the
Spiralia. The interpretation proposed here, viz. that the
protostomian ancestor had a pelago-benthic life cycle
with a trochophora larva, and that the ecdysozoans sec-
ondarily lost the ciliation, the trochophore, and perhaps
even the spiral cleavage, is in full accordance with the
modern ‘tree thinking’ (Baum et a/. 2005).

The reasons for including the Brachiozoa (Pho-
ronida + Brachiopoda) in the Spiralia are discussed in
Chapter 39.

Interesting subjects for future research

1. Are the cerebral ganglia of the annelids and the
protocerebrum of the arthropods homologous?
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SPIRALIA (LOPHOTROCHOZOA)

It seems obvious that the presence of ciliated ectoderm
and primary larvae in the Spiralia is plesiomorphic,
because all the outgroups of the Protostomia are cili-
ated, and the lack of these two characters and the pres-
ence of moulting in the Ecdysozoa must therefore be
apomorphic. This makes it easy to define the
Ecdysozoa, whereas the Spiralia show many plesio-
morphies, which of course cannot be used as defining
characters. However, molecular analyses almost unan-
imously recover the Spiralia as a clade (Dunn et 4l
2008; Hejnol ez al. 2009; Grande 2010; Hejnol 2010
Mallatt et al. 2010; Pick et al. 2010).

The spiral cleavage, which has given the name to
the clade, is observed in representatives of most of the
phyla included here (Fig. 23.1). It may be a spiralian
apomorphy, a specialization of the D-quadrant cleav-
age (Fig. 21.1), but it cannot be excluded that the pro-
tostomian ancestor had spiral cleavage that was then
lost in the ecdysozoan lineage together with the cili-
ated larva. It is proposed here that the protostomian
ancestor had ciliated epithelia and a trochophora larva.
This is in full accord with the morphology of the nerv-
ous systems in adult spiralians and ecdysozoans (see
Chapter 22, Fig. 22.3).

Spiralian apomorphies, independent of cleavage
patterns and the trochophora complex, are difficult to
identify, but a few will be discussed at the end of this
chapter.

The spiral cleavage is a highly characteristic devel-
opmental type, which exhibits not only very conspicu-

ous cleavage patterns (Fig. 23.2), but also strongly

conserved blastomere fates (van den Biggelaar et 4l
1997; Boyer and Henry 1998; Henry and Martindale
1999; Nielsen 2004, 2005; Lambert 2010). The gener-
ally accepted notation for the blastomeres (first used
by Conklin 1897 for the cleavage of the gastropod
Crepidula) is shown in the generalized cell-lineage dia-
gram in Table 23.1 (see also Fig. 22.9). This cleavage
type is easily recognized in many of the phyla included
in the group, not only in many annelids, molluscs,
sipunculans, and entoprocts, which have typical tro-
chophora larvae, but also in platyhelminths and
nemertines, which have larvae of a derived type (Fig.
23.3). On the other hand, the pattern has obviously
been lost in certain lineages within phyla that other-
wise have spiral cleavage, for example in the cephalo-
pods within the Mollusca (Hejnol 2010). Itis therefore
not unexpected that this cleavage type can have been
lost in whole phyla (Fig. 23.1).

The main (apical-blastoporal) axis of the egg/
embryo is fixed during oogenesis (Huebner and
Anderson 1976; Nielsen 2010). The orientation is
related to the position of the oocyte in the ovarial epi-
thelium, with the apical (animal) pole facing the coe-
lomic cavity, for example in several molluscs with
intraovarian oogenesis (Raven 1976) and in nemertines
(Wilson 1903); in many polychaetes the oocytes mature
floating in the coelomic fluid so that this relationship
cannot be recognized (Eckelbarger 1988). The polar
bodies are given off at the apical (animal) pole, and as
fertilization usually takes place before the meiotic divi-

sions have been completed, the polar bodies are
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Figure 23.1. Phylogeny of the Spiralia. The phyla with representatives showing spiral cleavage are indicated by asterisks. The

Platyzoa hypothesis is indicated by stippled lines.

Table 23.x. Cell lineage of an annelid (4renicola) and a mol-
lusc (Tiochus) with lecithotrophic development. (Based on
Siewing 1969.)

1 A
1 apical rosette cells

1a
1a'', 112 ;
15 1a ectoderm of episphere
1a 1a"2 ectoderm of episphere
” 1a? primary trochoblasts
l 2a ectoderm
1A [ 3a ectomesoderm
AB 2A 1
l [ 3A endoderm
z B |
development as A
[ c)
CD] ] 1d ectoderm of episphere
D 2d somatoblast
{ 1D 3d ectoderm
2D I [4d endomesoderm
30 [4D endoderm

retained inside the fertilization membrane and can be
used as markers for the orientation of the embryos.
Fertilization may take place anywhere on the egg,
for example in some polychaetes. The entry point of
the sperm determines the secondary main axis of the
embryo (the dorsoventral ‘axis’) in some species
because the first-cleavage furrow forms through this
point and the apical pole (Guerrier 1970; van den

Biggelaar and Guerrier 1983; Luetjens and Dorresteijn
1998). The axes of the embryo and the adult may
therefore be determined very early. There is an asym-
metry already in the first cleavage in unequally divid-
ing embryos, and this becomes conspicuous during
the spiral cleavages with the shifts between dextral and
sinistral cleavages. The mechanism behind this chiral-
ity is unknown, but the handedness of adult snails is
related to that of the spiral cleavage (Kuroda ez al
2009), and depends on a single locus in the maternal
gene (Freeman and Lundelius 1982). The axes can be
changed experimentally (Arnolds e a/. 1983; Goldstein
and Freeman 1997).

The first two cleavages are through the main axis
and usually oriented so that the embryo becomes
divided into four quadrants, with the quadrants A and
C being left and right, respectively, and B and D being
anterior/ventral and posterior/dorsal, respectively
(Fig. 21.1). The sizes of the first four blastomeres may
be equal so thatitis difficult to orient the early embryo,
but size differences or other characters make it possi-
ble to name the individual blastomeres as early as at
the 2-cell stage of many species. When size differences
are apparent, the D-quadrant is larger than the others
(Figs 21.1 and 23.2). The 4-cell stage is radially sym-
metrical or bilateral, but the following cleavages show
chirality, with oblique mitotic spindles resulting in the
characteristic pattern, with blastomere quartets given
off in an alternating clockwise and counterclockwise

pattern (Fig. 23.2) (see below).
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Figure 23.2. Spiral cleavage of the prosobranch Ilyanassa obsoleta. (A) 8-cell stage in apical view. (B) 12-cell stage in apical view.
(C) 24-cell stage in apical view. (D) 28-cell stage in right view. In A-C the cells of the B and D quadrants are numbered, and the
daughter blastomeres of the last cleavage are united by short lines in the A and C quadrants; the polar bodies are indicated by
arrows. (SEM courtesy of Dr M.M. Craig, Southwest Missouri State University, Springfield, MO, USA; see Craig and Morrill

1986.)

Some embryos, especially of annelids and molluscs,
show cross-like patterns of more conspicuous blast-
omeres, but this seems to be of no phylogenetic sig-
nificance (see Chapter 24).

The ‘typical’ spiral cleavage, with four micromere
quartets and mesoderm-formation from the 4d cell,
has been found in several phyla and is described in
most text-books. The cleavage and the normal fate of
the resulting blastomeres can be correlated in details

in embryos of several phyla (compare Fig. 22.9 and
Tables 23.1, 25.1-3, 27.1-3, 28.1—2, and 29.1),
whereas the cleavage of other spiralian phyla have
not been studied in sufficient detail to allow similar
comparisons.

The cleavage spindles of the early cleavages form an
angle with the main (apical-blastoporal) axis, so that
the A and C blastomeres of the 4-cell stage are often in
wide contact at the apical pole, and the B and D
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Nemertini: Emplectonema Platyhelminthes: Hoploplana

Sipuncula: Golfingia

N
P
@ ,
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Entoprocta: Pedicellina

Figure 23.3. Spiral cleavage patterns in spiralian phyla; embryos seen from the apical pole. Annelida: 32-cell stage of Amphitrite
ornate. (Redrawn from Mead 1897.) Sipuncula: 48-cell stage of Golfingia vuigare. (Redrawn from Gerould 1906.) Mollusca:
32-cell stage of Putella vulgate. (Redrawn from Damen and Dictus 1994.) Nemertini: 44-cell stage of Emplectonema gracile.
(Redrawn from Delsman 1915.) Platyhelminthes: 32-cell stage of Hoploplana inquilina. (Redrawn from Boyer et al. 1998.)
Entoprocta: 48-cell stage of Pedicellina cernua. (Redrawn from Marcus 1939.) The blastomeres of the A quadrant are numbered
and the blastomere pairs of the latest cleavage are indicated by small lines in the C quadrant.

blastomeres in wide contact at the blastoporal pole.
The future anteroposterior (ventrodorsal) axis is usu-
ally almost in line with the B-D axis. At the following
cleavages, small apical micromeres are given off from
the (usually) large blastoporal macromeres, with the
spindles alternately twisted, so that the micromeres are
given off alternately clockwise (dexiotropic) and coun-
terclockwise (laeotropic) when seen from the apical
pole (Figs. 23.2 and 23.3). The first micromere quartet
may be twisted 45° so that the micromeres a and b (and
c and d) are situated in a bilateral pattern. In species
where the whole larval ectoderm is formed from these

cells, the fate map of the ectoderm shows a bilateral
pattern (for example the direct developing nemertine
Nemertopsis bivittata: Martindale and Henry 1995) and
the same holds true for the episphere of indirect-devel-
oping species (for example the nemertine Cerebratulus
lacteus: Henry and Martindale 1994, and the polychaete
Polygordius: Woltereck 1904). The same pattern has
been reported from the direct-developing leeches (see
Table 25.3 and Fig. 25.6), but a certain obliqueness is
observed in the position of the mesoteloblasts. The
rotation of the micromeres may be quite small and a
number of intermediate patterns have been described.
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Nemertines have the ‘micromeres’ that are larger than
the ‘macromeres’, and the 4A-D cells, which become
endoderm in most annelids and molluscs, are very
small and become yolk granules in polyclad turbellari-
ans; the cytoplasm has been shifted so much towards
the micromeres that the first cleavage appears to be
median, but the following development reveals the spi-
ral nature (see Chapter 29).

Cell-lineage studies have shown that the prototroch of
annelids, molluscs, sipunculans, and entoprocts, and the
conspicuous band of long cilia of planktotrophic nemer-
tine end platyhelminth larvae develop from the same cells,
viz. primary trochoblasts from 12*~1d?, variously supple-
mented by accessory trochoblasts, from ra***-1c*2, and
secondary trochoblasts from 2a'—2c'(Henry ez al. 2007).
"Trochoblasts are cleavage-arrested in a number of species,
but there are many exceptions, for example in larvae with
large prototrochs. The trochoblasts always degenerate at
metamorphosis, even in species where these cells do not
show a special ciliation (Maslakova er al. 2004). Early
stages of several species show a small temporary break at
the dorsal side of the prototroch, between the blastomeres
1c® and 1d?, corresponding to the break postulated in the
ancestral trochophora larva (Chapter 22). Mesoderm
develops from different micromere groups, but may
apparently mixrather freelyin later stages. Endomesoderm
develops from the 4d cell, whereas ectomesoderm devel-
ops from micromeres of the second and third quartet
(Boyer and Henry 1998; Hejnol et 4. 2007). Neither of
these patterns resembles mesoderm development in
cycloneuralians or deuterostomes.

The spiral pattern is easily recognized in species
with small eggs (typically 50-300 pm in diameter), but
many types of modifications occur for example in spe-
cies with large, yolky eggs, and in species with placen-
tally nourished embryos. There is, however, no direct
correlation between the amount of yolk and cleavage
pattern. The eggs of the prosobranch Busycon carica are
about 1.7 mm in diameter, but the cleavage is never-
theless holoblastic and the spiral pattern can easily be
followed (Conklin 1907). The very large eggs of the
cephalopods (0.6-17 mm in diameter) alternatively all
show discoidal cleavage (Fioroni 1978). Large system-

atic groups, such as classes, may have uniform devel-

opmental features, but in other groups considerable
variation may occur even within genera. An example
of this is the hardly recognizable spiral pattern in the
embryos of the entoproct Loxosomella vivipara, which
has very small eggs and placentally nourished embryos,
whereas many other species of the same genus have a
normal spiral pattern (Chapter 36). It is generally
accepted that spiral cleavage has been lost in many
groups under the influence of large amounts of yolk or
placental nourishment of the embryos, so it should not
be controversial to include classes, or even phyla now
classified in the Spiralia (Hejnol 2010).

The high degree of determination in the develop-
ment is demonstrated by the fact that isolated blast-
omeres or blastomere groups are generally not able to
regulate and form normal embryos. This does not mean
that the spiralian embryo lacks regulative powers, as
shown in annelids by Dorresteijn et a/. (1987) and mol-
luscs by van den Biggelaar and Guerrier (1979).
Separations of blastomeres of 2- and 4-cell stages of the
nemertine Cerebratulus have given at least partially nor-
mal embryos (Chapter 28), but the small larvae were
not followed to metamorphosis. The brachiozoans
resemble the echinoderms in their ability to regenerate,
with complete totipotentiality of the blastomeres of the
4-cell stage and the ability to regenerate completely
from half-gastrulae (see Chapters 54 and 55).

Apical organs are described in ciliated larvae of
almost all eumetazoans, but there has been some con-
fusion about the terminology. In the spiralians, an api-
cal ganglion, usually with up to eight cells, some of
which are flask-shaped, can be recognized in most
groups (Richter ez a/. 2010; note that this review does
not distinguish between the apical and cerebral gan-
glia). A pair of cerebral ganglia develop from the epi-
sphere lateral to the apical ganglion, and often become
tightly apposed to the apical ganglion, so that a com-
posite apical organ is formed (Figs. 22.8-10), but the
pilidium larva of the nemertines shows the cerebral
ganglia developing far removed from the apical gan-
glion (Chapter 28). The apical ganglion is lost at met-
amorphosis, whereas the cerebral ganglia become the
main part of the adult brain (see also Fig. 27.3). The

spiralian apical organ is often onion-shaped with a



pair of anterior nerves to the ventral nervous system
(or to the prototroch nerve), and a pair of muscles to
the region of the mouth (Fig. 23.4). The molluscs have
very small apical organs with the cerebral ganglia
developing from cells of the episphere just lateral to
the apical cells; ventral extensions from these ganglia
go to the anterior part of the foot, where a pair of sta-

apical organ

™ ventral
nerve
cord

Annelida: Spirobranchus

apical organ

pedal
ganglion

visceral
ganglion

Mollusca: Ostrea

Sipuncula: i
Sipunculus
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tocysts are formed (Conklin 1897). A muscle from the
apical organ to the mouth region is seen in larvae of
the platyhelminth Hoploplana (Reiter et al. 1996). The
brachiozoans (Chapter 39) have apical ganglia of a
somewhat different morphology. The ecdysozoans
lack the ciliated apical ganglion. The apical organs of
cnidarian larvae are usually a rather thin ectodermal-

apical organ

~_ frontal
organ

mouth

Entoprocta: Loxosoma

ventral

nerve cord Bpleal organ

Bryozoa: Electra

Figure 23.4. Apical organs of larval or juvenile spiralians showing apical cerebral ganglia and nerves and muscles to the ventral
side; in entoprocts and ectoprocts the nerves and muscles extend only to the prototroch zone; all specimens are seen from the
right side. Sipuncula: Sipunculus nudus larva ready for metamorphosis. (Redrawn from Hatschek 1883.) Mollusca: larva of Ostrea
edulis. (Based on Erdmann 1935.) Annelida: early metatrochophore of Spirobranchus polycerus. (Based on Lacalli 1984.) Entoprocta:
larva of Loxosoma pectinaricola. (Based on Nielsen 1971.) Ectoprocta: larva of Electra pilosa. (Based on Nielsen 1971.)
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cell group, with a tuft of long cilia and a basiepithelial
nerve plexus. Among the deuterostomes, only the tor-
naria larva (Chapter 60) has a more onion-shaped api-
cal organ in some species, even with a pair of eyes, but
it lacks nerves to ventral nerve cords and also muscles
to the mouth region.

The Spiralia comprises five phyla or groups of
phyla: Schizocoelia, Platyhelminthes, Gastrotricha,
Gnathifera, and Polyzoa, but I have found it impossible
to resolve their interrelationships and they have there-
fore been left in a polytomy (Fig. 23.1). Some molecu-
lar analyses indicate the existence of the clade Platyzoa,

comprising  Platyhelminthes, Gastrotricha, and

Gnathifera (Passamaneck and Halanych 2006; Giribet
et al. 2009). Computer analyses can of course force a
resolution, but this will depend on subjective choices
and interpretations of characters, and will result in a
false impression of the state of knowledge.
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4

SCHIZOCOELIA

The new division of Protostomia into Spiralia
(Lophotrochozoa) and Ecdysozoa splits my earlier
concept of the Schizocoelia into two widely sepa-
rated groups, but I have chosen to retain the name of
the old group for the spiralian phyla, i.e. Annelida,
Sipuncula, and Mollusca, and to add the Nemertini
(Fig. 24.1). This makes the name synonymous with
Eutrochozoa, in the sense used, for example, by
Peterson and Eernisse (2001). Within the Spiralia,
these groups are characterized by the lateral coe-
lomic sacs developing through schizocoely in the
mesoderm formed from the two primary mesoblasts,
which are descendants of the 4d cell in the spiral
cleavage. This mode of coelom formation is unique
among spiralians. Mesodermal cavities are found in
Bryozoa (Chapter 38) but, although these cavities
must be classified as coeloms, i.e. cavities surrounded
by a mesodermal epithelium, their ontogeny gives no

indication of homology with the coelomic cavities of

Annelida Sipuncula
segmented body with a
pair of coelomic cavities
in each segment

segmentation and haemal

larvae

4 molecular evidence

system lost, pelagosphaera

the Schizocoelia. The Brachiozoa (Phoronida +
Brachiopoda) develop paired coelomic cavities in lat-
eral mesodermal tissues, but the mesoderm does not
originate from special mesoblasts (Chapters 39—41).
The presence of metanephridia is of course related to
the presence of a coelom. A haemal system is found
in most of these phyla, but it is peculiarly absent in
Sipuncula (Chapter 26).

A concept called the spiralian cross, with the two types
annelid and molluscan cross, has haunted the systematic/
cladistic literature for many decades. It is based on the fact
thatin blastula stages of some annelids, the cells ra!>~1d!"
and their descendants are rather large and form a cross-
shaped figure, whereas a cross-shaped figure formed by
large 1a'>-1d"? cells is seen in some molluscs and sipuncu-
lans. It is of course always possible to identify corre-
sponding cells of the spiral cleavage in various embryos,
but it is without meaning to speak about two different

types of crosses if the cells have no other characteristics

Mollusca Nemertini
Fig. 27.1
dorsal mantle and ventral eversible proboscis, coelomic

foot, radula blood vessels, pilidium larvae

or ‘direct’ development

coelomic cavities formed by schizocoely in mesoderm

<« apomorphies

<] plesiomorphies Fig. 23.1

derived from the 4d-cell, haemal system
trochophora larvae, downstream-collecting ciliary bands,

spiral cleavage

Figure 24.1. Phylogeny of the Schizocoelia.



than their size or shape. This is clearly demonstrated in
the study by Maslakova ez al. (2004). Analyses based on
this concept must be rejected.

An overwhelming majority of the molecular
phylogenetic analyses now supports the monophyly
of the Schizocoelia comprising Annelida, Sipuncula,
Mollusca, and Nemertini (Dunn et 4l 2008;
Helmkampf et 4l 2008; Struck and Fisse 2008;
Bleidorn et al. 2009; Hejnol et al. 2009; Paps et al.
2009; Hausdorf ez al. 2010; Mallatt et 4l. 2010), usu-
ally with the Brachiozoa included as the sister group
of the nemertines (see Chapter 39). Only the studies
of mitochondrial genes give erratic results (Chen
et al. 2009; Mwinyi et al. 2009; Podsiadlowski ez al.
2009).
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Phylum Annelida

Annelida is an ecologically and systematically impor-
tant phylum of aquatic or terrestrial animals, compris-
ing more than 16 500 described, living species. The
fossil record is meagre: the Precambrian Dickinsonia,
which has been interpreted as an annelid, is now
assigned to the Placozoa (Chapter 11). Spriggina has
been interpreted as a cnidarian, an annelid and an
arthropod (McCall 2006), and even its animal nature
appears uncertain. The earliest unquestionable anne-
lid fossil appears to be Phragmochaeta from the Lower
Cambrian of Sirius Passet (Conway Morris and Peel
2008). Annelids can generally be recognized by their
segments with coelomic compartments and bundles of
chitinous chaetae, but both characters show variation
(Purschke 2002).

Annelid evolution is still poorly understood. The
traditional classification with Polychaeta, Oligochaeta,
and Hirudinea has now been abandoned because
almost all morphological and molecular analyses show
that Hirudinea is an ingroup of Clitellata, which in
turn is an ingroup of the Polychaeta. This makes the
name Polychaeta synonymous with Annelida, but the
term ‘polychaetes’ is still used for the non-oligochaete,
mainly marine groups, in parallel to the likewise para-
phyletic ‘turbellarians’ and ‘invertebrates’. The archi-
annelids, which were earlier considered a separate
class, are now regarded as specialized interstitial forms,

and are integrated in various polychaete orders or

families with larger forms or as separate orders
(Westheide 1990; Rouse 1999; Worsaae et al. 2005).
Diurodrilus is discussed in the chapter Problematica
(Chapter 66). Fauchald and Rouse (1997) and Rouse
and Fauchald (1997) made cladistic analyses based on
a large database of morphological characters, Rousset
et al. (2007) analyzed a large dataset of ribosomal
genes, and Zrzavy et al. (2009) made combined analy-
ses of morphological and molecular characters. The
Clitellata was recovered in all three studies, and some
orders and families were recognized in two or all three
studies, but the overall picture is very inconsistent. A
new phylogenomic study supports the traditional
Errantia-Sedentaria classification, but with the clitel-
lates as an in-group of the Sedentaria (Struck er al.
2011).

A number of groups that have previously been
regarded as separate phyla are now more or less firmly
nested within the Annelida.

Echiura resembles annelids in most features of
anatomy (Pilger 1993) and embryology (Hatschek
1880; Newby 1940), except that they seem to lack any
trace of segmentation. However, new observations on
the development of the nervous system (Hessling
2002; Hessling and Westheide 2002) indicate a seg-
mentation of the ventral nerve cord in early develop-
mental stages. Almost all studies of molecular
phylogeny show the Echiura as an ingroup of the

Chapter vignette: The polychaete Exogone gemmifera with attached juveniles. (After Rasmussen 1973.)



Annelida, probably related to the Capitellidae
(Bleidorn et al. 2003; Hall et al. 2004; Rousset et al.
2007; Struck et al. 2007; Hejnol et al. 2009; Mwinyi
et al. 2009).

Pogonophora and Vestimentifera (Southward et 4/.
2005) have earlier been regarded as separate phyla (or
one phylum) belonging to the Deuterostomia, but
new knowledge about their ontogeny has revealed
their true systematic position as an ingroup of the
Annelida. Cleavage has now been shown to be spiral;
the larvae have prototroch and telotroch, and the juve-
niles have a through gut, from which the trophosome
with the symbiotic bacteria develops; also an apical
organ and a pair of protonephridia lateral to the mouth
have been described (Jones and Gardiner 1988,1980;
Southward 1988; Callsen-Cencic and Fligel 1995;
Young et 4l. 1996; Malakhov er al. 1997) (Fig. 25.1).
Studies on molecular phylogeny almost unanimously
support this interpretation (Rousset et a/. 2007; Struck
et al. 2007; Bleidorn et 4l. 2009; Mwinyi et al. 2009)
and the two groups are now often treated as one fam-
ily, the Siboglinidae. They may be close to the ‘bone-
eating’ Osedax (Worsaae and Rouse 2010).

Mpyzostomida (Eeckhaut and Lanterbecq 2005) is
a small group of parasites on crinoids (external or
gall forming), and endoparasites of asteroids and
ophiuroids. They show remarkable co-evolution with
their crinoid hosts (Lanterbecq et 4l. 2010). Their
pelagic larvae (Jigersten 1939; Eeckhaut er 4l. 2003)
(Fig. 25.2) are typical polychaete nectochaetes with
larval chaetae, whereas the parasitic adults, not unex-
pectedly, are quite modified. The adults show five
segments having neuropodia with chaetae, acicula,
and protonephridia (Pietsch and Westheide 1987).
Molecular studies generally support their inclusion
in the Annelida (Bleidorn et 4l 2007,2009; Mwinyi
et al. 2009; Dordel et al. 2010).

Lobatocerebrum comprises a few small, interstitial,
unsegmented, completely ciliated ‘worms’, which are
usually regarded as very specialized annelids (Rieger
1980, 1981, 1988, 1991b; Smith et 4l 1986). They
resemble small turbellarians and some of the intersti-
tial polychaetes. The ultrastructure shows no sign of

segmentation of the mesoderm or of coelomic cavities;
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Figure 25.1. Larval stages of pogonophores showing mouth
and gut. Ridgeia sp., newly settled individual with a pair of
tentacle buds and juvenile with two longer tentacles.
(Redrawn from Southward 1988; not to scale.) Siboglinum
poseidoni, young bottom stage. (Based on Callsen-Cencic and
Fligel 1995.)

similar ‘acoelomate’ conditions have been described
from small species belonging to a number of polycha-
ete families that show a segmentation (Fransen 1980).
Segmentation is one of the most conspicuous charac-
ters of annelids, but the tiny neotenic dwarf male of
the polychaete Dinophilus gyrociliatus is unsegmented
(Westheide 1988), so Lobatocerebrum may well be a
highly specialized annelid. To my knowledge they have
not been included in any molecular analysis.

Fennaria pulchra is another small interstitial ‘worm’
described by Rieger (1991a,b). It appears unsegmented
and acoelomate, and chaetae are absent. The gut is
complete with an anus, and there is a series of protone-
phridia. It was interpreted as a specialized annelid, and

until further information becomes available, no further
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Myzostomum

Prionospio

Figure 25.2. Four- and six-day-old larvae of Myzostomum parasiticum and young and late 2-segment larval stage of the spionid
Prionospio malmgreni; both types of larvae have chaetae that are shed in later stages. (From Jigersten 1939 and Hannerz 1956.)

conclusions can be drawn. It has apparently not been
seen since the original sampling.

The sipunculans are morphologically quite distinct
from the annelids, but they show up as an ingroup in
Annelida in many molecular phylogenies (Struck ez 4.
2007; Dunn et al. 2008; Bleidorn et 4/. 2009; Hejnol ez 4.
2009; Zrzavy et al. 2009; Dordel et al. 2010), whereas
other studies show the two as sister groups (Mwinyi ez al.
2009; Sperling ez al. 2009). For clarity, I have chosen to
treat them as a separate phylum (Chapter 26).

Annelids are typically segmented, with groups of
chaetae (setae) on both sides of each segment (lacking
in the hirudineans and a few interstitial forms). The
segmentation is almost complete, with septa and
mesenteries separating a row of paired coelomic sacs

in many ‘errant’ and tubicolous forms, such as nerei-

dids, spionids, and sabellids, but both septa and
mesenteries are lacking in the anterior portion of the
body in many forms, with a large, eversible pharynx,
such as polynoids and glycerids, and the inner parti-
tions are also strongly reduced in burrowing forms,
such as arenicolids and scalibregmids, in tubicolous
forms, such as pectinariids, and in the pelagic Poeobius
(Robbins 1965). On the other hand, the coelomic cavi-
ties are completely absent in interstitial forms, such as
Protodrilus and Psammodriloides (Fransen 1980).

The head region consists of the pre-oral, preseg-
mental prostomium and the peri-oral peristomium
(Fig. 25.3); postoral parapodia may move forwards,
lose their chaetae, and become incorporated in the
head complex, and even the peristomial cirri may have
originated in this way (Dorresteijn ez al. 1987; Fischer
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Figure 25.3. The correlation between body regions in a larval and an adult annelid. (Based on Schroeder and Hermans

1975.)

1999). The prostomium may carry eyes, nuchal organs
(Purschke 2005), and various structures called anten-
nae and palps. The peristomium carries the mouth and
originates in front of the posterior growth zone, which
proliferates the ectoderm of the body segments, and it
seems that the ectoderm of the mouth region is
topographically and phylogenetically presegmental
(Schroeder and Hermans 1975); this is supported by
clitellate embryology (see below). The peristomium
may carry various types of tentacles, and both nuchal
organs and palps from the prostomium may have
moved to the peristomium. The mesoderm of prosto-
mium and peristomium is less well described, but
mesoderm in the shape of one or more pairs of coe-
lomic sacs may be present; it appears that the meso-
derm initially originates from ectomesodermal cells,
and that additional mesoderm may be formed by pro-
liferation from the anterior coelomic sacs formed from
the mesoteloblasts (Anderson 1966, 1973).

The microscopic anatomy was reviewed in the
edited volume by Harrison (1992). In the following,
emphasis is on the more ‘primitive’ polychaetes.

The ectoderm (Hausen 2005b) is monolayered
except in Tiuvisia, which has a stratified epithelium with
extensive intercellular spaces. Myoepithelial cells have

been observed in tentacular cirri of nereidids and syllids.
Regular moulting has been observed in leeches, where it
is correlated with cyclical changes in the concentration
of 20-hydroxyecdysone (Sauber et al. 1983). Moulting
hasalsobeen observed several timesin the Flabelligeridae
(Brada and Pherusa) by Dr K.W. Ockelmann (University
Copenhagen), and casual observations of what appears
to be moulting have been made in the Opheliidae by Dr
D. Eibye-Jacobsen (University Copenhagen). Moulting
of the jaw apparatus in the onuphid Diopatra has been
reported by Paxton (2005).

The ciliated epithelia of annelids consist of multi-
ciliate cells, but a few exceptions have been described.
Owenia has only monociliate cells both as adults and
larvae—even the prototroch and metatroch arise from
monociliate cells. This was interpreted as a plesio-
morphic feature, and the oweniids were accordingly
regarded as located at the base of the polychaetes
(Smith et al. 1987); but the larvae of another oweniid,
Myriochele, have multiciliate cells, so it appears more
plausible that it is an advanced character—a reversal
to the original monociliate stage through loss of the
‘additional cilia’ (see Chapter 21).

The cuticle consists of several layers of parallel col-
lagen fibrils with alternating orientation and with
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microvilli extending between the fibrils to the surface.
The microvilli often terminate in a small knob, and
there is in many cases an electron-dense epicuticle at
the surface. Chitin is generally absent in the cuticle,
including the jaws of several species, but Bubel ez 4l
(1983) demonstrated the presence of a-chitin in the
opercular filament cuticle of the serpulid Pomzatoceros.

The chaetae (setae) (Hausen 2005a) consist mainly
of B-chitin associated with protein, each chaeta being
secreted by a chaetoblast with a bundle of long parallel
microvilli; the chaetae have characteristic longitudinal
channels corresponding to these microvilli. Some
polychaetes, such as capitellids and oweniids, have the
chaetae projecting directly from the cylindrical body
and are burrowing or tubicolous, and have segments
with longitudinal and circular muscles functioning as
hydrostatic units (Clark 1964). Others are creeping on
ciliary fields, for example many of the interstitial types.
However, most polychaetes have protruding muscular
appendages, parapodia, with chaetae on a dorsal and a
ventral branch and with an elaborate musculature that
makes the parapodia suited for various types of creep-
ing or swimming; the circular segmental muscles may
be rather weak.

The chaetae of B-chitin are here considered one of
the most important apomorphies of the Annelida,
although similar structures are known from the mantle
edge of brachiopods (Chapter 41). The annelid chaetae
are formed in lateral groups along the body; the larval
brachiopod chaetae occur in a similar pattern, while
those of the adults are situated along the mantle edge.
It appears that Remane’s homology criterion of posi-
tion (Remane 1952) is not fulfilled, and it is therefore
not probable that the various chaeta-like structures are
homologous. Some cephalopod embryos and juveniles
have numerous organs called Kolliker’s organs (Brocco
et al. 1974) scattered over the body, each comprising a
cell with many microvilli, each secreting a chitinous
tubule; the tubules may lie close together resembling
an annelid chaeta, but they may also spread out com-
pletely; this structure is obviously a cephalopod apo-
morphy. Some polyplacophorans have hair-like
structures on the girdle, but their cuticular part is
secreted by a number of epithelial cells (Leise 1988).

It has been customary to regard types with large
parapodia, such as Nereis, as the typical polychaetes, but
Fauchald (1974) and Fauchald and Rouse (1997) pro-
posed that the ancestral polychaete was a burrowing
form with chaetae but without parapodia, resembling a
capitellid or an oligochaete. The parapodia should then
be seen as locomotory appendages that enabled the
more advanced polychaetes to crawl in soft, flocculent
substrates, such as the rich detritus layer at the surface
of the sediment. The swimming and tube-building
types should be more advanced. This interpretation
does not agree with the generally accepted evolution of
the annelids (see above and Westheide 1997).

The pharynx is a stomodaeum lined with a cuticle
similar to that of the outer body wall, but variously
specialized in connection with different feeding strat-
egies. Microphagous annelids have heavily ciliated
regions of the stomodeum. Most species of the orders
Phyllodocida and Eunicida have jaws that are heavily
sclerotized parts of the cuticle. Collagen is an impor-
tant constituent and quinone tanning has been dem-
onstrated in some species; chitin has not been found.
The basal layer of most jaws shows short canals with
microvilli.

Many polychaetes build tubes from secretions of
epidermal glands, with or without incorporated mud,
shells, sand grains, or other foreign objects; the tubes
of serpulids are heavily calcified. The composition of
the organic material is not well known, but both carbo-
hydrates and proteins, in some species in a keratin-like
form, are present. Chitin is generally not present, but it
is a main component of the tubes of siboglinids, with
the tubes of Siboglinum containing about 30% chitin.

The central nervous system consists of a brain with
paired, often more or less fused cerebral ganglia, con-
nectives on each side of the pharynx united in a
suboesophageal ganglion behind the mouth, and a pair
of ventral longitudinal nerves. Other ganglia are found
around the mouth and segmentally arranged along the
ventral nerves (Orrhage and Miiller 2005). These
nerves are situated within the epithelium in early
developmental stages and also in many adult forms,
but in some of the larger forms the cords sink in from

the epithelium during ontogeny, surrounded by the
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embryo of Scoloplos

adult Scoloplos

adult Hesionides

Figure 25.4. Transverse sections of polychaetes showing the position of the ventral longitudinal nerve cords (dark shading).
Two-chaetiger embryo of Scoloplos armiger with intraepithelial nerve cords. (Redrawn from Anderson 1959.) Adult Scoloplos
armiger with completely internalized and fused nerve cords. (Redrawn from Mau 1881.) Adult Hesionides arenaria with intra-

epithelial ventral nerve cords. (Redrawn from Westheide 1987.)

basal membrane (Fig. 25.4). The perikarya become
arranged in paired ganglia connected by transverse
and paired longitudinal nerves. There is usually one
pair of ganglia (sometimes fused) per segment, but the
ganglia may be less well defined, and two or three pairs
of ganglion-like swellings with lateral nerves are
observed in each parapodial segment, for example, in
Pectinaria. Many species have one or three thin, median
ventral nerves. Various numbers of lateral and dorsal,
longitudinal nerves are found in the different species,
but they are completely absent, e.g. in Neantbes arena-
ceodentata (Winchell et al. 2010), and there seems to be
no support for the orthogon theory, which proposes
an ancestral nervous system with longitudinal and cir-
cular nerves. Special parapodial ganglia usually con-
nected by lateral nerves are found in species with
well-developed parapodia. The innervation of the var-
ious anterior appendages, such as palps and antennae,
give strong indications of homologies.
Photoreceptors are found in a number of adult
annelids (Purschke ez al. 2006). Cerebrally innervated
eyes are rhabdomeric and vary from a simple type
consisting of a pigment cell and a receptor cell, for
example in Prorodrilus, to large eyes with primary and
secondary retina, a lens, and several types of accessory
cells in alciopids. Segmental eyes are found in pairs

along the sides of the body, for example in some

opheliids, pygidial eyes are known from sabellids, and
branchial, ciliary eyes are found on the tentacles of
several sabellids; some of the last-mentioned eyes are
compound (Nilsson 1994). It is obvious that these eyes
are not all homologous (Nilsson 2009).

The midgut is a straight tube in most smaller forms,
but more complicated shapes, for example with lateral
diverticula, are found in, for example, aphroditids.
Juvenile pogonophores and vestimentiferans have a
normal gut and feed on bacteria, but after a short
period, one type of the ingested bacteria becomes
incorporated in the midgut epithelium that becomes
transformed into a voluminous trophosome with bac-
teria, whereas the remainder of the gut degenerates
(Southward 1988; Gardiner and Jones 1993; Callsen-
Cencic and Fligel 1995).

The mesoderm lines the coelomic cavities (Rieger
and Purschke 2005), which are restricted to one pair in
each segment in many species, but the coelomic sacs
become confluent in the anterior region in species
with a large proboscis and in the whole body, for
example, in Pectinaria and Poeobius. The coelomic lin-
ing varies from a simple myoepithelium to a thick
multilayered tissue, with the myocytes covered by a
peritoneum. Monociliate myoepithelial cells have
been reported from Owenia and Magelona. Small spe-

cies representing various families have a very narrow
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coelom and some lack cavities totally, for example
adults of Microphthalmus and juveniles of Drilonereis.

Most annelids have a haemal system that consists of
more or less well-defined vessels surrounded by basal
membranes of the various epithelia; there is no
endothelium. The main, dorsal vessel is contractile and
pumps the blood anteriorly. Some blood vessels consist
of podocytes and are the site of ultrafiltration of the
primary urine to the coelom. Capitellids and glycerids
lack blood vessels, and the coelomic fluid, which may
contain respiratory pigment, functions as a circulatory
system. Hirudineans have a highly specialized vascular
system consisting of confluent segmental coelomic
cavities that have subsequently become modified into
narrow canals (Biirger 1891; Sawyer 1986).

The excretory organs (Bartolomaeus and Quast
2005) show enormous variation. Protonephridia of
several types are found in both larvae and adults, and
metanephridia occur in adults of many families. Larval
protonephridia (sometimes called head kidneys) are
situated in the peristome and show considerable vari-

ation, from simple, monociliated terminal cells, to
complicated organs with several multiciliate terminal
cells of various types. The various types of protone-
phridia are clearly of ectodermal origin and are gener-
ally known to be surrounded by a basal membrane.
The nephridial sacs of the mitraria larva of Owenia
have complicated, podocyte-like fenestrated areas, but
are, in principle, like protonephridia. Metanephridia
are usually thought to be modified coelomoducts and
to originate from the mesoderm (and this has been
shown to be the case in oligochaetes, see below), but
the metanephrida of a number of polychaetes develop
from protonephridia that open up into the coelom.

Gonads of mesodermal origin are found in a large
number of segments in many families, but, for exam-
ple, some capitellids and the clitellates have the gonads
restricted to a small number of segments; in some spe-
cies, the germ cells become liberated to the coelom,
where the final maturation takes place. Spawning is
through the ciliated metanephridia or gonoducts, or
by rupture of the body wall.

Table 25.1. Cell lineage of Polygordius. (Based on Woltereck 1904.) * Interpretation according to

Nielsen (2004).
1a episphere, prototroch
A 2a stomodaeum, ectoderm
1A 3a stomodaeum, ectomesoderm
AB 2A
3A gut
B development as A
1c episphere, prototroch
z C 2c stomodaeum, ectoderm
1C 3c stomodaeum, ectoderm, right blastopore lip, protonephridium,
2C right adoral ciliary zone*
CD
3C gut
1d episphere, prototroch
D 2d posterior ectoderm, metatroch*
1D 3d stomodaeum, ectoderm, left and posterior blastopore lips,
D protonephridium, left adoral ciliary zone*
4d ectoderm, mesoderm
3D

4D gut




The sperm shows much variation, from ‘primitive’
types, with a rounded to conical head with the nucleus
and four mitochondrial spheres, to highly specialized
types with almost filiform head with spirally coiled
acrosome (Rouse 2000).

The embryology was reviewed by Nielsen
(2004, 2005). Polychaetes exhibit a wide variation in
developmental types, whereas the clitellates have
direct development. A number of polychaetes are free
spawners, and the zygote develops into a plank-
totrophic larva that metamorphoses into a benthic
adult; this is considered the ancestral developmental
type in the annelids (Nielsen 1998). Other forms have
large yolky eggs that develop into lecithotrophic lar-
vae, or the development may be direct without a larval
stage (see the chapter vignette).

Meiosis is usually halted in the prophase of the first
division and becomes reactivated at fertilization. The
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apical-blastoporal axis is apparently fixed already dur-
ing maturation, and the entrance of the spermatozoon
may determine the position of the first cleavage and
thereby the orientation of the anteroposterior axis.
The egg is surrounded by a vitelline membrane, which
in some species becomes incorporated in the larval
cuticle through which the cilia penetrate; in other spe-
cies this membrane forms a protecting envelope from
which the larva hatches.

Cleavage is total and spiral (Tables 23.1, 25.1-2),
and as the polar bodies are retained at the apical (ani-
mal) pole and the D-cell is often larger than the other
three, it has been possible to follow the lineage of
many of the important cells from the 2-cell stage.
Polar lobes have been observed in a few species
(Dorresteijn 2005).

Cell-lineage studies are available for Polygordius
with a planktotrophic larva (Woltereck 19o4) (Table

Table 25.2. Cell lineage of Capitella. The contribution from the 2d cell to the central nervous system is in

bold. (Based on Meyer et al. 2010.)

1al
1a=

episphere, left cerebral ganglion, accessory trochoblasts

1a2 primary trochoblasts
A 2a secondary trochoblasts, stomodaeum, proctodaeum, ectomesoderm
1A 3a stomodaeum, neurons, ectomesoderm
AB { 3A endoderm
1b1 episphere, right cerebral ganglion, accessory trochoblasts
L : 1b2 primary trochoblasts
B 2b secondary trochoblasts, stomodaeum
18 [3b stomodaeum
2B
1 3B endoderm
Z 1c! episphere, right cerebral ganglion, accessory trochoblasts, trunk ectoderm
1 :1.:2 primary trochoblasts
c 2c secondary trochoblasts, stomodaeum, proctodaeum, ectomesoderm
1c I pou [ 3c right mesodermal band, stomodaeum, neurotroch
cD 130 endoderm
1d i‘ld‘II episphere, left cerebral ganglion, accessory trochoblasts, trunk ectoderm
1d2 primary trochoblasts
D 2d trunk and pygidial ectoderm, dorsal brain, circumoesophageal connectives,
1D | ventral nerve cord, neurotroch, telotroch
3d left mesodermal band, stomodaeum, neurotroch

4D endoderm

2D a0 {4d muscle cells, germ cells
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Table 25.3. Cell lineage of Helobdella; 1, left; r, right. (Based on Shankland and Savage 1997.)

1a
A 2a
1A 3a
AB 2A
3A
B
7 development as A
c
1d
CD
NI
D NoPQ'
NOPQ opra
D NoPQ'
Ml
M
M’

micromeres: prostomial ectoderm, cerebral

ganglion and provisional integument

endoderm

micromeres: prostomial ectoderm, cerebral
ganglion and provisional integument

ectoteloblasts

development as NoprQ!

mesoteloblasts

25.1), for a number of species with lecithotrophic lar-
vae, for example Nereis (Wilson 1892), Amphitrite
(Mead 1897), and Podarke (Treadwell 1gor) (Table
23.1), and from the recent study using blastomere
marking of Platynereis (Ackermann et al. 2005) and
Capitells (Meyer and Seaver 2010) (Table 25.2), and
for the direct-developing hirudineans (Table 25.3).

In Polygordius (Table 2 5.1), the early developmentis
an equal spiral cleavage with the ra’~1d’ cells becom-
ing the primary trochoblasts; there is no accessory or
secondary trochoblasts. The blastula becomes very
flat, so that the cell fates in the hyposphere become
easy to observe. Gastrulation is embolic with the
blastopore becoming divided through the fusion of
the lateral blastopore lips (from 3c and 3d cells).
The anterior part of the blastopore remains open and
sinks in with the stomodeum, whereas the posterior
opening closes; after some time an anus breaks through
between descendants of the 4d cell. Larval protone-
phridia develop from 3c and 3d cells. Woltereck (1904)
stated that the ciliated lower lip consists of descend-
ents of 3¢ and 3d cells. He interpreted a pair of cells
(named 3¢/1/post and 3d/1/post) as precursors of the

metatroch, but these cells are sister cells of the lateral

cells of the lower lip and their ciliation forms latero-
posterior extensions of the ciliation of the mouth, so
they are more probably the precursors of the adoral
ciliary zone. The two cells on the median side of these
cells (named 2d/2/1/1/2 and 2d/1/2/2) could then be
the precursors of the metatroch. The larvae (Fig. 25.5)
become very large and were the first trochophores
described (Lovén 1840). In P, lacteus/appendiculatus the
segmented body develops retracted in an accordion-
like manner, covered by an extension of the epithelium
below the metatroch (type 2 Pericalymma larva, see
Fig. 22.7). This extension is shed together with the
ciliated bands at metamorphosis, whereas the apical
region with the brain and tentacles is retained as the
adult anterior end.

The cell lineage of the lecithotrophic Nereis,
Ampbhitrite and Podarke (Table 23.1), studied by tradi-
tional observations of the developing embryo, shows
general agreement with that of Polygordius, and with
those of Platynereis and Capitella studied with blast-
omere marking.

Fate maps of 64-cell stage embryos of lecitho-
trophic species, with the positions of the cells indi-
cated in the notation of the spiral cleavage, have been



Polygordius neapolitanus

Polygordius lacteus/appendiculatus

Figure 25.5. Larval types and metamorphoses in Polygordius. The trochophora larvae have a blown-up body with a spacious
blastocoel in both main types, but the segmented body of the metatrochophores develops along two main lines: the exolarva,
which has the body as a posterior appendage (P. neapolitanus, redrawn from Hatschek 1878), or the endolarva (a type 2
pericalymma), in which the segmented body is contracted like an accordion and retracted into an extension of the post-
metatrochal zone (serosa) of the trochophore (P, lacteus and P. appendiculatus, redrawn from Woltereck 1902, 1926, and
Herrmann 1986). (A) A young trochophore. (B,C) The segmented body develops. (D) The larval body has contracted
strongly and the larva is ready for settling. (E) A young trochophore. (F) The segmented body develops inside the serosa.
(G) The serosa ruptures when the segmented body stretches. (H) Most of the larval organs degenerate and the juvenile is
ready for the benthic life.
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constructed for a number of lecithotrophic species
based on classical studies (Anderson 1973); the map of
Podarke can be taken as an example (Fig. 25.6). The
apical cells give rise to the apical ganglion with a tuft
of long cilia. An almost equatorial circle of cells, with
a posterior break, gives rise to the prototroch; the
number of cells varies somewhat between species, but
the prototroch cells are always descendants of the
primary trochoblasts, 1a*~1d*, the accessory trocho-
blasts, ra®*-i1c?, and the secondary trochoblasts,
2a'—2¢"; the posterior break usually closes at a later
stage. The cells of the 1st micromere quartet, the epi-
sphere, are presumptive ectoderm cells of the head, as
are the cells in the posterior break of the prototroch.
A narrow posterior ring of ectodermal cells, the so-
called ectoteloblasts (descendants of 2d, (32 ?), 3¢ and
3d cells in species with small eggs), form the growth
zone where segments become added at the anterior
side. In species with large D-cells (Table 23.1) the 2d
cell, the somatoblast, proliferates profusely, spreading
from the dorsal side to the ventral midline and finally
forming the ectoderm of the whole segmented body
region, with a posterior ring of cells, descendants of
2d™* and 2d***', forming the telotroch (sometimes
with a ventral gap). A narrow mid-ventral zone
becomes the cells of the gastrotroch. The lecitho-
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trophic species lack the metatroch. The blastoporal
pole of the blastula is occupied by the future endo-
derm cells and posteriorly by the mesoderm originat-
ing from the 4d cell, or from the 3c-d cells in Capitella
(Meyer et al. 2010). At each side there is a narrow area
of future ectomesoderm just above the endoderm,
originating from the cells 3a-d. After gastrulation the
cell areas lie in the positions characteristic of the tro-
chophore. The 4d cell divides into a right and a left
cell, which give off a few small cells to the endoderm
before becoming the mesoteloblasts.

The cell-lineage studies of Platynereis (Ackermann
et al. 2005) and Capitella (Meyer and Seaver 2010)
confirm a number of the above-mentioned observa-
tions, and demonstrate that in this species the ecto-
derm of the whole trunk, including ventral nerve cords
and telotroch, develops from the 2d cell. The poste-
rior part of the brain, just in front of the oesophagus,
is formed from the 2d cell (Fig. 22.11).

There is a good deal of variation in the extent and
shape of the areas in the fate maps, and the areas are
not strictly related to identical cells, but the maps can
all be seen as modifications of the general pattern
described above. The spiral pattern gives rise to some
characteristic symmetries. The macromeres B and D
in a bilateral position, and the spiral cleavage shifts the

apical plate

ectoderm

dorsal gap in
prototroch

stomodaeum ectoteloblasts

blastopore lip telotroch

ectomesoderm pygidium

4d-mesoderm

Figure 25.6. Fate maps of blastula (left) and gastrula (right) stages of Podarke obscura seen from the left side. The heavy lines
(marked blastopore lip) separate ectoderm from mesoderm + endoderm. (Modified from Anderson 1973.)



micromeres 1a-d relative to the midline, so that a
more or less conspicuous bilateral symmetry is estab-
lished with the a and d cells on the left side, and b and
c on the right side (in the dexiotropic cleavage). This
is clearly seen both in Polygordius (Table 25.1) and in
Capitelln (Table 25.2).

Gastrulation is embolic in species with small eggs
and a blastocoel, such as Podarke, Eupomatus, and Poly-
gordius. The blastopore becomes laterally compressed
leaving the adult mouth and anus, and a tube-shaped
gut (Fig. 22.2). The formation of a deep stomodeum
makes the mouth sink into a deep funnel and the anus
closes temporarily, but reopens in the same region
later on. More commonly, the blastopore closes from
behind so that only the mouth remains, while the anus
breaks through to the sac-shaped archenteron at a
later stage (for example in Eupomatus). In Eunice, gas-
trulation is embolic and the blastopore constricts
completely in the area where the anus develops at a
later stage; the stomodeum develops from an area iso-
lated from the blastopore by a wide band of ectoderm.
The development of Owenia shows an invagination
gastrula and the blastopore directly becomes the anus
(Smart and Von Dassow 2009). In types with epibolic
gastrulation, the lumen of the gut forms as a slit
between the endodermal cells, while the two ectoder-
mal invaginations, stomodeum and proctodeum, break
through to the gut to form mouth and anus, respec-
tively (as in Arenicola). The two types of mesoderm
give rise to different structures in most forms, the
ectomesoderm, developing into muscles traversing the
blastocoel in the episphere of the larva and muscula-
ture in the prostomium-peristomium of the adult (see
for example Akesson 1968; Anderson 1973), and the
4d mesoderm (or 3c-d in Capitella), developing into
the mesoderm of the true segments. The development
of the paired mesodermal segments from the pygidial
growth zone and the development of the coelomic
spaces through schizocoely have been documented for
several species (for example Owenia: Wilson 1932, and
Scoloplos: Anderson 1959). A number of Hox genes are
expressed in the early development of Nereis (Kulakova
et al. 2007) and Capitella (Frobius et al. 2008). Hox1-5
are expressed mainly in the segmental ectoderm, and
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later on in the ganglia, in an anteroposterior sequence
as that observed in arthropods (Chapter 41); the more
posterior Hox genes are expressed in the posterior
growth zone.

The trochophore with an apical tuft, a prototroch
and a metatroch of compound cilia, functioning in a
downstream-collecting system using the catch-up
principle (Riisgard ez al. 2000) (Fig. 22.6), an adoral
zone of single cilia, transporting the captured particles
to the mouth, a gastrotroch of single cilia, and a telo-
troch of compound cilia around the anus (as in
Polygordius, which lacks the gastrotroch) are the types
from which all the other types may have developed
through losses of one or more of the ciliary bands. The
telotroch is absent in many planktotrophic larvae,
which therefore swim only by means of the prototroch
(for example Serpuia, see Fig. 25.7). The metatroch is
absent in all lecithotrophic larvae, which may have a
telotroch (as in the larvae of spionids and terebellids) or
that may only have the prototroch (as in many phyllo-
docids). Accessory rings of single or compound cilia are
found in many species, and some specialized types of
feeding in the plankton are also observed. The unusual
mitraria larva of Owenia shows no cleavage-arrested
trochoblasts, and both prototroch and metatroch are
from monociliate cells (Smart and Von Dassow 2009).

Annelid ontogeny can be interpreted in terms of
the trochophore theory as follows: the primary and
accessory trochoblasts of the first micromere quartet
form the prototroch (sometimes with contributions
from the second micromere quartet). The dorsal cells
of the second micromere quartet proliferate enor-
mously, spreading from the dorsal side to cover the
whole body of the worm. The edge of this field of cells
carries the just-mentioned secondary trochoblasts
including the cells of the telotroch; in my interpreta-
tion they also form the compound cilia of the meta-
troch. The general ciliation of the blastopore is retained
as the ciliation of the mouth, with lateral extensions as
the adoral ciliary zone, and the cilia of the lateral blas-
topore lips as the gastrotroch (neurotroch).

The trochophore is in principle unsegmented, and
the true segments of the body become added from the
growth zone in front of the telotroch/pygidium in the
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Figure 25.7. Trochophora (A) and three-pair chaetiger (B) larva of Serpula columbiana. (Friday Harbor Laboratories, WA, USA,
July 1980; species identification after Kupriyanova (1999).)

metatrochophora stages (Fig. 25.3). The segment bor-
ders are first recognized as epithelial grooves, but the
segmental groups of chaetae soon develop. Several
species (such as Nereis and Serpula, see Fig. 25.7) show
simultaneous development of three or four anterior
segments with chaetae, followed somewhat later by
the addition of segments from the posterior growth
zone. The significance of this is uncertain. Expression
of the engruiled gene has been observed in the cells of
the prototroch, i.e. along the posterior border of the
prostomium, along the posterior border of the peris-
tomium (possibly indicating the cells that form the
metatroch in planktotrophic species), and in the pos-
terior borders of the developing body segments
(Dorresteijn er al. 1993). The parapodia develop from
one segment, as opposed to the limbs of the arthro-
pods, where the engrailed-expressing row of cells of
one ‘parasegment’ fuses with the segment at its poste-
rior side forming a segment; the limb then develops

from the engruiled cell row and cells of the posterior
segment (Chapter 41) (Prud’homme ez al. 2003; Prpic
2008; Dray et al. 2010).

The development of the nervous system has been
studied in a few species. The apical ganglion and the
cerebral ganglia, which are often closely apposed, have
usually been treated together as the apical organ, so
the fate of the two types of ganglia are impossible to
trace in the older studies. Lacalli (1981, 1984, 1986)
studied the larval nervous systems of Phyllodoce and
Spirobranchus by use of serial transmission-electron-
micrography sections, and identified eight cells in the
apical ganglion of Spirobranchus, two ciliated cells,
three plexus cells, and three capsular cells. Two groups
of ‘reticular cells’ probably represent the cerebral gan-
glia connected by a commissure. A prototroch nerve
and a metatroch nerve were also documented. A pair
of rhabdomeric photoreceptor cells situated laterally

on the episphere without connection to the apical



organ innervate the prototroch directly (Jékely ez ai.
2008). Newer studies used immunocytochemical
methods to show the developing nervous system. Hay-
Schmidt (1995) studied Polygordius, but did not distin-
guish the closely apposed apical and cerebral ganglia.
Voronezhskaya et al. (2003) studied Phyllodoce and
found four FMRFamidergic cells in the apical gan-
glion of early embryos and, slightly later, a number of
serotonergic cells. McDougall et 4l (2006) studied
Pomatoceros and found a few FMRFamidergic cells in
the early apical ganglion, and a number of cells in the
cerebral ganglia developing later on in ectodermal
pockets lateroposterior to the apical ganglion. The
apical ganglion disappeared at metamorphosis and the
cerebral ganglia became connected to a pair of ventral
nerves with segmental commissures. The serotonergic
system develops slightly later and comprises a pro-
totroch and a metatroch nerve, in addition to nerves
following the FMRFamidergic system. In later larvae
of Sabellaria, Brinkmann and Wanninger (2008)
observed serotonergic and FRMFamidergic nervous
systems with cerebral ganglia connected to paired
ventral nerves, ending in a peri-anal loop below the
telotroch. The serotonergic system of the young lar-
vae consisted of three cell bodies in the apical organ,
two at the oesophagus, and two ventrally below the
metatroch, and a number of axonal bundles, i.e. a pair
from the apical organ along the lateral sides of the
blown-up larval body to a midventral pair along the
slender posterior part, two rings along the prototroch
and one along the metatroch, and a pair of small nerves
from the apical organ to the oesophageal cells. Later
stages showed additional cells forming a small ventral
ganglion. The FMRFamidergic system of the young
larvae consisted of eight perikarya at the periphery of
the apical organ and a system of axons following that
of the serotonergic system; late larvae showed addi-
tional cells in the apical zone and also in the ventral
ganglion. Immunocytochemical studies of Platynereis
nectochaetes (Dorresteijn ef 4l. 1993; Ackermann et 4i.
2005) have revealed a pair of ‘pioneer’ nerve cells, 2d*
and 2d% in the pygidium with neural projections
extending forwards along the ventral side; the follow-
ing stages show an increase of nerve fibres along the
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two first ones, and segmental commissures begin to
develop. Similar pioneer cells have been observed in
Pomatoceros (McDougall et al. 2006); in Phyllodoce,
Voronezhskaya et al. (2003) observed one posterior
and two anterior cells located at the prototroch. The
trochaea theory (Figs. 22.8, 22.10) implies that the
protostomian brain should consist of components
from the cerebral ganglia, with connectives around
the oesophagus, and a ventral component originating
from the anterior part of the circumblastoporal nerve.
The observations of Ackermann ez 4l. (2005: fig. 31)
demonstrate the presence of a streak of 2d cells along
the posterior side of the cerebral ganglia (from the 1c
and 1d cells), and this must be interpreted as the ‘blas-
toporal’ part of the brain. The cell-lineage study of
Capitella (Meyer et al. 2010) elegantly demonstrated
the origin of a posterodorsal brain region, the circu-
moesophageal connectives, and the ventral nerve cord
from the circumblastoporal descendants of the 2d cell
(Table 25.2).

The apical organ is usually interpreted as a sense
organ, but this has, to my knowledge, never been
proved. The cerebral ganglia often develop
rhabdomeric eyes with pigment cells, and sometimes
with a vestigial cilium (Arendt et 4l. 2009) and inner-
vate appendages of the prostomium. The ventral chain
of ganglia develop from the ectoderm along the fused
blastopore lips (Anderson 1959, 1973), probably
guided by the axons from the pioneer cells. The ven-
tral cords remain intraepithelial, for example in many
of the small, interstitial species (Westheide 199o), but
sink in and become situated along the ventral attach-
ment of the mesentery, surrounded by its basal mem-
brane in many of the larger forms (Fig. 25.4). The two
pioneer nerve cells resemble the first nerve cells at the
posterior end of early bivalve and gastropod larvae
(Chapter 27), and one could speculate that they repre-
sent a ‘pre-segmented’ evolutionary stage.

The trochophore larvae have developing coelomic
sacs and chaetae already in later planktonic stages
(nectochaetes), sometimes with long, special larval
chaetae functioning as protection towards predators.
Coelomic sacs extend from the lateral position around

the gut to meet middorsally; the dorsal blood vessel
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develops in the dorsal mesenterium where the two
epithelia, with their basement membranes, separate
creating a longitudinal haemal space. Metamorphosis
may be rather gradual, as in many Nereis species with
lecithotrophic larvae, or more abrupt, as in sabellariid
larvae that shift from planktotrophic larvae to sessile
adults with a new feeding apparatus; metamorphosis
may even be ‘catastrophic’, as in Owenia and Polygordius,
where the larval organs used in feeding are cast off (see
below).

Special larval types called pericalymma (or serosa)
larvae (Fig. 2 5.5) are found in some species of Polygordius,
in Owenia and Myriochele (family Oweniidae), and in
some phyllodocids. All Polygordius larvae have more or
less ‘blown-up’ bodies with the normal trochophore,
prototroch, and metatroch at the equator. P. neapolita-
nus has a rather ‘normal’ nectochaete, which metamor-
phoses rather gradually into the adult, as in most other
polychaete larvae, whereas P. appendiculatus and P. lac-
teus have larvae in which the segmented body develops
strongly retracted (like an accordion), and covered by a
circular fold of the region behind the metatroch (peri-
calymma type 2 larvae; Fig. 22.7); at metamorphosis
the body stretches out and the larger part of the spheri-
cal larval body with the ciliary feeding apparatus is
shed and engulfed (Woltereck 19o2; Herrmann 1986).
The pericalymma type 2 larvae of some phyllodocids
are morphologically similar to the Polygordius perica-
lymma larvae (Tzetlin 1998), but some larvae are able
to retract the long expanded body into the serosa again,
in an irregular, knot-like shape (own observations from
Hawaii plankton). The oweniid larvae (called mitraria)
have ciliary bands that form wide lobes, and the chaetae
of the first segment develop early and become very
long; the following segments have short chaetae and
are pulled up into a deep circular fold behind the long
chaetae (pericalymma type 3 larvae; Fig. 22.7). At met-
amorphosis, the parts of the hyposphere carrying the
ciliary feeding structures are cast off together with the
long larval chaetae, and the body stretches out so that a
small worm resembling an adult emerges in less than
an hour (Wilson 1932). The pericalymma larvae of
Polygordius, phyllodocids and oweniids, are thus only
superficially similar, and they have obviously evolved

independently, so they can be of no importance at the
higher phylogenetic level.

Clitellates are characterized by the reduction of the
number of segments with reproductive organs, and by
development of special structures of the fertile region
(the clitellum) connected with copulation and forma-
tion of protective cocoons for the eggs. All species have
eggs with considerable amounts of yolk and direct
development. A few oligochaetes, such as Criodrilus,
have a coeloblastula with no size difference between
presumptive endodermal and ectodermal cells, and
gastrulation that is described as a type between emboly
and epiboly. The mesoteloblasts were very clearly seen,
but ectoteloblasts were not reported.

Other clitellates have a highly unequal cleavage
and epibolic gastrulation; the ectodermal and meso-
dermal cells form a micromere cap that spreads ven-
trally over the large endodermal cells (Anderson
1966). The cell lineages of the glossiphoniid leeches
Helobdella and Theromyzon have been studied in great
detail (see review in Shankland and Savage 1997; Fig.
25.8; Table 25.3).

After the two first cleavages, the D cell is larger
than the A-C cells, with the B and D cells lying in the
midline of the developing embryo. The A-C cells each
give off three small micromeres and the D cell gives
off one. The micromeres give rise to the ectoderm of
the cephalic region, the anterior and lateral parts of
the cephalic ganglion, and the stomodeum (foregut).
The macromeres 3A-C give rise to the midgut. The
1D cell divides into a cell called DNOPQ situated in
the midline, and a cell called DM, which is displaced
to the left; DNOPQ gives off three small micromeres
and DM gives off two. The two remaining large cells,
NOPQ and M, divide transversely and give rise to
right and left ectodermal and mesodermal germinal
bands respectively. The ectodermal bands are named
n, 0, p, and q, with the n bands situated along the ven-
tral midline. Rather small cells are given off in a fixed
sequence from the large teloblasts, with two cells per
segment in the p and q bands and one cell in the other
bands; the arrangement of the cells does not follow
the boundaries of the adult segments exactly and the

descendant cells intermingle in a fixed pattern.
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Figure 25.8. Embryology of Helobdella triserialis. (A—-G) Embryos seen from the apical pole, the letters A—C indicate quadrants
not blastomeres; compare with Table 25.3 (H-I) Embryos with germ bands (white), provisional integument formed by apical
micromeres (stippled), and macromeres that will form endoderm (black). (J) Late embryo with ventrally fused germ bands,
which have formed the ventral nerve cord (black) and provisional integument (stippled). (K) Almost fully formed embryo with
endoderm:midgut (black), nerve cord (black), and the provisional integument restricted to a narrow, posterodorsal area (stippled).
(Combined after Weisblat et 4. 1980, 1984, and Shankland and Savage 1997.)

However, a segmental pattern can be found in the
ectoderm with the N cells giving off blast cells with
alternating fates, each pair giving rise to one paraseg-
ment. At a later stage a row of cells from each anterior
blast cell expresses engrailed and the adult segment
border develops just behind these cells (Ramirez et al.
1995). Neurons differentiate from all the ectodermal
bands and a few from the mesodermal bands. The
ectodermal cell bands become S shaped, and fuse
midventrally from the anterior end leaving the poste-
rior anus. The dorsal side of the embryo is at first
unsegmented, covered by cells from the second
micromere quartet (called provisional integument or
temporary yolk-sac ectoderm), but this gradually
becomes covered by the lateral parts of the ectoder-
mal bands that extend dorsally. The two M-cells in
each segment give rise to all of the musculature,
nephridia, connective tissue, coelomic epithelia, and

some neurons, and the ectodermal bands give rise to

ectoderm and nervous system. The fate of individual
cells in the germinal bands is determined by cell-cell
interactions.

Other oligochaetes and hirudineans have more
aberrant cleavage and cell lineage (Anderson 1966).
The midgut originates solely from the D quadrant in
Erpobdella, and in Stylaria, descendants of the first
micromeres, and the macromeres 1A and 1B become
an embryonic envelope that is shed at a later stage
(Dawydoff 1941).

Annelid embryology shows most of the charac-
teristics predicted by the trochaea theory, so the
phylum is firmly rooted in the Spiralia. This finds
almost unanimous support from the molecular anal-
yses. The radiation of the spiralians is not resolved
convincingly either by morphological or by molecu-
lar analyses. Annelida and Sipuncula are clearly
either sister groups, or the Sipuncula is an ingroup
of the Annelida. Annelida + Sipuncula, Mollusca, and
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Nemertini share the schizocoelic mode of forming
coelomic compartments with metanephridia and a
haemal system, and this indicates a close relationship,
as indicated in the name Schizocoelia. This finds
support from several of the molecular analyses (see
Chapter 24).

Interesting subjects for future research

1. Segment development and differentiation in poly-
chaetes: parasegments, ganglia, nephridia

2. Moulting and ecdysteroids

3. Ontogeny of the haemal coeloms of the leeches
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Phylum Sipuncula

Sipuncula is a small, well-defined phylum of about 150
benthic, marine species. A number of strikingly ‘mod-
ern’ sipunculans have been described from the Lower
Cambrian (Huang ez al. 2004).

The almost cylindrical organisms are divided into a
trunk and a more slender, anterior, retractable intro-
vert. The terminal mouth is usually surrounded by a
ring of ciliated tentacles. The gut forms a loop and the
anus is situated dorsally at the base of the introvert.
The microscopical anatomy was reviewed by Rice
(1993; see also Schulze et 4l. 2005).

The monolayered ectoderm is covered by a cuticle
with cross-layered collagen fibres between microvilli;
the ectoderm of the oral area and the oral side of the
tentacles consists of multiciliated cells and the cuticle
is quite thin. Hooks of a proteinaceous material are
found on various parts of the introvert and body.
Chitin appears to be completely absent.

The nervous system (Fig. 22.3) comprises a dorsal,
bilobed brain that is connected with a ventral nerve
cord by a pair of circumoesophageal connectives.
Ultrastructure and innervation of a paired ciliated
organ, situated on the dorsal side of the mouth, indi-
cates that it is not homologous with the nuchal organs
of the polychaetes (Purschke e 4. 1997). Ocelli situ-
ated at the bottom of tubular invaginations into the
brain are found in some species; they resemble ocelli of

certain polychaetes (Akesson 1958). The ventral nerve

cord is surrounded by a thin peritoneum and lies free
in the body cavity only attached in the ventral midline
by a number of fine nerves covered by the peritoneum;
the nerve cord is accompanied by a pair of lateral mus-
cles that cover the whole periphery in some zones.
There are two body cavities, a small, anterior tenta-
cle coelom and a large, posterior body coelom. Both
cavities contain various types of coelomocytes, which
are formed from the mesothelia, and which under cer-
tain circumstances may move between the cavities;
nevertheless, the two cavities are normally isolated
from each other as shown by the different properties of
the haemerythrins in the two cavities (Manwell 1963).
The tentacle coelom is circumoesophageal and
sends canals into the branched tentacles, and one or
two median canals (compensation sacs) along the gut.
The peritoneum is ciliated especially in the tentacle
canals, where the cilia are presumed to create a circu-
lation of the coelomic fluid with haemocytes through
a median and two lateral canals in each tentacle. Some
types have two rather short compensation sacs with-
out diverticula, for example Sipunculus, while the dor-
sal sac is greatly expanded posteriorly (called the
contractile vessel), with numerous long, thin divertic-
ula in others, such as Themiste. This system clearly
functions both as a hydrostatic skeleton expanding the
tentacles, and as a respiratory system that can trans-
port oxygen from the expanded tentacles to the body

Chapter vignette: Phascolion strombi. (Based on Theel 1905.)



coelom (Ruppert and Rice 1995). It has been described
as a system of blood vessels, but the ciliated epithelial
lining shows that it is a true coelom.

The main body coelom is a spacious cavity lined by
a peritoneum overlying longitudinal and circular mus-
cles and containing a fluid with haemocytes and other
cell types. The muscle layers are more or less continu-
ous in the genera considered primitive, and divided
into separate muscles in the more advanced genera.
The coelomic cavity extends into partially ciliated,
longitudinal canals or sacs between the muscles in the
advanced genera with small tentacles, where it is
believed to be important for circulation (Ruppert and
Rice 1995). The body coelom functions as a hydro-
static skeleton, both in eversion of the introvert and in
burrowing.

A haemal system is absent, part of its functions
apparently being carried out by the tentacle coelom
and the coelomic canals of the body wall.

A pair of large metanephridia is found in the body
coelom with the nephridiopores situated near the
anus. The funnel is very large and ciliated, and has a
special function in separating the ripe eggs from the
several other cell types in the coelomic fluid. In most
metazoans, the primary urine is filtered from a haemal
system to the coelom, but as pointed out by Ruppert
and Smith (1988) and Bartolomaeus and Ax (1992),
the sipunculan excretory system with a metanephrid-
ium is exceptional in lacking a haemal system from
which the primary urine can be filtered. The sugges-
tion of a filtration from the compensation sac of the
tentacle coelom is not supported by experiments, and
appears unlikely as the tentacle coelom is so restricted
and the body coelom is in direct contact with most of
the muscles through the coelomic canals of the body
wall. Podocytes have been observed in the trunk peri-
toneum of the contractile vessel, but not in the apposed
peritoneum of the tentacle coelom. Podocytes obvi-
ously without a function in ultrafiltration, have been
reported from crustaceans (Wigele and Walter 1990)
and enteropneusts (Chapter 50), so the mere presence
of podocytes is not proof of production of primary
urine. An unusually complicated metanephridium was
described in Thysanocardia, which shows podocytes on
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the coelomic side of the funnel and protruding groups
of excretory cells of two types on the inner side
(Adrianov et al. 2002).

The gonad is a ventral, lobed organ surrounded by
peritoneum and suspended in a mesentery. The
oocytes develop to the first meiotic prophase in the
ovary and are then released into the coelom, where
vitellogenesis takes place. The ripe egg is surrounded
by a thick envelope with many pores. Some species
have spherical eggs, while others have spindle-shaped
to flattened eggs with a shallow depression at the api-
cal pole, indicating that the polarity of the egg is
determined before spawning. The sperm may pene-
trate the egg envelope everywhere except at the apical
pole. Most species are free spawners, and the polar
bodies are given off at the apical pole soon after ferti-
lization (Rice 1989).

The embryology was reviewed by Nielsen (2003).
Cleavage is spiral (Fig. 23.2; Table. 26.1) with a cell
lineage closely resembling that of annelids and mol-
luscs. An apical ganglion develops at the position of
the polar bodies. The early prototroch is formed by
descendants of the four primary trochoblasts, 1a*>-1d?
and three secondary trochoblasts, 1a'?-1c¢'?, so that
there is a narrow dorsal gap, which closes at a later
stage when the two ends of the band fuse. Gastrulation
is embolic to epibolic according to the amount of yolk.
Mesoderm is formed from the 4d cell, and a pair of
mesoteloblasts has been observed both in Sipunculus,
Phascolopsis, and Phascolosorma. Gerould (19o6) described
and illustrated three to four small coelomic pouches in
early trochophores of Phascolopsis, but according to
Hyman (1959: p. 657), he later changed his interpreta-
tion and explained that the apparent metamerism was
caused by contraction and buckling. The compact
endoderm hollows out to the tubular gut that becomes
connected to a stomodeum and a small dorsal procto-
deum. The ventral zone between mouth and anus
forms a growing bulge, which contains the gut, and
the whole body thus becomes elongate perpendicular
to the original anteroposterior axis. A pair of coelomic
cavities develop through schizocoely in the paired
mesodermal bands, but the two coelomic sacs fuse
completely at a later stage. In Phascolion (Wanninger
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et al. 2005), two FMRFamidergic cells can be recog-
nized in the apical ganglion, and paired cerebral gan-
glia develop lateral to these. Nerves develop from the
cerebral ganglia and extend posteriorly around the
mouth and along the ventral side. In Phascolosoma
(Kristof et al. 2008; Wanninger et a/. 2009), perikarya of
the anterior part of the ventral nerve cords are arranged
in pairs, suggesting traces of segmentation. The paired
ventral nerves subsequently fuse in early larvae of both
genera. In Sipunculus, the ventral nerve cord develops
as a median longitudinal thickening of the ectoderm
that later splits off from the ectoderm and sinks into
the body cavity covered by the mesothelium.
Hatschek (1883) illustrated an early metamorpho-
sis stage of Sipunculus with an undivided coelomic cav-
ity extending to the anterior end of the larva in front
of the mouth, and the tentacles were described as
developing from the rim of the mouth; the origin of
the tentacle coelom was not mentioned, but his obser-
vations indicate that it becomes pinched off from the

Table 26.1. Cell lineage of Phascolopsis and Golfingia. (Based
on Gerould 1906).

{1a111 apical cell
1
1a 1a"? ectoderm
1a’
1 12{1a121 ectoderm
a
1a'2 accessory trochoblast

A 12 1a? primary trochoblast
2a ectoderm
1A 3a ectoderm
AB 2A 3A { 4a  ectoderm
4A  ectoderm
B
zZ c } development as A
I {1d111 apical cell
cD 1d1{ 1d"? ectoderm
1d 1d™ ectoderm
{ 1d? primary trochoblast
D { 2d" somatoblast
2d 2d? ectoderm
b 3d ectoderm
2D { 4d mesoderm, endodern
30 {4D endoderm

body coelom after metamorphosis. Protonephridia
have not been observed at any stage, but a pair of
metanephridia develops in the early pelagosphaera
stage. A yellowish cell was found completely embed-
ded in each of the lateral groups of mesodermal cells.
These cells developed into U-shaped cell groups with
a narrow canal, which came into contact with the ecto-
derm and formed the nephridiopore, while the oppo-
site end broke through the peritoneum, which formed
the ciliated funnel of a typical metanephridium. Rice
(1973) observed a similar development in Phascolosoma
with ectodermal cells giving rise to the pore region.
However, Gerould (1906) believed that the main part
of the metanephridia in Golfingia develops from the
ectoderm, with only the ciliated funnel originating
from the mesoderm. It cannot be excluded that varia-
tions occur in the development of metanephridia, but
Gerould’s report appears less well documented.

A few species have direct development, but most
species have lecithotrophic trochophores that swim
with the cilia of the prototroch protruding through
pores in the egg envelope. In some of these species,
the trochophores metamorphose directly into the
juveniles, but most species go through a planktonic,
planktotrophic or lecithotrophic stage called pela-
gosphaera (Rice 1973, 1981; Fig. 26.1). This larval
type is characterized by a prominent ring of compound
cilia behind the mouth, and a prototroch that has
become overgrown more or less completely by sur-
rounding ectodermal cells. The fully developed pela-
gosphaera larva has an extended ciliated lower lip,
with a buccal organ similar to that found in many
polychaetes (Tzetlin and Purschke 2006) and a lip
gland. The buccal organ can be protruded from a
deep, transverse ectodermal fold. A pair of ocelli con-
sist of a pair of rhabdomeric sensory cells and a pig-
ment-cup cell, structurally identical to the ocelli of
polychaete trochophores (Blumer 1997). A pair of
muscles develop between the apical organ and the
body wall behind the anus (Fig. 23.3), and a further
pair develop from the oral region to the posterior part
of the body wall. These muscles can retract the whole
anterior part of the body, including the ciliary ring,
into the posterior part of the body, and the retracted
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Figure 26.1. Pelagic developmental types of sipunculans.
Golfingia vulgare has a completely lecithotrophic development;
the first stage is a roundish trochophore that swims with a wide
band of cilia anterior to and around the mouth; the second
stage is more elongate, the prototroch cells have become
infolded and degenerate, and the larva swims with a ring of
compound cilia behind the mouth; the third stage is cylindrical
and the gut is developing. (Based on Gerould 1906.) Golfingia
misakiensis goes through a similar trochophora stage, but the
gut becomes functional at an early stage; the fully-grown pela-
gosphaera larva swims with the post-oral ring of compound
cilia and is able to retract the anterior part of the body, includ-
ing the ciliary ring, into the posterior part. (Redrawn from
Rice 1978.) Sipunculus nudus has a pericalymma larva (type 1)
with the hyposphere completely covered by an extension of
the prototrochal area; the hyposphere breaks out through the
posterior end of the serosa, which is for a short time carried as
a helmet over the episphere and then cast off; the fully-grown
larva is a normal pelagosphaera. (Based on Hatschek 1883.)
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part can be enclosed by a strong constrictor muscle.
A characteristic retractile terminal organ contains both
sensory and secretory cells (Ruppert and Rice 1983).
Sipunculus has a special pericalymma larva with the
prototrochal epithelium extended posteriorly, covering
mouth and hyposphere (type 1 pericalymma; Fig. 22.7);
this thin extension, called the serosa, is shed at hatch-
ing and the larva becomes a normal pelagosphaera.
Gerould (1906) observed the development of circu-
lar muscles from ectomesodermal cells in the zone just
behind the prototroch. The two pairs of retractor mus-
cles are believed to be ectomesodermal (Rice 1973).
The planktotrophic pelagosphaera larvae do not use
the ciliary bands in filter feeding, but the nature of the
feeding mechanism is unknown. Jigersten (1963)
observed swallowing of large particles, such as frag-
ments of other larvae, and found copepods in the gut of
freshly caught larvae, so the larvae may be carnivorous.
Monophyly of the Sipuncula seems unquestioned.
The U-shaped gut indicates that the unsegmented
body has not evolved simply by loss of the segmenta-
tion along the anteroposterior axis. The ontogeny
resembles the metamorphosis of the phoronids
(Chapter 54), but this must be a homoplasy. The
presence of a typical spiral cleavage with mesoderm
originating from the 4d cell and the development and
morphology of the central nervous system clearly
places the Sipuncula in the spiralian line of the
Protostomia (the significance of a ‘molluscan cross’ is
discussed in Chapter 24). The teloblastic proliferation
of the mesoblasts, and the schizocoelic formation of
paired coelomic pouches, indicate a close relationship
with the molluscs and annelids, and the group is here
called Schizocoelia. The complete absence of a haemal
system is enigmatic, so much more as organs with the
same function formed by coelomic compartments are
found in several species (see above), and the close rela-
tionship with the annelids and molluscs indicate that
the common ancestor had a haemal system. The pela-
gosphera larva develops after the trochophora stage in
some species and should perhaps be interpreted as a
secondary larva; its prominent ring of compound cilia
behind the mouth is usually interpreted as a meta-
troch, but the direction of the effective stroke is
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opposite to that of the metatroch of other spiralians.
This indicates that the large ciliary band is an ‘addi-
tional’ band like those occurring just behind the mouth
in larvae of polychaetes such as Chaetopterus, or mol-
lusc larvae such as those of pteropods (Nielsen 1987).

Also the molecular analyses generally place the
sipunculans together with the annelids, and this finds
some support by the trace of segmentation found in
the developing ventral nerve cord. A number of stud-
ies show sipunculans as an ingroup of the annelids (for
example Rousset et a/. 2007; Struck et 4l. 2007; Dunn
et al. 2008; Bleidorn et al. 2009; Hejnol et 4l. 2009;
Dordel et al. 2010). A few studies indicate a sister-
group relationship (Paps et a/. 2009), and some unique
gene orders and genome sequences (Mwinyi et al.
2009) and studies of microRNNA support this view
(Sperling et al. 2009). I have chosen to treat the sipun-
culans as a separate phylum to facilitate comparisons
between the two groups

Interesting subjects for future research

1. Origin of the tentacle coelom

2. Cell lineage of the nervous system
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Phylum Mollusca

Mollusca is one of the largest animal phyla, with about
200 ooo described living species and a very extensive
fossil record. The number of described living species
is somewhat uncertain because malacologists, from
amateur shell collectors to professional biologists,
during the last centuries have given names to the same
species several times, often with rather chaotic results.
The eight living classes are predominantly marine;
only gastropods and bivalves have spread to freshwa-
ter, and only the gastropods have entered the terres-
trial habitat. Some families of snails and mussels
comprise commensalistic species and one family of
snails contains endoparasitic species, which can only
be recognized as molluscs by their larvae.

The living molluscs are a morphologically very
well-defined, monophyletic group, comprising clearly
delimited classes but, quite surprisingly, this is only
very rarely shown even in the most recent studies on
molecular phylogeny. Only studies with a limited
number of molluscan taxa show the monophyly (Pick
et al. 2010). The study of Wilson ez 4l. (2010), based on
eight ribosomal and mitochondrial genes from g1 spe-
cies, representing all eight classes and a few outgroup
species, failed to show the monophyly. The study of
Meyer et al. (2010), based on 18S rRNA from 111
molluscs, representing all classes and a few outgroup
species, showed molluscan monophyly, but a very sur-

prising arrangement of the molluscan classes with a

diphyletic Bivalvia. The study of Mallatt e 4l. (2010),
based on nearly complete rRNA genes from 197 meta-
zoan taxa, showed a mix of molluscan classes, with
annelids, sipunculans, nemertines, phoronids, and bra-
chiopods. The study of Chen ez al. (2009), based on
complete mitochondrial genomes of 34 lophotrocho-
zoans, showed the molluscs mixed up with rotifers and
phoronids. Similar results are found in many other
studies using ribosomal and mitochondrial genes,
which are apparently not suited for studies on lopho-
trochozoan interrelationships. Recent studies based
on ‘expressed sequence tag’ data and phylogenomic
methods show molluscan monophyly, but with simi-
larly surprising relationships between the classes
(Dunn et al. 2008; Hejnol er al. 2009). Only on the
lower levels, such as the Bivalvia (Campbell 2000;
Giribet and Wheeler 2002; Giribet 2008), has reason-
able agreement between morphology and molecules
been attained.

Early Cambrian faunas comprise a diversity of
‘small shelly fossils’ (Parkhaev 2008), larger unques-
tionable molluscs, such as Halkieria (Vinther and
Nielsen 2005), and several more questionable forms.
Hulkieria and Sinosachites (Vinther 2009) have an elon-
gate body, with the dorsal side covered by a layer of
calcareous spicules resembling the polyplacophoran
perinotum, and an anterior and a posterior dorsal

shell. They probably represent an extinct molluscan

Chapter vignette: The monoplacophoran Neopilina galatheae. (From Lemche and Wingstrand 1959.)



clade and bear no resemblance to annelids. The naked
Middle Cambrian Odontogriphus shows radular teeth
and a general outline resembling that of Halkieria and
polyplacophorans (Caron et al. 2006, 2007). The Late
Precambrian Kimberella has been interpreted as a mol-
lusc (Fedonkin and Waggoner 1997), but the recon-
struction shows a periphery with a ‘crenellated zone’
that does not resemble any known structure from liv-
ing molluscs, and there is no sign of foot, mouth, or
radula. Long scratches in the microbial mat near the
anterior end of some specimens have been interpreted
as radular marks (Fedonkin ez 4/. 2007), but the rela-
tionships of Kimberelln still seem uncertain. The
Hyolithida has been interpreted as a group of mol-
luscs, but this seems unfounded. Some of the well-
preserved shells with distinct muscle scars have given
the study of the early radiation of the shelled groups,
especially the Conchifera (see below), a firm basis.
However, the unshelled forms are almost unknown as
fossils, so the early phylogeny must be based on soft-
part anatomy and embryology of living forms. The
surprisingly well-preserved Silurian Acaenoplax (Sutton
et al. 2001, 2004) resembles an ‘aplacophoran with
shells’, but it is difficult to fit into a phylogeny.

There is a wide variation in morphology of both
adults and larvae, but a number of characters can be
recognized in almost all molluscs, and can be inter-
preted as ancestral of the phylum. The latest mollus-
can ancestor probably had three characters.

1. The mantle: a large area of the dorsal epithelium
with a thickened cuticle with calcareous spicules.
The mantle is usually expanded into a peripheral
fold that overarches a mantle cavity. The mantle is
easily recognized in representatives of all the eight
living classes.

2. The foot: a flat, ciliated, postoral, ventral expansion
used in creeping or modified for other types of
locomotion. A series of muscles from mantle to
foot can pull the protective mantle towards the
substratum or in other ways bring the soft parts
under the protection of the mantle. The foot is eas-
ily identified in most classes, but it is reduced to a
narrow keel in the solenogasters and has disap-
peared altogether in the caudofoveates.
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3. The radula: a cuticular band with teeth formed in a
pocket of the ventral epithelium of the oesophagus
and used in feeding. A radula is found in all the
classes except the bivalves.

Ancestral adult characters shared with annelids proba-
bly include a haemal system with a heart formed by the
walls of coelomic sacs and metanephridia/gonoducts
originating in coelomic sacs. Pectinate gills and associ-
ated osphradial sense organs in the mantle cavity
probably evolved in the larger ancestral forms. The
pelagobenthic life cycle with ciliated larvae is promi-
nent in all living classes except the cephalopods and was
probably characteristic of the ancestral mollusc. The
ancestral larva was probably a trochophore (see below).

The eight classes of living molluscs are clearly
delimited, and the monophyly of the group Con-
chifera, comprising Monoplacophora, Gastropoda,
Cephalopoda, Bivalvia, and Scaphopoda, is generally
accepted. However, there is still disagreement about
the interrelationships of Conchifera and the three
remaining classes, Caudofoveata, Solenogastres, and
Polyplacophora (Haszprunar ez al. 2008).

Wingstrand (1985) found very similar radulae and
associated structures in Polyplacophora and Con-
chifera, including hollow radula vesicles, cartilages of
the odontophore, several sets of radular muscles, and a
subradular sense organ. Additional shared characters
were found in the structure of the gut—both groups
have well-defined digestive glands and a coiled gut,
whereas these are lacking in aplacophorans. This sup-
ports a monophyletic group, Testaria (Fig. 27.1). The
perinotum (girdle) with spicules, and the cilia with
paired roots of the usual metazoan type in the
Polyplacophora, must be interpreted as plesiomor-
phies (Salvini-Plawen 2006; Todt et 4. 2008b).

Two evolutionary lines can be traced from the
ancestral mollusc with a ciliated foot and a mantle with

a mucopolysaccharide lining with calcareous spicules.

1. Aplacophora, in which the foot lost the locomotive
function and became very narrow, the lateral parts
of the mantle either coming close to each other so
that the foot became a ciliated keel (Solenogastres),
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Aplacophora

Caudofoveata Solenogastres

 internal fertilization,
copulatory setae

4 foot totally reduced, oral
shield

<« foot reduced to a narrow keel

Polyplacophora

Testaria

Conchifera

4 eight shells surrounded by
perinotum with spicules

¢ one shell with periostracum,
mantle edge with three folds,
no perinotum, crystalline
style

¢ radular vesicles with cartilaginous
supports, subradular sense organ,
coiled gut with well-defined digestive
glands

<« apomorphies

4 mantle with calcareous spicules and retractor muscles,

ciliated foot, radula

<] plesiomorphies Fig. 24.1

Figure 27.1. Phylogeny of the Mollusca.

or fusing along the midline so that the foot became
totally
became worm-like, and the mantle retained a rather

reduced (Caudofoveata). Locomotion

soft character with only small calcareous spicules.

2. Testaria, in which the mantle expanded laterally
and secreted various types of shell plates sur-
rounded by a perinotum with spicules. This group
comprises two lineages:

(@) Polyplacophora with eight perforate shells;

(#) Conchifera, which lost the perinotum and spe-
cialized the mantle edge to a complex series of
folds secreting a chitinous periostracum, which
later became calcified on the interior side.

The mantle edge of the monoplacophorans is
slightly different from that of the other conchiferans,
but this is interpreted as a specialization (Schaefer and
Haszprunar 1997). Conchifera is a well-founded clade,
not only by the structure and formation of the shell,
but also by the possession of paired statocysts, a crys-
talline style, and a special type of ciliary root
(Haszprunar et al. 2008).

The microscopical anatomy was reviewed in the
edited volumes by Harrison (1994, 1997). As men-
tioned above, the mantle can be recognized in almost
all molluscs. It is covered by a layer of mucopolysac-
charides, with proteins and calcareous spicules secreted
by single cells in the aplacophorans (Furuhashi ez al.
2009). The perinotum surrounding the shells of the
polyplacophorans has a similar appearance, but the spi-

trochophora larvae, ventral nerve cords, gonopericardial complex

cules are secreted by several cells and there are numer-
ous sensory structures, such as thin hairs and ‘clappers’,
which are associated with a ciliated sensory cell and
compound hairs with several sensory structures in a
longitudinal groove. None of the hairs have a structure
resembling annelid or brachiopod chaetae. The eight
shells of the polyplacophorans have been interpreted as
fused spicules, but this is not substantiated by direct
observations, and Kniprath (1980) observed the forma-
tion of uninterrupted transverse shell plates in the lar-
vae of two species; larvae reared at raised temperatures
formed isolated calcareous granules which fused to
abnormal plates. Each shell becomes secreted by a
‘plate field’ surrounded by other cells, which cover the
plate field with flat microvilli and a cuticle, creating a
crystallization chamber. The plate field grows, and the
cells between the plates continue secreting a thin cuti-
cle (periostracum) covering the shell. This develop-
ment is often described as being very different to that
of the conchiferans—for example, by the lack of a dif-
ferentiated mantle edge, with rows of specialized cells
secreting the periostracum and the periphery of the
calcified shell—but it shows the same principal compo-
nents, and could perhaps be interpreted as a less-spe-
cialized type of shell formation. Numerous papillae,
sometimes in the shape of ocelli, penetrate the shells.
Embryologically, the perinotum develops from both
pre- and post-trochal cells, whereas the shells develop
from the post-trochal area only (see Table 27.1). The
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Table 27.x1. Cell lineage of the polyplacophoran Chaetopleura. (Based on Henry et al. 2004.)

1a episphere (prototroch), spicules
A 2a secondary trochoblast, ectoderm, spicules, left ocellus, stomodaeum
1A 3a ectoderm, stomodaeum
AB oA {3A gut
1b episphere (prototroch)
B 2b ectoderm, secondary trochoblast, stomodaeum
1B { o { 3b stomodaeum
3B gut
z 1c episphere (apical tuft, prototroch)
C 2c secondary trochoblast, ectoderm, spicules, right ocellus
1C 3¢ ectoderm, spicules, shells
cD 2C { 3C gut
1d episphere (apical tuft, prototroch), spicules
D 2d ectoderm, shells
12 { { 3d secondary trochoblast, ectoderm, spicules, shells
2R 3D larval muscles, gut

conchiferan shells comprise a periostracum of quinone-
tanned protein, sometimes with chitin, and a calcified
layer with an organic matrix with B-chitin (although
the presence of a-chitin is also possible) and proteins
(Furuhashi er al. 2009). The embryonic shells are
secreted by a shell gland, in which a ring of cells at the
surface secretes a pellicle, the future periostracum,
which becomes expanded when the shell gland spreads
and begins to secrete the calcareous layer of the shell
(or the two areas in the bivalves). The ring of pellicle-
secreting cells follows the growth of the shell and
becomes the periostracum-secreting cells in the mantle
fold (Casse et al. 1997; Mouéza et al. 2006).

The foot and the retractor muscles originating at
the mantle, and fanning out in the sole of the foot, can
be recognized in almost all molluscs. Solenogasters
have a very narrow keel-like foot with a series of foot
retractors (lateroventral muscles) attached to the foot
zone. Caudofoveates have lost the foot completely, by
the fusion of the lateral mantle edges, but a narrow,
midventral seam can be recognized in the primitive

Scutopus (Salvini-Plawen 1972).

The radula is a band of thickened, toothed cuticle
secreted by the apposed epithelia of a deep, posterior
fold of the ventral side of the buccal cavity, the radular
gland or sac. It consists of a-chitin and quinone-tanned
proteins, and may be impregnated with iron and sili-
con salts. In the testarians, it can be protruded through
the mouth, and pulled back and forth over the tips of a
pair of radula vesicles with cartilaginous supports
(Wingstrand 1985), scraping particles from the sub-
stratum. The presence of a radula in all classes, except
the bivalves, indicates that the adult molluscan ances-
tor was a benthic deposit feeder or scraper, as a radula
would be without function in a ciliary filter feeder.
Cuticular thickenings in the shape of teeth or jaws
occur in several protostomes—for example, rotifers
and annelids—but a continuously growing band with
many similar transverse rows of chitinous cuticular
teeth, such as that of the radula, is not found in any
other phylum.

The general epidermis of the body is a monolay-
ered epithelium of multiciliate cells, with microvilli

and a subterminal web of extracellular fibrils.
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Table 27.2. Cell lineage of the gastropod Patella. (Based on Dictus and Damen 1997.)

1" 1a'! apical organ
. { 1a'12 pretrochal ectoderm (head region)
1a’ (1a2! pretrochal ectoderm (head region)
1a 1a' l 1a'22 accessory trochoblasts
1a? primary trochoblasts
A | 23’ secondary trochoblasts
23 { = 1 2a12 posttrochal ectoderm (part of foot, mantle fold and shell gland)
- 1A 2a® posttrochal ectoderm (part of foot, mantle fold and shell gland)
oA { 3a ectomesoderm + posttrochal ectoderm
3A endoderm
z 2 } development as A (except that 3¢ becomes only posttrochal ectoderm)
14" apical organ
w”{ 12 .
cD 1d1{ 1d pretrochal ectoderm (head region)
1d 1d"? accessory trochoblasts
D 1d? primary trochoblasts
2d ectoderm (median foot, posterior mantle and shell gland)
1D 3d ectomesoderm
2D { 4d endomesodermal bands + endoderm
R { 4D endoderm

The gut is straight in aplacophorans, and more or
less coiled with paired digestive glands in the testari-
ans; only the conchiferans have a crystalline style
(Wingstrand 1985). The foregut with the radula is
formed from the stomodaeum, while the midgut
develops from the endoderm (Tables 27.1-3). The lar-
vae of the gutless bivalve Solezzya have an almost com-
plete gut, which degenerates at metamorphosis, when
nutrient uptake through symbiotic sulphur bacteria in
the gills takes over (Gustafson and Reid 1988; Krueger
et al. 1996).

The nervous system consists of a ring with ganglia
surrounding the oesophagus; paired cerebral, pleural,
and pedal ganglia can usually be recognized. Two pairs
of prominent nerves, the ventral (pedal) and lateral
(pleural) nerves, extend from the cerebral ganglia to

the two last-mentioned pairs of ganglia. These nerves

are generally in the shape of nerve cords in aplacopho-
rans and polyplacophorans, but well-defined ganglia
connected by nerves without cell bodies are found in
the solenogaster Genitoconia (Salvini-Plawen 1967),
and ganglia and nerves consisting of bundles of axons
are the rule in the conchiferans. Transverse commis-
sures between the pedal nerves are found in adult
aplacophorans, polyplacophorans, and some gastro-
pods, and in bivalve larvae (see below). The posterior
ganglia on the lateral nerve cords of the solenogaster
Wirenia are connected by a suprarectal commissure
(Todt et al. 2008a). Various lines of centralization of
the nervous system are seen both in gastropods and
cephalopods (Moroz 2009).

Eyes are found both in larvae and adults. Larval
eyes usually consist of a pigment cup and one or more

receptor cells with cilia and a lens; both ciliary and
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Table 27.3. Cell lineage of the gastropod Crepidula. (Based on Hejnol et al. 2007.) * The ‘secondary
trochoblasts’ of Hejnol are here interpreted as metatroch cells.

1a episphere (apical ganglion, left cerebral ganglion, prototroch)

A 2a
1A

2A 4a mesoderm

AB 3A {

4A endoderm

2B

B 2b
1B 3b
I 4b mesoderm

38{
4B endoderm

2C

4c  endoderm
CD 3C {

4C endoderm

metatroch, stomodaeum, mantle, pedal ganglion

3a oesophagus, ectomesoderm (body muscles)

1b episphere (apical ganglion, prototroch)
food groove, mantle, anterior part of periblastoporal nerve ring
stomodaeum, ectomesoderm

1c episphere (apical ganglion, right cerebral ganglion, prototroch)
metatroch, mantle, nerves, larval heart, osphradium

mantle and body ectoderm

1d episphere (apical ganglion)

1D 3d
2D| 4d

4D yolk

body ectoderm

body ectoderm, posterior part of periblastoporal nerve ring

endomesoderm, gut

rhabdomeric sensory cells are present in some eyes
(Bartolomaeus 1992). Adult eyes vary from simple
pigment-cup eyes in Patella to the highly complex
cephalopod eyes, with a cornea, a lens, a retina with a
highly organized arrangement of rhabdomeres, and
ocular muscles; these eyes are innervated from the
cerebral ganglia. Eyes of many different types are
found on the mantle edge of bivalves, such as Arca,
Cardium, and Tridacna, and gastropods, such as
Cerithidia, and on the surface of the mantle, such as the
esthetes of chitons. The eyes are everse or inverse,
simple or compound (Nilsson 1994; Serb and Eernisse
2008), and are clearly not all homologous.

Coelomic cavities functioning as hydrostatic skel-
etons, used for example in burrowing, are known in
many phyla, but this function is carried out by blood

sinuses in molluscs (Trueman and Clarke 1988).

The circulatory system comprises a median dorsal
vessel with a heart; a pair of more or less fused poste-
rior atria is found in most classes, but two separate
pairs of atria are found in some polyplacophorans,
monoplacophorans, and Nautilus. Three to six pairs
of gills are found in the monoplacophorans (see the
chapter vignette), and two pairs in Nautilus; the poly-
placophorans show many small accessory gills in the
posterior part of the mantle furrow. The musculature
of the heart is formed by the walls of the pericardial
(coelomic) sac(s), and both muscular and non-muscu-
lar cells may have a rudimentary cilium (Bartolomaeus
1997). The peripheral part of the system comprises
distinct capillaries in some organs, but large lacunae
are found, for example, in the foot of burrowing
bivalves (Trueman and Clarke 1988); the enormous

swelling of the foot in some burrowing naticid gastro-
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pods is accomplished through intake of water into a
complex sinus, which is completely isolated from the
circulatory system (Bernard 1968). The blood spaces
are clearly located between basal membranes, as in
most invertebrates; only the cephalopods have vessels
with endothelia, but these are incomplete in the capil-
laries; the presence of an endothelium can probably
be ascribed to the high level of activity. It is some-
times stated that the cephalopods have a closed circu-
latory system whereas the other molluscs have open
systems, but this distinction appears to be rather use-
less (Trueman and Clarke 1988). Surprisingly, orthol-
ogous genes regulating vascular endothelial growth
have been found in developing hearts of both cepha-
lopods and vertebrates, but this is just another exam-
ple of a shared molecular signature that has been
co-opted into heart organization in various lineages
(Yoshida et al. 2010).

The excretory organs of many adult molluscs are
paired metanephridia, which drain the pericardial sac.
Primary urine is filtered from blood vessels/spaces to
special pericardial expansions called auricles through
areas with podocytes (Meyhofer and Morse 1996;
Morse and Reynolds 1996; Fahrner and Haszprunar
2002). The primary urine becomes modified during
passage through the metanephridial ducts that open in
the mantle cavity. The proximal part of the metane-
phridium is a small ciliated canal, the renopericardial
canal, leading to the usually quite voluminous kidney,
which is responsible for both osmoregulation and
excretion. Most molluscs have one pair of nephridia (or
only one; for example, in many gastropods), but Nautilus
has two pairs of kidneys, which are not connected to the

pericardia. The monoplacophorans have three to seven
pairs of nephridiopores in the mantle groove, but
Schaefer and Haszprunar (1996) did not find any con-
nection between the nephridia and the pericardium in
Laevipilina.

The gonads are connected with the nephridia in
most groups, and the gametes are spawned through
the nephridiopores, but the reproductive system is, in
many species, so specialized that the original structure
is hard to recognize. The monoplacophoran Laevipilina
has two pairs of large testes: the anterior pair opening
through nephridia 2 and 3, and the posterior pair
through nephridium 4 (Schaefer and Haszprunar
1996). Many species spawn small eggs freely in the
water, but intricate egg masses are constructed in
many species with internal fertilization, and brooding
and vivipary occur too.

The embryology was reviewed by Nielsen (2004).
Development shows much variation, ranging from free
spawning of small eggs developing into planktotrophic
larvae, and deposition of large eggs developing into leci-
thotrophic larvae, to direct development with discoidal
cleavage (Fig. 27.2). The primary axis of the embryo can
be recognized already in the mature oocytes, which have
the apical pole facing away from the attachment of the
egg in the ovary. The dorsoventral orientation and the
entrance point of the sperm are apparently correlated,
and experiments with eggs of Spisula, Pholas, and
Dreissena indicate that the entrance of the sperm deter-
mines the position of the first cleavage furrow and the
following bilaterality of the embryo.

Spiral cleavage can be recognized in all the classes

except the cephalopods, which have very large eggs

Figure 27.2. Larval types of the molluscan classes; Monoplacophora and Cephalopoda are omitted—the development of the
former is unknown and the latter has direct development. Solenogastres: Epimenia verrucosa (redrawn from Baba 1940); Neomzenia
carinata (redrawn from Thompson 1960). Caudofoveata: Chaetoderma nitidulum Lovén (an unpublished drawing by the late Dr
Gunnar Gustafsson, Kristineberg Marine Biological Station, Sweden, modified on the basis of information from Nielsen e 4/.
(2007). Polyplacophora: Mopalia muscosa (Gould) (larva reared at Friday Harbor Laboratories, WA, USA, June 1992). Gastropoda:
Crepidula fornicata (redrawn from Werner 1955); Lottia pelta (Rathke) (larva reared at Friday Harbor Laboratories, WA, USA,
June 1992; a later stage is a lecithotrophic veliger). Scaphopoda: Dentalium entale (redrawn from Lacaze-Duthiers 1859, com-
bined with information from Wanninger and Haszprunar 2001). Bivalvia: Barnea candida (redrawn from Nielsen 1987); Lyrodus
pedicellatus (Quatrefages) (pediveliger drawn after a scanning micrograph by Drs C.B. Calloway and R.D. Turner, Museum of
Comparative Zoology, Harvard Univ., MA, USA); Acila castrensis (redrawn from Zardus and Morse 1998). The presence of
compound cilia in the larvae of Epimenia and Neomenia is inferred from the descriptions.
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Figure 27.3. Fate of the main ganglia in developing larvae of the gastropod Ilyanassa revealed by immunostaining (Dickinson

and Croll 2003).

and discoidal cleavage, and the holoblastic spiral cleav-
age type is undoubtedly ancestral in the phylum.
Cleavage is equal, for example in Haliotis, to highly
unequal with an enormous D-cell in Busycon. The cell
lineage has been followed in a few species. The studies
on the polyplacophoran Chaetopleura (Henry et al.
2004; Table 27.1) and the gastropods Ilyanassa (Render
1997), Patella (Dictus and Damen 1997; Table 27.2),
and Crepidula (Hejnol et al. 2007; Table 27.3) show
very similar lineages, but the studies emphasize differ-
ent groups of blastomeres.

A small number of cells at the apical pole develops
into a small apical ganglion with cilia forming an api-
cal tuft (the cells ¢! and 1d""! in Dentalium).

One or a small group of cells on each side of the
apical ganglion form the cephalic plates from which
the cerebral ganglia develop, with eyes and tentacles in
some species. The basal parts of the apical cells come
into intimate contact with the commissure between the
cerebral ganglia, and the two types of ganglia are often
so intimately connected that the term ‘apical organ’ is
used. This praxis makes the interpretation of most of
the older studies difficult. However, the two compo-
nents have different fates, with the apical ganglion
degenerating before or at metamorphosis through
apoptosis, whereas the cerebral ganglia become part of
the adult brain (Dickinson and Croll 2003; Leise et 4.
2004; Gifondorwa and Leise 2000) (see Fig. 27.3).

In the several species of Polyplacophora, Gastro-
poda, Bivalvia, and Scaphopoda that have been studied,
the prototroch, which may consist of one to three
rows of cells, originates mainly from the primary

122_

trochoblasts (1a’~1d?). Accessory trochoblasts (1a
1d™?) may be added from the first quartet of micro-
meres, and the gaps between the four groups of primary
trochoblasts may become closed anteriorly and later-
ally by secondary trochoblasts (2a''-2¢'") (see Tables
27.1-3). The trochoblasts carry compound cilia, and
they may be arranged in one (for example Putella) to
three (for example Dentalium) rows. In Patella, it has
been shown that some initially ciliated cells of the three
rings (from accessory, primary, and secondary trocho-
blasts), become deciliated before the final shape of the
prototroch is reached. The dorsal gap in the prototroch
usually closes by fusion of the posterior tips of the pro-
totroch. The metatroch has been observed to develop
from cells of the second micromere quartet in Crepidula
(Hejnol ez al. 2007) (Table 27.2). The adoral ciliary
zone should develop from the 2b-cell.

At the stage of 24-63 cells, one of the macromeres
of the third generation stretches through the narrow
blastocoel, and establishes contact with gap junctions
to the central micromeres at the apical pole; this elon-
gating cell is that of the D quadrant, and this event is
probably of importance for the establishment of bilat-
erality, both of the prototroch and of the whole body.

As characteristic of the spiral cleavage, the main
anteroposterior axis is more or less exactly through
the B-D cells, but the spiral pattern shifts the plane of
symmetry of the cell tiers by about 45° so that, for
example, the two apical tuft cells mentioned above are
from the C and D quadrants, and the ectomesodermal
3a and ectodermal 3d are situated on the left side, and

3b and 3c on the right.



Gastrulation is through invagination in species
with small eggs and a coeloblastula, and through epi-
boly in species with large, yolky eggs and a sterroblas-
tula. The blastopore becomes the definitive mouth in
many species, where it partially closes from the poste-
rior side but more conspicuously becomes shifted by a
curving of the embryo. The blastopore may remain
open while the stomodaeal invagination is formed, but
there is a temporal closure at this point in most spe-
cies. The anus is formed as a secondary opening from
a proctodaeum. The only known exception to this
general type of blastopore fate is found in Viviparus, in
which the blastopore becomes the anus and the mouth
is formed through a stomodaeal invagination.

Both endomesoderm and ectomesoderm can be
recognized in the development of most species (Tables
27.1-3). The endomesoderm originates from the 4d
cell, which divides into a right and a left cell. These
cells usually give off two enteroblasts and then become
mesoteloblasts, which produce a pair of lateral meso-
derm bands (observed, for example, in the gastropod
Physa (Wierzejski 1905) and the bivalve Sphaerium
(Okada 1939)), but they are usually not very conspicu-
ous. Much of the larval musculature develops from
these bands, and this is also assumed for the adult
heart, kidneys, and gonads, but the possibility of
ectomesodermal participation cannot be excluded.
Ectomesoderm is formed from the second or third
micromere quartets (Hejnol ez 4l. 2007), and soon
becomes so intermingled with the endomesoderm that
a separation becomes impossible. In Sphaerium, a
characteristic ‘cloud’ of mitochondria is found in the
basal part of the oocytes, and this inclusion can be fol-
lowed to the 4d cell in the spiral-cell lineage, and fur-
ther to the primordial germ cells (Woods 1932).
Dautert (1929) reported a complete absence of
endomesoderm in the embryos of Viviparus; his study
was based on serial sections of many embryos, and the
illustrations appear to support his interpretation; nev-
ertheless, a reinvestigation seems needed.

The central nervous system develops from ecto-
dermal areas where cells ingress and become organ-
ized in ganglia. In Ilyanassa (Lin and Leise 1996;
Dickinson and Croll 2003), the apical sensory organ
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and the cerebral ganglia develop first, followed by the
intestinal, pedal, and visceral ganglia, which are evi-
dent at hatching; the remaining ganglia develop dur-
ing the pelagic phase (see Fig. 27.3).

The foot and the mantle, with the shell gland in the
conchiferans, develop mainly from the 2d and 3d cells,
but in some gastropods cells from all quadrants are
involved (Table
Chaetopleura, the shells develop from cells of the hypo-

27.2). In the polyplacophoran

sphere, whereas the anterior part of the perinotum
develops from cells of the episphere (Table 27.1). It is
sometimes mentioned that the anterior plate develops
from the episphere (Wanninger and Haszprunar 2002),
but this is probably a misinterpretation of the anterior
part of the girdle. The phylogenetic significance of this
seems undecided, but the homology of the mantle of
polyplacophorans and conchiferans must be re-evaluated.
The embryological information indicates that the
mantle of the conchiferans is homologous to the eight
plate fields of the polyplacophorans only. Eight trans-
verse rows of dorsal spicules have been indicated in the
drawing of a larva of the solenogaster Nematomenia by
Pruvot (1890) (see Fig. 27.4), but this pattern was not
observed in Wirenia (Todt and Wanninger 2010) and
appears questionable. Unpublished drawings by the
late. Dr Gunnar Gustafsson (Kristineberg Marine
Research Station, Sweden) indicate the presence of
eight transverse rows of calcareous spicules in late lar-
vae of Chaetoderma (Fig. 277.4), and Nielsen ez 4l. (2007)
observed seven rows of papillae with a high calcium
content in slightly younger larvae.

Paired protonephridia have been observed in lar-
vae or embryos of solenogasters, polyplacophorans,
gastropods, bivalves, and scaphopods. Their origin has
been claimed to be either from the ectoderm, or from
the mesoderm, or mixed (Raven 1966); the ultrastruc-
ture of Lepidochitona (Bartolomaeus 1989) supports the
latter interpretation.

A ciliary apical tuft can be recognized in almost all
planktonic mollusc larvae. Recent studies using trans-
mission electron microscopy and immunocytochemis-
try of apical organs include a number of gastropods
(e.g. Dickinson and Croll 2003; LaForge and Page
2007; Wollesen et al. 2007; Page and Kempf 2009),
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Figure 27.4. Indications of eight sets of iterated structures in molluscs. Pedal musculature: Lepidoplenrus sp. and Neopilina
galatheae: reconstructions based on serial sections (after Wingstrand 1985); Babinka prima: reconstruction of the pedal muscles
of the mid-Ordovician fossil (after McAlester 1965); Yoldia: diagram of the pedal muscles (redrawn from Heath 1937). Shell
plates of larvae and juveniles: newly metamorphosed larva of Nematomenia banyulensis (redrawn from Pruvot 189o); young larva
of Chaetoderma nitidulum Lovén (an unpublished drawing by the late Dr Gunnar Gustafsson, Kristineberg Marine Biological
Station, Sweden); larva of Lepidopleurus asellus (from Christiansen 1954).



bivalves (e.g. Voronezhskaya et al. 2008), and poly-
placophorans (Wanninger 2008), with general discus-
sion in Croll and Dickinson (2004). The apical ganglion
consists of cells of characteristic types, flask-shaped
cells with cilia forming the apical tuft, ampullary cells
with short cilia set in a deep invagination, and paramp-
ullary cells. Some of the parampullary and non-sensory
neuronal cells are serotonergic; these cells send projec-
tions to the velum and along the velar edge. The func-
tion of the apical ganglion has always been assumed to
be sensory, especially chemosensory, but actual obser-
vations are few. Larvae of the opisthobranch Phestilla
were unable to settle when certain cells of the apical
ganglion had been ablated, indicating that the larvae
were unable to recognize settlement cues from their
coral host (Hadfield ez 4/. 2000). The apical ganglion is
resorbed at metamorphosis (Fig. 27.3).

Lateral groups of serotonergic cells develop a com-
missure, and become the cerebral ganglion (see above).
In Mytilus, the first cells that show activity of acetyl-
cholinesterase as a sign of neural differentiation are
two pioneer sensory cells situated near the posterior
pole, in the area that is sometimes called the telotroch,
but that becomes the pedal ganglion with the byssus
gland. These two cells send axons towards the apical
pole where the apical organ develops, followed soon
after by the associated cerebral ganglia (Raineri 1995).

The velum of gastropod larvae is heavily inner-
vated and the activity of proto- and metatroch is regu-
lated by these nerves (Braubach et 4. 2006).

Pleural, parietal, and visceral ganglia differentiate
along a paired lateral nerve cord, probably guided by the
axons from the pioneer cells. connectives develop
between the parietal, visceral, and pedal ganglia. In fact,
the nervous system of the trochophore of Mytilus resem-
bles that of a metatrochophore of an annelid. Hoxz2-5
genes are expressed sequentially in the pedal, pleural,
oesophageal, and branchial ganglia in early veliger lar-
vae of Haliotis, but Hox-1 is expressed only in a ring of
cells around the developing shell gland (Hinman et /.
2003). Other Hox genes are involved in shell formation
of later stages in Gibbula (Samadi and Steiner 2000).

Trochophora larvae with all the characteristic ciliary
bands are not known in living molluscs, except perhaps in
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the bivalve Pandora, which is reported to have rudiments
of a telotroch (Allen 1961). However, planktotrophic
gastropod and bivalve larvae have the characteristic tro-
chophore system of prototroch, adoral ciliary zone, and
metatroch working in a downstream-collecting system
with the catch-up principle (Riisgard et a/. 2000) (Figs.
22.4-6). This ciliary system is pulled out along a pair of
thin wing-like lobes, forming the velum, and the veliger
larva has sometimes been interpreted as a mollusc apo-
morphy, but it has obviously evolved independently in
gastropods and autobranch bivalves. Most lecithotrophic
larvae have a locomotory prototroch, and the larvae of
polyplacophorans, some solenogasters, and the caudofo-
veate Chaetoderma have a telotroch (Fig. 27.2). A study of
the large gastropod genus Conus (Duda and Palumbi
1999) showed that the planktonic larval development is
ancestral within the genus, and that direct development
has evolved independently at least eight times within the
genus. It appears that the ancestral larval type of the mol-
luscs was the trochophore.

Lecithotrophic pericalymma larvae (Chapter 22;
Fig. 22.7), with the prototroch zone or the prototroch
plus adoral ciliary zone with the mouth expanded into a
thin, ciliated sheet known as the serosa covering the
hyposphere (type 1 larvae; see Fig. 27.2), are known
from solenogasters and protobranch bivalves. In the
solenogasters Neomenia and Wirenia, the serosa covers
the episphere only partially so that the posterior end of
the larva with the anus surrounded by the telotroch is
exposed (Thompson 1960; Todt and Wanninger 2010)
(Fig. 27.2). The bivalves Solemya, Yoldia, and Acila have a
serosa covering the hyposphere completely, and there is
no telotroch; Yoldia and Acila have three rings of cells
with compound cilia, corresponding to the three rings
of prototroch cells in Dentalium larvae. At metamor-
phosis, the serosa folds over anteriorly and becomes
invaginated with the whole episphere in the sole-
nogasters, whereas it becomes cast off in the bivalves.
Another type of pericalymma larva is found in brooding
teredinid bivalves of the genus Lyrodus (Fig. 22.7), where
the adoral ciliary zone below the mouth is greatly
expanded posteriorly so that it covers the valves almost
completely (type 2 larva); this serosa retracts at a later

stage, and the larvae are released as pediveligers.
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The presence of repeated units of organs, such as
muscles in molluscs, has been discussed by many
authors (see for example Salvini-Plawen 1985). The
presence of eight sets of pedal retractor muscles in
polyplacophorans, where they are associated with the
eight shell plates, and in monoplacophorans, which
have only one shell, has been taken to indicate that the
body of the ancestral mollusc had eight segments (see
for example Wingstrand 1985) (Fig. 27.4). However,
the eight pairs of muscles in the polyplacophoran
Mopalia develop at metamorphosis through reorgani-
zation of a long series of equally distributed larval mus-
cles (Wanninger and Haszprunar 2002). The presence
of eight pairs of foot retractor muscles in the mid-
Ordovician bivalve Babinka can be inferred from the
well-preserved muscle scars, and the same number can,
with some uncertainty, be recognized in the homolo-
gous footand byssus retractor muscles of living bivalves,
such as Mytilus. However, ‘segmentation’ of other
organ systems is not well documented. Wingstrand
(1985: p.43) demonstrated that serial repetition of
nerve connectives, nephridiopores, gills, gonoducts,
and atria (in order of decreasing numbers) correlated
well with the pedal retractors in both Neopilina and
Vema, but Haszprunar and Schaefer (1997) pointed out
that the arrangement of these structures in mono-
placophorans does not follow a strict segmental
arrangement. Two pairs of gills, atria, and nephridia are
found in the cephalopod Nautilus. The morphology of
the larval nervous system of Mytilus (described above)
could perhaps also be taken as an indication of a seg-
mented body plan. Expression of the engruiled gene has
been observed along the posterior edge of the growing
shell plates of polyplacophorans (and at the developing
spicules), and around the calcification areas in conchif-
erans (one in gastropods and scaphopods and a pair in
bivalves) (Wanninger et a/. 2008). This has obviously
nothing to do with segmentation.

It must be concluded that the repetition of struc-
tures seen in some molluscs is not homologous with
that of the annelids. It should perhaps better be
described with the broader-term iteration (Scheltema
and Ivanov 2002) to prevent confusion with the ‘true’
metameric segmentation of annelids, arthropods, and

chordates, in which new segments are added from a
posterior growth zone.

There is nothing to indicate that the molluscan
ancestor had large coelomic cavities functioning as a
hydrostatic skeleton in connection with burrowing.
Many living molluscs burrow, for example, with the
foot, but it is always the haemal system that functions
as a hydrostatic skeleton (Trueman and Clarke 1988).
All the more ‘primitive’ molluscs have relatively nar-
row coelomic cavities (pericardia), and in the classes
where the embryology has been studied there are no
signs of larger coelomic pouches at any stage. This
could indicate that small pericardial cavities, possibly
connected with gonads, were the first step in the evolu-
tion of the schizocoelic coelomates. At a later stage,
burrowing habits could have favoured the enlargement
of such cavities, and their specialization as the hydro-
static skeleton seen today in annelids and sipunculans.

The teloblastic growth of the 4d mesoderm, in
both bivalves and gastropods, indicates that the mol-
luscs form a monophyletic group with annelids and
sipunculans. A further synapomorphy between mol-
luscs and annelids may be the gonopericardial com-
plex, i.e. the small pericardial coelomic sacs that
contain the gonads, and that are drained by metane-
phridia with specialized ‘nephridial’ sections of the
duct (Wingstrand 1985). The sipunculans have
metanephridia that function as gonoducts, but they
lack a haemal system (Chapter 26).

The presence of (small) coelomic cavities, originat-
ing through schizocoely in the endomesoderm meso-
derm originating from the 4d cell, indicates that the
molluscs are the sister group of annelids, sipunculans,
and nemertines, and this now finds partial support
from most of the molecular analyses (Chapter 24).

Interesting subjects for future research

1. Larval development of Solenogastres, especially
the differentiation of the mesoderm and the forma-
tion of the calcareous spicules

2. Differentiation of nervous system and mesoderm
in relation to the shells in Polyplacophora



3. Embryology and larval development of Mono-
placophora

4. Origin and function of the pioneer cells
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Phylum Nemertini

The Nemertini, or ribbon worms, is a phylum of about
1400 described species, mostly marine (benthic or
pelagic), but some groups have entered freshwater and
a few are found in moist, terrestrial habitats. There is
no reliable fossil record. Most nemertines are cylindri-
cal to slightly flattened, but some of the pelagic forms
in particular are very flat. All species (except
Arbynchonemertes, see below) can be recognized by the
presence of a proboscis, which can be everted through
a proboscis pore at the anterior end of the animal, and
is contained in a coelomic cavity, the rhynchocoel,
functioning as a hydrostatic skeleton during the ever-
sion. Traditional phylogeny recognizes two classes:
Anopla (Palaeonemertini + Heteronemertini) and
Enopla (Hoplonemertini + Bdellonemertini). However,
molecular studies show a rather different picture with
the palaeconemertines as a paraphyletic stem group
(Sundberg et 4l. 2001; Thollesson and Norenburg
2003). Groups with species having pilidium larvae (see
below) are placed in Pilidiophora, which is the sister
group of the Hoplonemertini (Enopla). The Nemertini
is clearly monophyletic.

The microscopic anatomy was reviewed by
Turbeville (1991, 2002). The ectoderm is pseudostrat-
ified with multiciliate cells, several glands, and sense
organs. The ciliated cells have a border of branched
microvilli, sometimes with a glycocalyx; there is never

a cuticle of cross-arranged collagenous fibrils as that

observed in most of the other spiralian phyla, and
chitinous structures have not been reported either.
The ectoderm rests on a basal membrane that is tra-
versed by myofilament-containing processes from
mesodermal muscles; myoepithelial cells have not
been reported. The intracellular rhabdoids and pseu-
docnids known from various groups are apparently
not homologous with platyhelminth rhabdites
(Turbeville 2006).

The gutis a straight, ciliated epithelial tube extend-
ing from the anterior part of the ventral side to the
posterior end. The mouth opens into the rhynchod-
aeum or a shallow atrium in most of the benthic
Enopla. The foregut, which may be differentiated into
a buccal cavity, an oesophagus, and a stomach, is ecto-
dermally derived like the rectum and the rhynchod-
aeum (see below). The midgut has various diverticula
in almost all species; there are typically no intrinsic
muscles associated with the gut.

The proboscis is a long, tubular, eversible, muscu-
lar structure that is used for the capture of prey,
defence, and, in a few species, for locomotion; when
everted, it may be lost, but regeneration is apparently
very rapid. It is an invagination of the ectoderm sur-
rounded by a muscular, coelomic sac, the rhynchocoel,
which functions as a hydrostatic skeleton at eversion.
There is a special musculature surrounding the pro-
boscis coelom in some species, whereas other species

Chapter vignette: Tubulanus sextineatus. (Redrawn from Kozloff 1990.)



use the body musculature both for proboscis eversion
and for general peristaltic movements of the body
(Senz 1995). The posterior end of the proboscis is usu-
ally attached to the posterior wall of the coelomic sac
by a retractor muscle. Hoplonemertines have one or
more calcified stylets in the proboscis; the function of
these structures appears to be the wounding of prey so
that various poisonous secretions from glands in the
epithelium of the proboscis can penetrate. The stylets
are formed in intracellular vacuoles and brought into
position when fully formed; they become replaced
after use (Stricker 1985). The proboscis has several
layers of muscles, which are in fact continuations of
the body wall musculature, and are capable of complex
movements. Also the wall of the rhynchocoel has sev-
eral muscle layers. Arhynchonemertes (Riser 1988) lacks
any trace of a proboscis.

The brain comprises paired dorsal and ventral
lobes, connected by a dorsal and a ventral commissure,
surrounding the rhynchodaeum and the anterior loop
of the blood vessel system, but not the alimentary
canal. A pair of lateral, longitudinal nerve cords arise
from the ventral lobes and extend to the posterior end
where they are connected by a commissure dorsal to
the anus; many dorsal and ventral, transverse commis-
sures are present in most forms. These nerves are situ-
ated either in the connective tissue below the ectoderm
or between the muscle layers; a peripheral, basiepithe-
lial plexus is also present. A system of granule-contain-
ing cells of uncertain function is closely associated
with the nervous system.

"Twvo or more layers of muscles with different orienta-
tion are situated below the basal membrane. The muscles
of some palaconemertines and some pelagic heterone-
mertines are obliquely striated, while those of most het-
eronemertines and hoplonemertines are smooth. Striated
muscles have been observed in some pilidium larvae
(Norenburg and Roe 1998). In some palaconemertines
some of the muscle cells make contact with the nerves
through non-contractile extensions, but normal nerve
extensions are found too.

The haemal system consists of a pair of longitudi-
nal vessels joined by anterior and posterior transverse
vessels; additional longitudinal and transverse vessels
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are found in several groups. The vessels are lined with
a continuous epithelium of mesodermal cells joined
with zonulae adherentes and sometimes having a
rudimentary cilium; a discontinuous layer of muscle
cells is found in the surrounding extracellular matrix.
This is an unusual system among the invertebrates,
which as a rule have a haemal system, i.e. blood ves-
sels surrounded by basal membrane and with no
endothelium (Ruppert and Carle 1983), but a similar
system is seen in hirudineans (Chapter 25). The origin
of the vessels through hollowing out of narrow longi-
tudinal bands of mesodermal cells (Turbeville 1986),
i.e. schizocoely, and their epithelial character with cell
junctions and cilia, show that the vessels by definition
are coelomic cavities.

The excretory system consists of a pair of branched
canals, with flame cells often in contact with the blood
vessels (Bartolomaeus and von Déhren 2010). Some of
the terminal organs are quite complicated and may
resemble glands or metanephridia, but the whole sys-
tem is surrounded by a basal membrane and is clearly
protonephridial; there is no observation of openings
between the terminal organs and the coelomic blood
vessels.

The gonads are serially arranged sacs consisting of
a mesodermal epithelium with germinal cells sur-
rounded by a basal membrane; the gonoduct comprises
an ectodermal invagination, but special copulatory or
accessory glandular structures are generally lacking.
The gametes are usually spawned freely, but several
species deposit gametes in gelatinous masses, and oth-
ers exhibit internal fertilization, including viviparous
species (Thiel and Junoy 2006).

The embryology was reviewed by Henry and
Martindale (1997a) and Nielsen (2005). The primary
axis of the egg is determined in the ovary, with the
blastoporal pole at the attachment point to the ovarial
epithelium. The eggs are spawned and fertilized in
an early phase of meiosis so the polar bodies can be
followed at the apical pole inside the fertilization
membrane.

The cleavage is spiral with quartets in all species
studied so far. The four quadrants are of the same
size, so the orientation of the embryo cannot be seen
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in the early stages. Deletion experiments on 8-cell
stages of Cerebratulus lacteus (Henry 2002) indicate
that the anteroposterior axis is not determined until
this stage. The apical ‘micromeres’ of the first cleav-
age are often larger than the ‘macromeres’, and this is
also the case with the ‘micromeres’ of the sth and 6th
cleavage for example in Malacobdelln (Hammarsten
1918) and Emplectonerna (Delsman 1915), but the
usual terminology is used to facilitate comparisons
with other spiralians. Four or more quartets of micro-
meres are formed, except in Tubulanus where
Dawydoff (1928) observed only three. Hammarsten
(1918) reported that Malacobdelln forms endoderm
from the 4A-D and ga-d cells, while all the meso-
derm originates from descendants of 2a-d cells (the
cells 2a'''—d'*7). True teloblasts, i.e. large cells bud-
ding off smaller cells in one direction, have not been
reported.

Experiments with isolated blastomeres of
Cerebratulus have shown that almost normal pilidium
larvae develop from some of the isolated blastomeres
of the 2-cell stage, and that only very few larvae
develop from blastomeres of the 4-cell stage. However,
the development of the juveniles from these larvae was
not studied. Deletion experiments on 2- and 4-cell
stages of the direct developing Nemertopsis showed
much lower levels of regeneration.

Various types of ‘direct’ development are found in
all groups, and indirect development with a plank-
totrophic pilidium larva is found in many pilidiopho-
rans. The indirect development with a pilidium larva
is now the best-known developmental type and it will
therefore be described first (Table 28.1 and Figs.
28.1-2).

The blastula stage has a wide blastocoel, and gas-
trulation is through invagination that forms the gut
and further a wide, deep oesophagus; the anus does
not develop until at metamorphosis. The embryo
becomes bell shaped, with a pair of lateral lappets. The
narrow, apical cells become the apical ganglion that
develops a tuft of long cilia, usually held together as
one structure. A conspicuous ciliary band develops
along the edge of the bell and lappets shortly before a
general ciliation makes the larvae begin to rotate in
the capsule and finally to hatch.

The cell lineage of species with pilidium larvae,
such as Cerebratulus lacteus (Henry and Martindale
1998) (Table 28.1), resembles that of other spiralians
(e.g. Tables 25.1 and 27.2). The descendants of the
first micromere quartet form the large episphere
including the upper part of the large ciliary band; the
spiral shift of the micromeres is almost 45° so that
the epithelium consists of symmetrical right (a and d)
and left (b and c) territories (Martindale and Henry
1995). The gut develops from 3A-D and 4D,
endomesoderm from 4d, and ectomesoderm (mainly
larval muscles) from 3a and 3b. The large ciliary band
is formed by descendants of the cells ra-d, 2a—d and
3d; it consists of compound cilia in the fully devel-
oped, feeding larvae, at least in some species (Nielsen
1987). There is also a post-oral, transverse band of
stronger ciliation (Lacalli and West 1985) that
appears to function in particle retention, but the
mechanism is not known (Cantell 1969). Each cell of
the apical ganglion may have one or several (up to
12) cilia, and the cilia of each cell are surrounded by
a ring of long microvilli connected by a mucous
structure (Cantell et al. 1982). Two groups of small
muscles extend from the apical organ to the anterola-
teral areas of the mouth (Wilson 1900). Nerves origi-
nating from the cells 1¢—d, 2a, c-d, and 3c-d follow
the basis of the ciliary band, also possibly of the post-
oral ciliary band, and surround the mouth at the bot-
tom of the oesophagus. This group of cells nicely
demonstrates the alternating shifts of the cleavage
directions in the spiral pattern (Henry and Martindale
1998: fig. 8). The ciliary bands have associated sero-
tonergic perikarya and basiepithelial nerves, and a
tew nerve cells to the gut. A FMRFamide-reactive
nerve with a few perikarya runs from the anterior
part of the oesophagus towards the apical organ; no
nervous cells have been observed in the apical organ
itself (Lacalli and West 1985; Hay-Schmidt 1990).

The development of the adult nemertine inside the
pilidium larva has only been been studied in a few
species (review in Maslakova 2010b), the only
detailed descriptions being those of Salensky (19r12:
Pilidium  pyramidatum and P. gyrans), Henry and
Martindale (1997b: Cerebratulus lacteus; see Fig. 28.1),
and Maslakova (2010: Micrura alaskensis). Soon after



Phylum Nemertini 28 M 159

outline of
episphere

apical

ganglion cerebral disc

apical tuft

cephalic - cerebral
disc dorsal cerebral M ganglion
ganglion
cerebral
pouch
trunk disc
mouth
cerebral outline of dorsal disc
A pouch B concave hyposphere
cerebral fused dorsal
i i roboscis
ganglion and trunk discs p amniotic
cavity

cerebral
ganglia

fused cephalic
discs D juvenile

Figure 28.1. Development of the juvenile nemertine inside the pilidium of Cerebratulus lactens. (Modified from Nielsen 2008.)
Note that the cerebral discs develop from the episphere and the trunk discs from the hyposphere. See Colour Plate 7.
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Malacobdella

Micrura

P. recurvum

Pilidium recurvatum typical pilidium

Figure 28.2. Larval types of nemertines and the orientation of the juvenile inside the larval body; Malacobdella grossa has direct
development; the larva of Micrura akkeshiensis is often called Iwata’s larva. The ‘adult’ structures are shaded and the primordia
of the proboscis apparatus are black. (Redrawn from Hammarsten 1918 and Jigersten 1972.)

Table 28.1. Cell lineage of Cerebratulus lacteus. (Based on Henry and Martindale 1998.)

1a apical organ, larval ectoderm, ciliary band, left cephalic disc
A 2a larval ectoderm, ciliary band, oesophagus, nervous system
1A 5A, 3a larval muscles, oesophagus
‘AB’ 1 3A gut
1b apical organ, larval ectoderm, ciliary band, right cephalic disc
B 2b larval ectoderm, ciliary band, oesophagus
18 - 1 3b larval muscles, oesophagus
Z 1 gut
1c apical organ, larval ectoderm, ciliary band, nervous system
c 2c
1C J 3 } larval ectoderm, ciliary band, nervous system, oesophagus
c
A 2C
CcD 3¢ gut
1d apical organ, larval ectoderm, ciliary band, nervous system

D 2d
1D ad ’ larval ectoderm, ciliary band, nervous system, oesophagus
|20

[ 4d endomesoderm, gut
| 4D gut

completion of the larval gut, three pairs of ectodermal  the posterior part of the hyposphere, possibly through

invaginations develop from the ectoderm of the larva delamination. Each invagination becomes differenti-

along the equator. The cephalic sacs develop as invagi-
nations from the episphere, whereas the trunk sacs and
the cephalic pouches develop from the hyposphere.
A pair of anterolateral pouches give rise to the cerebral
organs. Later on, an unpaired dorsal disc develops from

ated into a thick, internal cell plate, called an embry-
onic disc, and a very thin, exterior cell layer. The sacs
expand surrounding the gut, and the embryonic discs
fuse to form the ectoderm of the juvenile, while the

exterior cell layers form an amnionic membrane around



the juvenile. The proboscis ectoderm develops as a
narrow, ventral invagination of the ectoderm at the
fusion line between the cephalic discs. The cerebral
ganglia develop from the ectoderm of the cephalic
discs, i.e. from the episphere, lateral to the proboscis
invagination, completely isolated from the apical organ
of the larva; they differentiate into dorsal and ventral
lobes, and the commissures around the rhynchodaeum
develop; the lateral nerve cords develop as extensions
from the cephalic ganglia. Mesodermal cells line the
ectoderm and endoderm, resembling peritoneal epi-
thelia, and the anterior and paired longitudinal cavities
fuse and become the blood vessel coelom (Jespersen
and Liitzen 1987). The origin of the rhynchocoel is
more uncertain. A pair of small ectodermal invagina-
tions in front of the blastopore have been thought to
give rise to the nephridia, but are now known to give
rise to the juvenile foregut (Maslakova 2010a). The
anus breaks through at metamorphosis. The juvenile
finally breaks out of the larval body, which in several
cases becomes ingested afterwards (Cantell 1966).
There are several more or less distinct types of
pilidium larvae, many of which have been given names
Cantell 1969; Lacalli
(Fig. 28.2). Only a few of these larvae have been related

(Dawydoff 19405 2005)
to known adult species (Friedrich 1979), and many lar-
vae are known only from one developmental stage.
Pilidium  incwrvatum (Cantell 1967) has a separate
posterior ring of cilia, resembling a telotroch; the cilia
along the edges of the anterior funnel have been
described as coarse, indicating compound cilia, and
the photomicrographs of sections of the posterior cili-
ary band resemble those of bands with compound
cilia, but direct observations are lacking.

Several non-planktotrophic pilidium-like larvae
have been described in species of the Pilidiophora
(Henry and Martindale 1997a) (Fig. 28.2). The pelagic,
lecithotrophic ‘Iwata’s larva’ of Micrura akkeshiensis
(Iwata 1958) resembles a pilidium, but lacks the lateral
lappets and the special ciliary bands. Five ectodermal
invaginations develop, corresponding to the paired
cephalic and trunk sacs and the unpaired dorsal sac of
the pilidium. The main axis of the juvenile is rotated
so that the anterior end faces the posterior pole of the
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larva. In the normal pilidium the juvenile main axis is
oriented go° from the primary axis, as usual in the pro-
tostomes, so the orientation of the juvenile inside
Iwata’s larva is simply a further 9o° rotation. The non-
planktonic ‘Desor’s larva’ of Lineus viridis (Schmidt
1934) is lecithotrophic, whereas the ‘Schmidt’s larva’
of L. ruber (Schmidt 1964) ingests other embryos from
the same egg mass; their development resembles that
of Iwata’s larva, but an apical organ is not developed
and the ectoderm is apparently without cilia.

Some hoplonemertines have free-swimming larvae
superficially resembling cnidarian planulae, others
brood the embryos in the ovaries until an advanced
stage, and some species deposit the eggs in capsules
from which the juveniles escape.

The development of Paranemertes has been
described in detail (Maslakova and von Déhren 2009).
Cleavage is spiral and gastrulation is by a narrow
invagination. The larvae are uniformly ciliated with an
apical tuft. The development of the internal organs
was not studied in detail, but the stomodaeum devel-
ops isolated from the endoderm and they fuse subse-
quently. Early larvae are covered by about go large,
cleavage-arrested cells with a few interspersed smaller
cells; the apical organ, stomodaeum, and the invagina-
tions to form the cerebral organs can be recognized.
The smaller cells increase in number finally covering
the whole surface when the benthic stage is reached.
This resembles the fate of the prototrochal cells of
Carinoma, but a cell lineage has not been established.

Other hoplonemertines have been studied by a
number of authors (Friedrich 1979; Henry and
Martindale 1994; Martindale and Henry 1995;
Hiebert et al. 2010), but the descriptions show a good
deal of variation between the species and are in some
cases contradictory; several important details of the
development are still unclear. Gastrulation shows
much variation with invagination in Prosorbochmus
(Salensky 1914), epiboly in Oerstedia (Iwata 1960), and
ingression in Geonemertes (Hickman 1963). The
archenteron becomes compact in most species, and a
stomodaeum develops in front of the position of the
closed blastopore. The compact embryos of the limnic

Prostoma are reported to develop a new inner cavity
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and then to become syncytial (Reinhardt 1941). The
embryos are generally ciliated with a conspicuous api-
cal organ, but some of the terrestrial nemertines lack
an apical organ and cilia completely (Hickman 1963).
Studies using micro-injections of blastomeres have
shown that the distribution in the larval ectoderm fol-
lows the same bilateral pattern as that observed in the
episphere of Cerebratulus (see above). The stomodaeal
mouth opening persists in Drepanophorus (Lebedinsky
1897), but it disappears and the oesophagus opens
into the rhynchodaeum, for example in Prostoma
(Reinhardt 1941). An ectodermal invagination between
the apical organ and the stomodaeum gives rise to the
proboscis; it loses the connection to the ectoderm in
many species, and a special rhynchodaeum has been
reported to develop from the degenerating apical
organ. Hickman (1963) reported that embryos of
Geonemertes become surrounded by a number of spe-
cial, so-called ectoembryonic cells, which later on
become replaced by new, ciliated epidermal cells; this
resembles the development of Puaranemertes (see
above). The many different types of development of
gut and proboscis (Friedrich 1979) give the impres-
sion of many lines of specialization.

‘Palaconemertine’ larvae are generally planktotro-
phic, swallowing larger food items (Maslakova 2010b).
The cell-lineage studies on Carinoma (Maslakova and
Malakhov 1999; Maslakova er a/. 2004a,b) (Table 28.2)
appear to give a clue to the understanding of the various

types of ‘palaconemertine’ larvae. Cleavage is almost
equal and follows the traditional spiral pattern. Forty
cleavage-arrested cells characterized as trochoblasts are
derived equally from the four quadrants. Unlike the
trochoblasts of other spiralians, these cells show a gen-
eral ciliation like that of the other blastomeres, but they
can be distinguished by their special optical properties
and their large size. In the young, spherical larvae, the
trochoblasts cover the whole body except for narrow
apical (anterior) area with an apical tuft and a blastopo-
ral (posterior) area. The larva elongates, with strong
posterior extension of the apical area and a weaker ante-
rior extension of the blastoporal area, so that the tro-
choblasts shift to an oblique narrower zone and the
blastopore shifts to the ventral side. During subsequent
development the trochoblasts gradually diminish and
finally disappear altogether. The early larvae are hollow
and gastrulation is by invagination. The origin of the
mesoderm was not identified.

Iwata (1960) studied the direct developing
‘palaconemertines’, Procephalothrix and Tubulanus.
Their blastula flattens so that the blastocoel disap-
pears, and an invagination opposite the apical organ
forms the archenteron; the outer part of the invagi-
nation is called stomodaeum in later stages. The
ectodermal cells become ciliated, but their differen-
tiation should be reinvestigated. The juvenile breaks
free from the fertilization membrane. The mesoder-

mal cells become arranged in a continuous layer

Table 28.2. Cell lineage of Carinoma tremaphoros. (Based on Maslakova et al. 2004a.)

1a’ apical organ, pre-trochal ectoderm, 3 accessory trochoblasts
1a {

1a? 4 primary trochoblasts

2a 3 secondary trochoblasts, stomodaeum

A
AB 2a { 2A stomodaeum, gut

Z B } development as A; 1c'additionally gives rise to an eye
C
cD 1d {1d1 apical organ, pre-trochal ectoderm, 3 accessory trochoblasts
D 1d? 4 primary trochoblasts

1D { 2d 3 secondary trochoblasts, stomodaeum, post-trochal ectoderm

2D stomodaeum, gut




between ectoderm and gut. The nervous system
develops from two large cells at the sides of the api-
cal organ; these cells divide and invaginate, and the
invaginations detach from the ectoderm and become
compact. These two cerebral ganglia become the
brain and differentiate into dorsal and ventral lobes
with commissures; the longitudinal nerves develop
as extensions from the ventral lobes below the epi-
dermis along the sides of the gut. The apical gan-
glion is not in contact with the brain, and it probably
degenerates. The proboscis invagination and the
anus are not formed at this stage, and their develop-
ment has not been studied.

The proboscis coelom has a structure that fits the
definition of a coelom, but the structure of the probos-
cis apparatus is not reminiscent of any structure in
other spiralians and it is regarded as the most obvious
apomorphy of the phylum. The absence of a proboscis
in Arbynchonemertes (Riser 1988, 1989) could either be
a specialization, i.e. that the ancestor had a proboscis,
or a plesiomorphy, i.e. that the ancestral nemertine
lacked a proboscis. This question seems impossible to
answer without new studies. The blood-vessel system
likewise fits the definition of a coelom, and its lateral
position resembles the highly specialized haemal coe-
lomic canals of the leeches, and although this is clearly
a homoplasy, it demonstrates that coelomic spaces can
take over the function of a blood-vessel system. The
various larval types have inspired several phylogenetic
speculations, and the diagrams of Jigersten (1972; see
Fig. 28.2) and Maslakova (2010b) illustrate reorienta-
tions of the juvenile inside various types of pilidium
and pilidium-like larvae.

Morphology, embryology, and molecular biology
firmly root the nemertines in the Spiralia. The cell lin-
eage and the fate of the trochoblasts indicate that both
the pilidium larvae and the larvae of the ‘direct-
developing’ species must be interpreted as modified
trochophores. However, there is no sign of the lateral
blastopore closure or the associated paired longitudi-
nal nerve cords seen in most of the spiralians. The
posterior ring of the possible compound cilia of
Pilidium recurvatum resembles a telotroch, but the

development must be followed before any conclusions
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can be drawn. The cerebral ganglia develop from the
episphere as in other spiralians, but the development
of the peripheral nerves is in need of further studies.

I have earlier treated Nemertini and Platyhelminthes
as sister groups, based on some similarities in larval
morphology, but this has been the only putative
homology, and molecular phylogeny does not support
the idea.

Annelida, Sipuncula, Mollusca, and Nemertini
have often been considered as closely related, and
Zrzavy et al. (1998) and Peterson and Eernisse (2001)
united them under the name Eutrochozoa (based on
combined morphological and molecular analyses), a
name previously used for the same phyla plus the bra-
chiopods by Ghiselin (1988). Recent molecular studies
generally support this view, although with various
topologies of the tree. A sister group has not been
identified with any certainty. Readers are referred to
Chapter 24 for further discussion.

Interesting subjects for future research

1. Development of Arhynchonemertes
2. Organogenesis at metamorphosis of the pilidium

3. Cell lineage of the nervous system
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Phylum Platyhelminthes

Platyhelminthes, or flatworms, comprise the mainly
free-living, mainly aquatic ‘turbellarians’ and the para-
sitic flukes and tapeworms; about 25 ooo species have
been described. Many textbooks retain the economi-
flukes

Monogenea) and tapeworms (Cestoda) as classes par-

cally important parasitic (Digenea and
allel to “Turbellaria’, but this is only for practical rea-
sons. The Acoela and Nemertodermatida have until
recently been included in the Platyhelminthes, but
both morphology, embryology, and molecular phylog-
eny have now shown that they belong to a separate
clade, Acoelomorpha, that is basal to the Eubilateria
(see Chapter 17). The fossil records are dubious.

The Platyhelminthes now comprises two groups,
Catenulida and Rhabditophora. The rather poorly
known Catenulida appears to be the sister group of
the Rhabditophora, as indicated both by morphologi-
cal and molecular analyses (Rieger 2001; Larsson and
Jondelius 2008). The catenulids are characterized by
their single, biciliate protonephridia. The Rhabdi-
tophora, characterized by the rhabdites, duo-gland
adhesive systems, and paired, multiciliate protone-
phridia, comprises the Macrostomorpha that have
aflagellate sperm, and Trepaxonemata that have biflag-
ellate sperm (Rieger 2001). The Trepaxonemata can
be divided into Polycladida that has sperm with free
cilia and endolecithal eggs, and Neoophora that has

internalized sperm cilia and ectolecithal eggs with

nurse cells. The freshwater planarians and the para-
sitic flukes and tapeworms belong to Neoophora. The
following discussion will concentrate on the more
basal groups, i.e. the Catenulida, Macrostomida, and
Polycladida, with less emphasis on the more advanced
Neoophora.

The turbellarians are elongate, often dorsoven-
trally flattened, ciliated, with a ventral mouth leading
to a gut without an anus. Their microscopic anatomy
is reviewed by Bogitsch and Harrison (1991), and the
structure of the epithelia by Tyler and Hooge (2004).
The epidermis is generally a single layer of multi-
ciliate cells. Catenulids have few cilia per cell that has
been interpreted as a plesiomorphy (Ax 1995), but
their pharyngeal cells have the usual ciliary density.
A cuticle of collagenous fibrils like that observed in
many other bilaterians is absent, but a more or less
well-developed glycocalyx is present between micro-
villi in many groups. True consolidated, cuticular
structures are generally absent; all the jaw-like struc-
tures in the pharynx and the male copulatory stylets
are specializations of the basal membrane, and platy-
helminths lack chitin completely. The peculiar epider-
mal scales of the ectoparasitic neoophoran Norodactylus
have an ultrastructure resembling that of annelid cha-
etae, with a bundle of parallel microvilli embedded in
extracellular matrix, but without chitin (Jennings et 4.
1992). Several types of mostly unicellular glands can

Chapter vignette: The polyclad Prosthecerneus vittatus. (Redrawn from Lang 1884.)



be recognized, and the rhabdoid glands have often
been considered characteristic of turbellarians. There
are, however, various types of rhabdoids and they may
not all be homologous. One special type, the lamellate
rhabdite, is a unique characteristic of the group
Rhabditophora. The structure and distribution of the
other gland types are, as yet, incompletely known so
that their phylogenetic significance cannot be evalu-
ated. Among the platyhelminths, the adhesive duo-
gland system is only found in the rhabditophorans
(Tyler 1976). The epidermis rests on a basal mem-
brane in rhabditophorans, but it is weak or lacking in
catenulids. Some epidermal cells are ‘insunk’, i.e. the
nuclear part of the cell is situated below the mesoder-
mal layer of muscles.

Most turbellarians have a mouth that opens into a
muscular, ectodermal pharynx. The pharynx is either a
simple tube surrounded by muscle cells, or the epider-
mis is folded back around the muscles so that a more
complicated, protrusible structure is formed; the
uncomplicated type comprises several subtypes that
are probably not homologous. The pharynx opens
into the anterior end of the stomach in some forms,
but a more posterior position of the mouth is charac-
teristic of most groups.

The stomach is a simple tube of ciliated endoder-
mal cells in catenulids and in members of several of
the other groups. Lateral diverticula of many shapes
characterize various groups, as reflected by names
such as triclads and polyclads, and many of the more
specialized groups lack the cilia. The gut is lacking
completely in the cestodes and in the parasitic
neoophoran family Fecampiidae. An anus is absent,
and the examples of one or several openings from gut
diverticula to the outside must be seen as secondary
specializations (Ehlers 1985) (see below).

The nervous system generally comprises a frontal,
subepidermal brain with a pair of main longitudinal
nerve cords forming a complete loop, a number of
smaller longitudinal nerve cords, transverse commis-
sures, and various nerve plexuses (Halton and Maule
2004). The brain of Macrostomum is a ganglion with a
central neuropile surrounded by perikarya, traversed
by muscle fibres in various directions (Morris et al.
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2007). The planarian Dugesia has large eyes and a more
complex brain (Okamoto et al. 2005). Some of the
peripheral nerve cords or nerves are basiepithelial and
some subepidermal, and there is a bewildering varia-
tion in position and complexity even within the groups
(Reuter et al. 1998; Reuter and Halton 2001; Gustafsson
et al. 2002; Morris et al. 2007). Rieger et al. (1991: p. 34)
concluded that ‘the nervous system is now being viewed
as showing a variable mixture of specialized and unspe-
cialized, advanced and “primitive” components’. With
this conclusion in mind it is understandable that the
turbellarian nervous systems have been interpreted in
many different ways (see below).

The mesoderm is a compact mass between ecto-
derm and endoderm, and comprises muscle cells,
neoblasts, apolar mesenchymal cells, and ample extra-
cellular material in most types. There are usually sys-
tems of longitudinal and circular muscles, but diagonal
systems are found too (Hooge 2001). The myofila-
ments generally resemble smooth muscle, but various
indications of striation have been reported in studies
of the ultrastructure, and more typical cross-striated
muscle cells are found in the tail of trematode cercaria
(Fried and Haseb 1991).

Protonephridia are found in most forms. Catenulids
have an unpaired dorsal nephridial canal with biciliate
cyrtocytes, whereas the rhabditophorans usually have
many flame bulbs, with many cilia arranged along a
pair of lateral nephridial canals.

Hermaphroditism is the rule among the platy-
helminths; the gonads are groups of cells without a
special wall in catenulids, whereas the rhabditopho-
rans have well-defined, sac-shaped gonads, in many
cases with quite complicated genital organs. Ferti-
lization is always internal and there is a copulatory
structure, which in many types has hardened parts that
are either intracellular or specializations of the basal
membrane. The copulation is a hypodermal impreg-
nation or simple deposition of sperm or spermato-
phores on the partner in several types, but sperm
transfer through the female gonoducts is the rule in
the more-specialized forms.

The spermatozoa are of different morphology
in the main groups (Hendelberg 1986; Watson and
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Rohde 1995). Catenulids and macrostomids have acili-
ate sperm; bristles or rods have been described in both
groups, but their ultrastructure does not indicate that
they are ciliary rudiments. Trepaxonemata (Polycladida
and Neoophora) have highly characteristic axonemes
without central tubules but with a highly characteris-
tic electron-dense central core surrounded by a lighter
middle zone and a dense outer zone, with a double-
helical structure; the axonemes are internalized in
most neoophorans.

The female gonads are rather uncomplicated in
catenulids, macrostomids, and polyclads (collectively
called ‘archoophorans’) that have endolecithal eggs.
The neoophorans have yolk glands, and the eggs are
deposited in capsules together with a number of yolk
cells. The shell of the egg cases consists of quinone
tanned proteins. The fertilized eggs are released
through rupture of the body wall in catenulids, but
the rhabditophorans have more or less complicated
gonoducts.

The only catenulid larva described is the ‘Luther’s
larva’ of the limnic Rbyncoscolex (Reisinger 1924); it
resembles the adults, but has a stronger ciliation and a
different statocyst; it should probably be regarded as a
specialized juvenile rather than a true larva.

The early cleavage of the macrostomid Macro-
stomum (Morris et al. 2004) follows the spiral pattern,
but after the 8-cell stage some of the blastoporal mac-
romeres spread over the embryo forming a ‘hull’
around the ‘embryonic primordium’. The cells of
the primordium differentiate to the various organs of
the juvenile, apparently with the larger cells closest to
the blastoporal pole forming the gut.

Polyclads show a normal spiral cleavage with quar-
tets (reviewed in Nielsen 2005). A few experimental
investigations show that the cleavage with quartets
resembles that of other spiralians, but that the
determination is less strong. Species of genera such
as Hoploplana, Notoplana, Pseudoceros, Imogine, and
Maritigrells (Rawlinson 2010) have pelagic larvae
called Gotte’s and Miiller’s larvae (see below), but
other species have direct development. The cell line-
age appears to be similar in all species, and the follow-

ing description is based on Hoploplana inquilina (Boyer

et al. 1998 (Table 29.1)) The first two cleavages pass
through the primary egg axis, and the four resulting
blastomeres are of almost equal size, although the B
and D cells are sometimes slightly larger than the A
and C. The third cleavage gives larger macromeres
and smaller micromeres in most species, with the mac-
romeres 1B and 1D situated in the future anteroposte-
rior axis and the micromeres twisted clockwise, so that
the micromeres 1a and 1b occupy almost bilateral
positions. The micromeres form the completely cili-
ated episphere bordered by the band of larger cilia (see
below). The 64-cell stage is highly characteristic with
four quite small blastoporal 4A-D ‘macromeres’ and
very large g4a—d cells; the 4b and 4d cells are larger
than the other two. These eight cells become covered
by the cells of the micromere calotte in an epibolic
gastrulation, but the 4A-D and ga—c cells disintegrate
into yolk granules. Endoderm, muscles, and mesen-
chyme originate from descendants of 4d, and the sto-
modaeum from 2a,2cand 3d.Additional ectomesoderm
originates from 2b in the shape of circular body mus-
cles in the larva. There is no sign of teloblastic growth
or of coelomic cavities in the mesoderm. The endo-
dermal cells become arranged as a small gut. The api-
cal ganglion with the apical tuft develops at the centre
of the first micromere quartet. The paired cerebral
ganglia with cerebral eyes (Younossi-Hartenstein and
Hartenstein 2000) develop from the episphere. The
main part of the peripheral nervous system develops
from the third micromere quartet. The larva develops
into a Miiller’s larva (see below). Pseudoceros japonicus
has unusually large macromeres and mesoblast (4d),
and the micromeres develop into a completely ciliated
cap, which overgrows the macromeres completely.
The macromeres and the mesoblast divide and become
arranged as a sac-shaped gut and a compact meso-
derm. The almost spherical embryos develop lappets
and become first a Gotte’s, and then a Miiller’s larva
(see below). In Prosthecereus the 4b cell extends into
the blastocoel and comes into contact with the cells of
the apical pole, and a similar internalization has been
observed in other spiralians, although for the 4D cell
(van den Biggelaar ez 4l. 1997); it is not known if this is

involved in axis specification.



Two types of polyclad larvae have been named,
‘Gotte’s larva’, with four rather broad lateral lobes,
and ‘Miiller’s larva’ (Fig. 29.1), with eight usually more
cylindrical lobes. The larvae are completely ciliated
with an apical tuft and a band of longer and denser
ciliation around the body following the sides of the
lobes (Fig. 29.1); compound cilia have not been
observed. The larvae swim with the ciliary band, which
shows metachronal waves, and at least some of the lar-
vae are planktotrophic (Ruppert 1978; Ballarin and
Galleni 1987; Rawlinson 2010), but the method of
particle collection has not been studied. The ciliary
band of Pseudoceros is usually described as a ring, but
the ring is broken between the two lobes at the left
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side, and the anterior part of the band continues across
the ventral side behind the mouth to the opposite side
(Lacalli 1982). The band is two to eight cells wide, and
all the cells are multiciliate with the ciliary beat
towards the mouth, except the median cell behind the
mouth that has cilia beating away from the mouth (the
suboral rejectory cell) (Ruppert 1978; Lacalli 1982,
1988). There is a system of intraepithelial nerves with
monociliate sensory cells in or along the band. There
is no sign of an anus at any stage. The nervous sys-
tem (Younossi-Hartenstein and Hartenstein 2000;
Rawlinson 2010) comprises the small apical ganglion,
a pair of cerebral ganglia, and a number of peripheral
nerves, the most prominent being the nerve along the

Figure 29.1. Miiller’s larvae (SEM). (A—C) Larvae in frontal, ventral, and lateral views (plankton, off Bamfield Marine Station,
Vancouver Island, Canada, August 1988). (D) Larva in dorsal view (plankton, off Nassau, The Bahamas, September 199o).
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ciliary bands on the lappets. At a very early stage, a pair
of serotonergic cells differentiates near the posterior
pole and sends axons to the cerebral ganglia (Rawlinson
2010). This resembles the pioneer nerve cells of other
protostomes (Chapter 22).

There is a system of fine muscles under the ectoder-
mal basement membrane with a spiral muscle around
the apical pole, longitudinal muscles from the apical
pole to the eight lobes, and circular muscles and a small
muscle from the apical pole to the mouth (Reiter ez al.
1996; Rawlinson 2010; Semmler and Wanninger 2010).
The larval muscle system transforms gradually into the
adult pattern both in indirect- and direct-developing
species (Reiter et a/. 1996; Bolafiosa and Litvaitis 2009).
The larvae have a pair of branched protonephridia
(Ruppert 1978; Younossi-Hartenstein and Hartenstein
2000). The older larvae gradually lose the lobes and the
ciliated bands, and transform into small adults. The cer-
ebral ganglia become part of the adult brain; the fate of
the ciliary-band nerves is unknown. Dawydoff (1940)
described a number of polyclad larvae resembling
gigantic Miiller’s larvae with a general ciliation, but
without the prominent ciliary bands; this only shows
that new investigations may reveal other types of larvae,
which may add to our understanding of the develop-
ment of the platyhelminths.

The most ‘primitive’ of the neoophorans, such as the
lecithoepitheliate  Xenoprorhynchus (Reisinger et al.
1974), have spiral cleavage with quartets, but the later
development is influenced by the presence of the yolk
cells. Eight micromeres, 2a-d and 3a—d, move to the
periphery of the embryo and cover the yolk cells situ-
ated at the blastoporal pole, forming a very thin embry-
onic ‘covering membrane’. This cell layer becomes
resorbed when the yolk has been incorporated in the
embryo. The 4D cell gives rise to the endoderm, and 4d
divides laterally and gives rise to a pair of mesoblasts,
which were stated to be mesoteloblasts; however, the
illustrations show cells of equal size, and it is only stated
that the cells divide—not that one large cell gives off a
series of smaller cells, as in the teloblasts from both
mesoderm and ectoderm of, for example, annelids
(Chapter 25). Members of the Proseriata (Minona,
Monocelis; Reisinger et al. 1974) show increasing vol-

umes of yolk cells and increasingly modified embryol-
ogy, and the development of the parasitic groups is
highly specialized (Ehlers 1985). The parasitic forms
have lecithotrophic, often ciliated larvae that shed the
ciliated cells, and the following life cycles comprise
stages with asexual reproduction in some groups.

The most conspicuous apomorphy of the Platyhe-
Iminthes is the lack of an anus. This was interpreted as
a plesiomorphy, for example by Ax (1987, 1995), imply-
ing that they should be the sister group of the
‘Eubilateria’ (with a tubular gut). Most of these discus-
sions were influenced by the older phylogenetic system
that included the acoels in the ‘flatworms’ and this
makes it difficult to disentangle many of the argu-
ments. However, there are several characteristics that
indicate that the lack of an anus is secondary. The firm
rooting of the phylum in the Spiralia directly contra-
dicts the idea that they should be ‘basal’ bilaterians.
The Hox genes show the full series of anterior and
central genes characteristic of the eubilaterians, as
opposed to that of the acoelomorphs, which appear to
be plesiomorphic (Fig. 21.3). The very unusual spiral
cleavage pattern with the tiny ‘macromeres’ 4A-D,
and the degeneration of both these cells and the g4a—
cells, for example in Hoploplana (Table 29.1), indicates
that the blastopore region has been strongly modified;
this indicates that the missing anus is an apomorphy.

As pointed out by Rieger ez 4/. (1991), it is difficult
to identify platyhelminth apomorphies, but neverthe-
less most morphologists now appear to agree about
the monophyly of the group. The presence of spiral
cleavage in several groups, the cell lineage and fate of
the large ciliary band (prototroch) of the plank-
totrophic Gotte’s and Miiller’s larvae, and the origin of
the cerebral ganglia from the episphere clearly indi-
cate the position of the platyhelminths in the Spiralia,
and the larvae as modified trochophores.

Rhabdites have sometimes been regarded as homol-
ogous with nematocysts, but the structures are quite
dissimilar, and lamellate rhabdites are only found in
the ‘higher’ turbellarians (Ehlers 1985). Reisinger
(1972) and Gustafsson et al. (2002) interpreted the
nervous system as a ‘primitive, orthogonal’ type with a
number of longitudinal nerves connected by transverse
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Table 29.1. Cell lineage of Hoploplana inquilina. (Based on Boyer ez 4.

1998.)
1a apical tuft, ectoderm, ocellus
A 2a ectoderm, stomodaeum
1A 3a ectoderm
2A {
AB 3A yolk granules
1b ectoderm
B 2b ectoderm, muscles
4 8 { { 3b ectoderm
2B
3B yolk granules
C developmentas A
CD 1d ectoderm
D 2d posterior ciliary tuft, ectoderm
10 3d stomodaeum
2D {3D { 4d muscles, mesenchyme, gut
4D yolk granules

nerves, but, as mentioned above, one pair of the longi-
tudinal nerves are almost always more prominent than
the other pairs, and the nervous system shows so much
variation that almost any interpretation can be sup-
ported by existing examples. Much more knowledge
about development, structure, and function of nervous
systems of many groups will be needed before a mean-
ingful evaluation can be performed.

Platyhelminthes is recovered as a monophyletic
group of spiralians in practically all molecular analyses.
The catenulids are only rarely included in the analy-
ses, but they seem always to be the sister group of the
rhabditophorans (Larsson and Jondelius 2008; Paps
et al. 2009). The topology of the Rhabditophora out-
lined above is usually found too, although sometimes
with small variations. However, the relationship of the
Platyhelminthes to other spiralian phyla is not well
resolved. Many analyses place them as a sister group to
the remaining spiralians, but close relationships with
Gastrotricha, Gnathifera, Rotifera, and Polyzoa have
been suggested too. A group called Platyzoa compris-
ing Platyhelminthes, Gnathostomulida, Gastrotricha,

and Rotifera has been proposed by Cavalier-Smith
(1998) and Giribet et 4i. (2009), but it seems impossi-
ble to point to a uniting synapomorphy. Cavalier-
Smith (1998: p. 236) proposed that the flatworms are
‘possibly neotenously derived from loxosomatid-like
entoproct larvae’.

With no clear phylogenetic signal from morphol-
ogy or molecules it appears impossible to resolve the
polytomy of the Spiralia indicated in Fig. 23.4.

Interesting subjects for future research

1. Development of the nervous system in a number of
types

2. Cell-lineage studies of nervous systems
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Phylum Gastrotricha

Gastrotricha is a small phylum of microscopic, aquatic
animals; about oo species have been described.
Traditionally, the group has been divided into the
marine Macrodasyoida, with a myoepithelial pharynx
with a lumen that is an inverted Y-shape in cross-
section, and that has a pair of lateral pores (except in
Lepidodasys), and the marine or limnic Chaetonotoida,
with a Y-shaped pharynx lumen and no pharyngeal
pores. Neodasys has the macrodasyoid pharynx, but is
‘intermediate’ between the two orders in several char-
acters, and has been classified with both of the two
orders (Todaro ez al. 2006; Petrov et al. 2007). A large
morphology-based analysis indicates that it could be
the sister group to Macrodasyoida + Chaetonotoida
(Kieneke et 4l. 2008a).

The microscopic anatomy was reviewed by Ruppert
(1991) and analyzed by Kieneke et al. (2008a). The
elongate body has a flattened ventral side with a ciliated
ventral sole. The mouth is anterior and an almost cylin-
drical gut, consisting of a myoepithelial sucking phar-
ynx and an intestine of cells with microvilli, leads to the
ventral anus near the posterior end. The two different
shapes of the pharynx naturally lead to speculatons
about the shape of the ancestral pharynx. Some gastro-
trichs are able to regenerate both anterior and posterior
ends (Manylov 1995).

The ectoderm is a monolayer of unciliated, mono-

ciliate, or multiciliate cells usually without microvilli.

The whole surface, including the cilia, is covered by
multiple layers of exocuticle, with each layer resem-
bling a cell membrane and the epicuticle of nematodes,
kinorhynchs, and arthropods; an inner, granular or
fibrillar endocuticle, which may be thrown into com-
plicated scales, hooks, or spines, covers the epithelial
surface but not the cilia. The cuticular structures
contain an extension of the epithelium in Xenodasys,
whereas the other structures are hollow or solid. The
body cuticle consists of proteinaceous compounds
without chitin, but traces of chitin have been detected
in the pharyngeal cuticle (Neuhaus ez 4/. 1996).

The myoepithelial pharynx has radiating myo-
meres and a cuticle that in some species forms teeth,
hooks, or more complicated, scraper-like structures.
Ruppert (1982) reported that the juvenile gut of the
macrodasyoid Lepidodasys is circular, and that both the
anterior and the posterior ends of the pharynx of
other genera may be circular, quadriradiate, or multi-
radiate, and concluded that the circular shape must be
ancestral. Some of the cells bear one kinocilium, and
some cells have a few microvilli that penetrate the
cuticle. The tubular midgut consists of a single layer
of microvillous cells surrounded by mesodermal mus-
cles; cilia are absent except in Xenodasys. The chaeto-
notoids have a short, cuticle-lined rectum, but the
other groups have a simple pore between the midgut
and the epidermis.

Chapter vignette: Turbanella cornuta. (Redrawn from Remane 1926.)



Immunocytochemical studies have shown that the
brain is dumbbell-shaped with a pair of cerebral gan-
glia connected by a solid dorsal and a weaker ventral
commissure. There is a pair of prominent ventrola-
teral longitudinal nerves, which form a loop at the
posterior end and a number of fine longitudinal nerves
(Hochberg 2007; Rothe and Schmidt-Rhaesa 2009;
Hochberg and Atherton 2011). Based on transmission
electron microscopy observations of Cephalodasys,
Wiedermann (1995) showed that only the ventral lon-
gitudinal nerves have perikarya and can be character-
ized asnerve cords. Gastrotrichs have poorly developed
basal membranes, but the nervous system is probably
basiepithelial (Wiedermann 1995). There are several
types of sensory organs, chemoreceptors, mechanore-
ceptors, and photoreceptors, that all consist of modi-
fied monociliate cells.

The body wall has an outer layer of circular and an
inner layer of longitudinal muscles, that do not form
continuous sheets (Hochberg and Litvaitis 2001; Leasi
and Todaro 2008). The muscles are cross-striated or
obliquely striated; smooth muscles are found in
Lepidodasys. The muscle cells have short non-contractile
processes with synapses at the longitudinal nerves. This
type of muscle innervation is also seen in nemertines
(Chapter 28), nematodes (Chapter 46), and cephalo-
chordates (Chapter 63).

One to several pairs of protonephridia are located
laterally. Each protonephridium consists of one or a
few monociliate terminal cells, a monociliate duct cell,
and a sometimes monociliate pore cell situated in the
epithelium (Kieneke ez al. 2008a). There is no open
body cavity; the only open spaces are the small lacunae
around the terminal organs of the protonephridia.
There is no circulatory system.

Gonad morphology was reviewed by Kieneke ez al.
(2009). All species are hermaphroditic, either with
hermaphroditic gonads or with separate testes and
ovaries. The gonads are sac-shaped and sometimes
surrounded by muscle cells. Most species have compli-
cated accessory reproductive structures associated
with copulation, and it appears that all species have
internal fertilization; some are viviparous. The sperm
is filiform with a long, spirally coiled head and a cilium
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in macrodasyoids, but of variable shape in chaetonoto-
ids (Marotta et 4l. 2005).

The embryology of a few species representing both
orders has been studied; the macrodasyoid Turbanella
is best known (Teuchert 1968) and will be described
first (Fig. 30.1, Fig. 30.2, Table 30.1). Fertilization
takes place in the ovary but the polar bodies are not
given off until after spawning. The egg is ovoid and
the polar bodies usually become situated at the blunt
end, which has been called the animal pole, but a few
eggs with the polar bodies at the more pointed end
have been observed too. The movements of the cells
during early developmental stages make it difficult to
define the axes of the embryo, and the lack of an apical
sense organ makes the use of the term ‘apical’” mislead-
ing (in the following description the blunt end of the
egg is called the anterior pole). The first cleavage is
equatorial, and the second cleavage is parallel to the
longitudinal egg axis, with the two divisions being per-
pendicular to each other. One of the posterior cells
then moves towards the anterior pole of the egg, and
the resulting embryo consists of three cells at the ante-
rior end and one at the posterior end. The embryo is
now bilateral and the four cells can be named and
related to the orientation of the adult: the two descend-
ants from the anterior cell (A and B) are situated anter-
oventrally to the right and left, respectively; the third
cell at the anterior pole (C) is anterodorsal; and the
fourth cell (D) is posterior.

Atthe third cleavage the A, B,and C cells divide almost
parallel to the longitudinal egg axis, while D divides per-
pendicular to the axis. The ventral descendant of the D
cell slides to a midventral position, so that the embryo
now consists of two dorsal cells and a ventral cell, sepa-
rated by a ring of five cells. During the following cleav-
ages the dorsal cells form two longitudinal rows of four
cells each, and the ventral cell forms a longitudinal row of
two cells, while the ring of cells, through two cleavages,
develop into a double ring each with ten cells. The dorsal
cell rows and the dorsal ring of cells become ectoderm,
the cells of the ventral ring become ectoderm plus meso-
derm, while the two ventral cells become endoderm. The
fates of the cells are summarized in Table 30.1. The pre-

cursors of the mesodermal cells appear to form a ring
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Figure 30.1. Cleavage of Turbanella cornuta. (A-H) Embryos seen from the blastoporal/ventral side; (I-L) embryos seen from
the left side. (A) 2-cell stage. (B) 4-cell stage just after the cleavage. (C-D) 4-cell stages showing the movement of the C-cell to
the anterior pole. (E) 8-cell stage with the E-cell at the posterior pole. (F and I) 8-cell stage where the E-cell has moved to the
blastoporal side. (G and K) 14-cell stage. (H and L) 30-cell stage; the mesodermal cells form a ring around the two endoderm
cells. Endodermal cells are dark grey and mesodermal cells light grey. (Redrawn from Teuchert 1968.)

around the coming blastoporal invagination, but it must
be noted that the fate of the single cells has not been fol-
lowed further on, and as the mesoderm forms a pair of
lateral bands after gastrulation, it is not certain that the
mesoderm surrounds the blastopore completely.

The 30-cell embryo has a small blastocoel, and
during the following cell divisions the endodermal

cells and the cells of the stomodaeum (pharynx) invagi-
nate as a longitudinal furrow. The posterior parts of
the blastopore lips fuse, and the endodermal cells form
a compact mass of cells at the end of the stomodaeum
with mesodermal cells on both sides. The blastocoel
becomes obliterated, and an anus breaks through at a
later stage. The brain develops from ectodermal cells



ectoderm

mesoderm

endoderm
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stomodaeum

Figure 30.2. Development of Turbanella cornuta. (A) Cross-section of a 30-cell stage showing the infolding of the endoderm.
(B—C) Cross-sections of a stage with an elongate blastopore; (B) is in the anterior region with stomodaeum and (C) in the pos-
terior region with the endoderm. (D) Horizontal section of a similar stage. (E) Embryo in ventral view showing the elongate
stomodaeal invagination (black); the endoderm is fully covered. (F) Horizontal section of a similar stage. Ectoderm, white;
mesoderm, light grey; endoderm, dark grey; stomodaeum, cross-hatched. (Redrawn from Teuchert 1968.)

Table 30.1. Cell lineage of a 30-cell stage of Turbanella
cornuta (see Fig. 30.1; based on Teuchert 1968). The first
letter in each combination denotes the descendance
from the first four cells A-D; the letters indicate as fol-
lows: a, anterior; p, posterior; d, dorsal; v, ventral.

aad ‘secondary’ ectoderm
aa{ aav mesendoderm
A apd ‘secondary’ ectoderm
AB ap{ apv mesectoderm
B development as A
4 C ‘primary’ ectoderm
drd  ‘secondary’ ectoderm
CD d ' { drv.  mesectoderm
5 dl {dld ‘secondary’ectoderm
dlv mesectoderm
E endoderm

in the pharyngeal region. Genital cells are presumed
to originate from mesodermal cells.

The embryo now curves ventrally, and during the
following development the endoderm differentiates as
the gut and the anus opens. All other organ systems
develop during the later part of the embryonic period,
so that the hatching worm is a miniature adult. No
traces of larval organs have been described and the
development must be characterized as direct.

Two chaetonotoids have been studied, Neogossea
(Beauchamp 1929) and Lepidodermella (Sacks 1955); the
two authors followed the cell lineage to a stage of about
64 cells and the further development in optical sections.
The two descriptions agree in all major points, but dif-
fer from that of Turbanella in several significant details:
the primary endoderm cell should come from a descend-
ant of the A cell and therefore be located at the anterior
part of the embryo; the C and D cells should form the
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right and left halves of the posterior part of the embryo
(compare with Fig. 30.1, A); there should be a large
proctodaeum formed from the C and D cells, and the
genital cells should originate from a pair of cells just
lateral to the stomodaeal opening. Teuchert (1968)
pointed out that a partial correspondence between the
descriptions could be obtained if the anteroposterior
orientation of the older descriptions was reversed.
However, it appears that both Beauchamp and Sacks
had rather good markers of the main axis of the embryos
all along the development, whereas Teuchert (1968, pp
379—380) pointed out that the 3o-cell stage has no
markers that distinguish the anterior from the posterior
pole, so it is also possible that Teuchert had reversed the
anteroposterior axis. The differences regarding the for-
mation of the gut are more difficult to explain, and the
whole development must be studied in both orders
before a meaningful discussion can be carried out.

Be that as it may, the cleavage shows the typical
D-quadrant pattern, but no signs of a spiral pattern.

Two characters have had a prominent position in
the discussion of the phylogenetic position of the gas-
trotrichs, the myoepithelial pharynx, and the mono-
versus multiciliate cells of the epithelia.

Ruppert (1982) considered the myoepithelial fore-
guts of the gastrotrichs, nematodes, tardigrades, and
ectoproct bryozoans as homologous and as a symple-
siomorphy because the myoepithelial cell type is char-
acteristic of the cnidarians. He even went so far as to
indicate a sister-group relationship between nematodes
and chaetonotoids on the basis of the pharynx struc-
ture. However, contractile ciliated cells are a plesio-
morphy of the animals (Chapter 2), and cells with a
cilium and myofibrils are a plesiomorphy of the neural-
ians (Chapter 12). A myoepithelial tube with a triangu-
larlumen is simply the mostefficientway of constructing
a self-contained suction structure, and this has obvi-
ously evolved independently in many clades.

Several macrodasyoid genera and Neodasys have
monociliate epithelia, whereas chaetonotoids and
other macrodasyoid genera have multiciliate epithelia;
the type of ciliation appears to be uniform within gen-
era but not within families (Rieger 1976). The mono-
ciliate and some of the multiciliate cells have an

accessory centriole at the base of each cilium. The
monociliate condition was interpreted as primitive
within the gastrotrichs, but it was admitted that it
could be the result of a reduction from the multiciliate
condition. It should be made clear that this question
can only be resolved by comparisons with other phyla,
and I have come to the conclusion (Chapter 21) that
the multiciliate condition is an apomorphy of the
Protostomia, and that the presence of monociliate epi-
thelia in a few protostomian taxa, such as some gastro-
trichs and annelids (Owenia and the gnathostomulids;
Chapters 25 and 32), must represent reversals.

The multiple epicuticular layers surrounding the
body, including the cilia, characterize gastrotrichs as a
monophyletic group. The D-quadrant cleavage and the
structure of the nervous system are typical of the proto-
stomes and the ciliated epithelium is a spiralian character,
but it is very difficult to point to characters indicating a
closer relationship with any of the other spiralian phyla.

Gastrotricha is included in a number of molecular
analyses but the results are ambiguous. Usually only
one species is included, but with more species included
they are mixed up with gnathiferans (Baguiid er al
2008; Paps et al. 2009a). Other recent studies show
sister-group relationships with gnathostomulids (Paps
et al. 2009b), rotifers (Witek et al. 2009), or platy-
helminths (Telford er al. 2005; Dunn er al. 2008;
Hejnol et al. 2009). Taken together, these results indi-
cate the existence of a Platyzoa clade (Passamaneck
and Halanych 2006; Giribet et 4. 2009), but morpho-

logical support has not been found.

Interesting subjects for future research

1. Embryology and cell lineages of both chaetonoto-
ids and macrodasyoids
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GNATHIFERA

The name Gnathifera was intruduced by Ahlrichs
(1995; 1997) for a group comprising Gnathostomulida,
Rotifera (called Syndermata), and new group A
(Micrognathozoa) based on striking similarities of the
jawapparatus(mastax). Thisgroup,with Micrognathozoa
and Rotifera as the sister groups (Fig. 31.1), has been
supported by a number of morphological analyses
(Kristensen and Funch 2000; Serensen 2003; Funch
et al. 2005). Molecular analyses have placed Rotifera
and Micrognathozoa as sister groups (Paps ez 4l. 2009a;
Witek et al. 2009), and Rotifera and Gnathostomulida
as sister groups (Hausdorf et 4l. 2010), but usually mixed
them with the Gastrotricha when all three groups are
included (Baguiid et al. 2008; Paps et al. 2009b). Only
the anasysis of Zrzavy (2003) found good support for
the Gnathifera. Morphological support for a relation-
ship with the gastrotrichs could be the presence of mul-
tiple membranes surrounding the cilia in the pharynx of

Gnathostomulida

4 monociliate
epidermis

Micrognathozoa
ventral side with
rows of large cells with rows
of compound cilia

certain rotifers, and in the ectoderm of the gastrotrichs
(Clément 1993).

The most conspicuous synapomorphy of the three
phyla is the mastax with the complicated jaws
(Fig. 31.2). The single jaw elements are built of chiti-
nous tubes with electron-lucent canals with a central
electron-dense rod. Rotifers have an unusual internal
skeletal lamina, and a similar structure is found in the
dorsal epithelium of Limmnognathia, indicating a sister-
group relationship.

Gnathifera is placed in the Spiralia in all morpho-
logical and molecular analyses, but a more specific
position is not strongly indicated. Several of the
molecular analyses indicate close relationships with
the Gastroticha or the Platyhelminthes, and some
authors have wunited Gnathifera, Gastrotricha,
Cycliophora, and Platyhelminthes, in a group called
Platyzoa (Giribet 2008; Giribet et 4l. 2009), but

Rotifera

« syncytial
epidermis

o intracellular skeletal

lamina

4 mastax with complicated chitinous jaws
(trophi) with canals with a central rod

Fig. 23.1 <] epidermis with multiciliate cells

Figure 31.1. Phylogeny of the Gnathifera.
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Figure 31.2. SEMs of jaws of Gnathiferan. (A) Gnathostomulida: Gnathostormula armata. (B) Micrognathozoa: Limnognathia
maerski. (C) Rotifera: Resticula nyssa. Illustration courtesy of Dr M.V. Sgrensen (University Copenhagen).

the early spiralian radiation must be characterized as
unresolved.
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Phylum Gnathostomulida

Gnathostomulida is a small phylum with about 100
described interstitial marine ‘worms’ that are mainly
confined to detritus-rich sands; most species are micro-
scopic, but a few reach sizes up to about 4 mm (Lammert
1991; Sterrer 1995). The group is most probably mono-
phyletic, and the two orders, Filospermoida and
Bursovaginoida, show differences in general body shape,
reproductive organs, and sperm (Serensen 2002;
Serensen et al. 2006). Most species glide on their cilia,
and the gnathostomulids are unusual among the bilate-
rian interstitial organisms in that all epithelia are mono-
ciliate. However, some of the interstitial gastrotrichs
have monociliate ectodermal cells, and this is interpreted
as an apomorphy (Chapter 30). The microscopic anat-
omy was briefly reviewed by Lammert (1991).

The anteroventral mouth opens into a laterally
compressed pharynx, with a ventral bulbus with striated
mesodermal muscles and a cuticular jaw apparatus or
mastax (Kristensen and Nerrevang 1977; Sterrer et al.
1985; Herlyn and Ehlers 1997; Serensen et al. 2003).
The basal parts of the jaws have a structure of electron-
dense tubes surrounding an electron-lucent core with a
central electron-dense rod (Sterrer et al. 1985; Rieger
and Tyler 1995; Herlyn and Ehlers 1997). The gut con-
sists of one layer of cells with microvilli but without
cilia; there is no permanent anus, but the gutis in direct

contact with the ectoderm in a small posterodorsal area

where the basal membrane is lacking, and this area may
function as an anus (Knauss 1979).

The nervous system consists of a brain in front of
the mouth, a small ganglion embedded in the mastax
musculature, and one to three pairs of basiepithelial,
longitudinal nerves (Miiller and Sterrer 2004). There
are several types of ciliary sense organs, one type is the
‘spiral ciliary organs’ that consist of one cell with a
cilium spirally coiled in an interior cavity.

Longitudinal and circular striated body muscles
are situated under the basement membrane; they func-
tion in body contraction but are not involved in loco-
motion. There is a row of separate protonephridia on
each side of the body.

All species are hermaphrodites with separate testes
and ovaries. The filospermoids have a simple copulatory
organ, whereas some of the bursovaginoids have a more
complicated copulatory organ with an intracellular stylet.
The filospermoids have filiform sperm with a spirally
coiled head and a long cilium, whereas the bursovagi-
noids have round or drop-shaped, aflagellate sperm.

Riedl (1969) described cleavage with a spiral pat-
tern and two putative mesoblasts in Grathostomula, but
the following development is undescribed.

The phylogenetic position of gnathostomulids has
been contentious, and relationships with almost all
groups of ‘worms’ have been suggested (Giribet et 4i.

Chapter vignette: Rastrognathia macrostoma. (Based on Kristensen and Nerrevang 1977.)



2000). Ax (1987, 1995) forcefully argued for a sister-
group relationship with the flatworms, especially based
on the absence of an anus, which was regarded as the
ancestral character within Bilateria. However, the
absence of an anus is probably an apomorphy (see
Chapter 21), and the gnathostomulid jaws are cuticular,
whereas the jaws found in some turbellarians are formed
from the basal membrane (Chapter 29). A sister-group
relationship with gastrotrichs has been proposed on the
basis of the monociliate epithelium (Rieger and Mainitz
1977), but the gastrotrich ectoderm and cilia are cov-
ered by a unique lamellar exocuticle (Chapter 30).

The cuticular jaws resemble those of the rotifers
both in general shape and ultrastructure, and in their
position on a ventral bulbus with striated muscles and
an embedded ganglion. Ahlrichs (1995, 1997) proposed
the name Gnathifera for a group consisting of gnathos-
tomulids and rotifers (including acanthocephalans), and
the newly discovered Micrognathozoa has been added
subsequently (Kristensen and Funch 2000; Serensen
2003; Funch ez 4/. 2005). Molecular phylogeny has not
resolved this complex convincingly (see Chapter 30).

Interesting subjects for future research

1. Cleavage and cell lineage
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Phylum Micrognathozoa

This newly described phylum still comprises only one
species: the microscopic Limnognathia maerski. It was
first discovered in a cold spring at Disko Island,
Greenland (Kristensen and Funch 2000), and has sub-
sequently been reported only from the subantarctic
Crozet Island (De Smet 2002).

The clumsy little worm is cylindrical with a
rounded head and abdomen and a mid-body with
a number of transverse wrinkles. All tissues are cel-
lular. The dorsal and lateral epithelium shows a
number of thin plates formed by one to four cells
separated by thinner membranes; they show a thin
intracellular skeletal lamina. The ventral surface has
anterior ciliated fields, a double row of 18 large cells
called ciliophores, each with four transverse rows of
compound cilia, and a posterior pad of 10 smaller
ciliophores.

The ventral mouth opening leads into a pharynx
with a muscular mastax with complicated jaws (Fig.
31.2B). The gut is a simple tube that narrows posteri-
orly. There is no permanent anal opening, but a tem-
poral opening may be formed at the narrow posterior
dorsal end of the gut where the basal membrane of the
ectoderm is lacking.

"Two pairs of protonephridia consist of seven mono-
ciliate cells, four terminal cells, two canal cells, and

one pore cell.

There is a large, slightly bilobate cerebral ganglion
and a pair of lateroventral longitudinal nerves.

Only female specimens have been observed. The
paired ovaries appear to consist of naked oocytes. Two
types of eggs have been observed; smaller females lay
smooth, sticky eggs and larger females lay highly
sculptured eggs.

The presence of the unusual internal skeletal lam-
ina strongly indicates a sister-group relationship with
the rotifers, and the complicated jaws are very similar
to those of both gnathostomulids and the free-living
rotifers, so the position within the Gnathifera seems
well established (Fig. 31.1).

The molecular analyses are discussed in Chapter 31.
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Phylum Rotifera

Rotifera (including Acanthocephala) consists of about
2000 described species of free-living, usually less than
a millimetre-long, aquatic, mostly limnic organisms
and a group of about goo aquatic or terrestrial, com-
pletely gutless parasites (Acanthocephala), with the
juveniles occurring in arthropods and the 2-mm to
almost 1-metre-long adults living in the alimentary
canal of vertebrates. The free-living types have direct
development, whereas the acanthocephalans have
complicated life cycles with more than one host.
Many of the free-living types can be recognized by
the ciliary ‘wheel organ’ or corona that has given name
to the phylum, but it is highly modified or completely
absent in others. The anterior end, with the wheel
organ in the free-living forms, and the proboscis of the
acanthocephalans can be retracted into the main body.
Four main groups are recognized: Monogononta (with
parthenogenetic phases and sexual phases with small
haploid males), Bdelloidea (only parthenogenetic
females without meiosis), Seisonidea (with similar
males and females), and Acanthocephala (dioecious,
highly specialized without gut). The acanthocephalans
were earlier regarded as a separate phylum, but the
ultrastructure of the epidermis points to them being a
sister group (or an in-group) of one of the free-living
groups. The interrelationships between the four
groups must be characterized as unresolved (see
below), but the monophyly of the group now seems

unquestioned. The name Syndermata has been used
for the traditional rotifer groups plus the acan-
thocephalans by a number of German authors (for
example Ahlrichs 1997; Ax 2001; Herlyn ez al. 2003;
Witek et al. 2008), but it appears completely unneces-
sary to introduce a new name for the group, just
because the acanthocephalans have turned out to be
an ingroup.

The microscopic anatomy was reviewed by
Clément and Wurdak (1991) and Clément (1993)
(free-living forms), and by Dunagan and Miller (1991)
(acanthocephalans).

Monogononts have a single ovary; their life cycles
are complicated with parthenogenetic generations of
females producing diploid eggs and sexual generations
of females that produce haploid eggs; non-fertilized
eggs develop into haploid males and fertilized eggs
become resting eggs. The males are much smaller than
the females and lack the gut in most species. Several
types have a wheel organ (Fig. 34.1) that is a typical
protostomian downstream-collecting ciliary system
with prototroch (called trochus), adoral ciliary zone,
and metatroch (called cingulum), but others are
strongly modified.

Bdelloids are parthenogenetic with paired ovaries.
The evolution of a large clade without sexual repro-
duction is unique in the Metazoa (Welch and Meselson

2000). A number of karyological and ecological

Chapter vignette: Hexarthra mira. (Redrawn from Wesenberg-Lund 1952.)
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Figure 34.1. Various types of ciliary bands in rotifers. The planktotrophic types have the trochophore type of ciliary bands
(prototroch + adoral ciliary zone + metatroch). The pelagic, solitary Hexarthra mira has the ciliary bands of a trochophore in
the unspecialized shape; the pelagic, colonial Conochilus unicornis has similar ciliary bands, only with the lateral parts bent to the
ventral side; the carnivorous, pelagic Asplanchna girodi has only the prototroch; the benthic, carnivorous Notommata pseudocerebrus
mostly creeps on the extended adoral ciliary zone, but occasionally swims with a few prominent groups of compound cilia that
appear to be specialized parts of the prototroch. The arrows point at the mouth. (Redrawn from Beauchamp 1965; Nielsen

1987.)

peculiarities have been observed (Gladyshev and
Meselson 2008; Welch et al. 2008). The integument
typically forms 16 slightly thickened rings that can tel-
escope when the animals contract. Some forms have a
ciliary system, with the prototroch divided into a pair
of trochal discs, an adoral ciliary zone, and a meta-
troch, whereas others have a field of uniform cilia,
probably an extended adoral zone, around the mouth.

Seisonidea, with the only genus Seison with two
species, are epibionts on the crustacean Nebalia. Males
and females are similar, with the wheel organ reduced
to a small ciliated field with short lateral rows of com-
pound cilia.

Adult acanthocephalans are cylindrical or slightly
flattened with a retractile, cylindrical proboscis with
recurved hooks, ideal for anchoring the parasite to the
intestinal wall of the host; many species have rings of
smaller or larger spines or hooks on the whole body.
There is no trace of an alimentary canal at any stage,
and it cannot be seen directly if the proboscis repre-
sents the anterior part of the body with a reduced, ter-
minal mouth or a dorsal attachment organ (see below).
Also the dorsal-ventral orientation has been ques-
tioned. Their eggs are fertilized and develop into the
acanthor stage before the eggs are shed and leave the
host with the faeces. When ingested by an intermedi-
ate host the acanthor hatches in the intestine and

enters the intestinal wall; here it develops into the
acanthella stage and further into the cystacanth, which
is the stage capable of infecting the final host.

Many tissues of rotifers are syncytial, but the number
of nuclei in most organs is nevertheless constant, and
divisions do not occur after hatching; this implies that
the power of regeneration is almost absent.

The body epithelium of the free-living types has a
usually very thin extracellular cuticle probably consist-
ing of glycoproteins and an intracellular skeletal lam-
ina (sometimes referred to as an intracellular cuticle)
apposed to the inner side of the apical cell membrane.
"This intracellular lamina may be of different thickness
in various parts of the body and in different species;
homogeneous in Asplanchna, lamellate in Notommata,
and with a honeycomb-like structure in Brachionus; it
has characteristic pores with drop-shaped invagina-
tions of the cell membrane, and the general structure
isidentical in all the free-living groups (Ahlrichs 1997).
The intracellular skeletal lamina consist of intermedi-
ate filaments of a scleroprotein of the keratine-type;
chitin has not been found.

The acanthocephalan body wall consists of a syn-
cytial ectoderm, a thick basal membrane, an outer
layer of circular muscles, and an inner layer of longitu-
dinal muscles; a rete system of tubular, anastomosing

cells with lacunar canals is found on the inner side of



the longitudinal muscles in Macracanthorbynchus and
between the two muscle layers in Oligacanthorbynchus.
The ectoderm or tegument has very few gigantic
nuclei with fixed positions. The apical cell membrane
shows numerous branched, tubular invaginations that
penetrate an intracellular skeletal lamina consisting of
a thin, outer, electron-dense layer and a thicker, some-
what less electron-dense layer.

The ectoderm of the ciliary bands found in bdel-
loids and monogononts consists of large cells with sev-
eral nuclei and connected by various types of cell
junctions, whereas the ectoderm of the main body
region is a thin syncytium. All ciliated epithelial cells
are multiciliate. The ectoderm of the ciliary bands has
the usual surface structure with microvilli and a layer
of normal, extracellular cuticle between the tips of the
microvilli. Also some of the sensory organs have this
type of cuticle. The buccal epithelium appears to lack a
cuticle and the cilia have modified, electron-dense tips.
The pharyngeal epithelium has multiple layers of dou-
ble membranes that also cover the cilia. The borderline
between these two epithelia marks the origin of a flat-
tened, funnel-shaped structure called the velum that
consists of two thick layers of parallel membranes lin-
ing a ring of long cilia with somewhat blown-up cell
membranes. The muscular mastax carries a compli-
cated system of cuticular jaws (trophi), which are thick-
ened parts of a continuous membrane with more than
50% chitin in Brachionus (Klusemann ez al. 1990). The
whole structure is extracellular; the several reports of
intracellular mastax structures are probably erroneous.
The jaws have a tubular structure with basal, electron-
lucent canals surrounding a cytoplasmic core (Ahlrichs
1995; Rieger and Tyler 1995). The jaws contain impor-
tant systematic information (Serensen 2002). The con-
spicuous hooks of larval and adult acanthocephalans
are outgrowths from the connective tissue and contain
chitin (Taraschewski 2000). This shows that the hooks
are not homologous with the mastax.

The wheel organ shows an enormous variation
(Figs. 22.4-5, 34.1). Some creeping types, such as
Dicranophorus have a ventral, circumoral zone of single
cilia used in creeping; predatory, planktonic forms,
have a almost-

such as Asplanchna, pre-oral,
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complete ring of compound cilia used in swimming;
planktotrophic forms that may be planktonic or ses-
sile, such as Hexarthra, Conochilus, and Floscularia, have
an adoral zone of single cilia bordered by a pre-oral
prototroch and a post-oral metatroch, with the whole
ciliary system surrounding the apical field; many other
variations are found, and Acyclus and Cupelopagis lack
the corona in the adult stage (Beauchamp 1965).
Proto- and metatroch consist of compound cilia, and
the whole complex is a downstream-collecting system
(Strathmann et 4l. 1972).

Particles captured by the corona are transported
through the ciliated buccal tube to the mastax with the
jaws (see above). The macrophagous species can pro-
trude the jaws from the mouth and grasp algal fila-
ments or prey. The movements of the jaws are
coordinated by the mastax ganglion, which receives
input from ciliated sense organs at the bottom of its
lumen and from the brain. Various types of jaws are
characteristic of larger systematic groups and are cor-
related with feeding behaviour. A partly ciliated
oesophagus leads to the stomach, which is syncytial
and without cilia in bdelloids and cellular with cilia in
monogononts. There is a ciliated intestine opening
into a short cloaca and a dorsal anus. A few genera lack
the intestine, so only the protonephridia and the geni-
tal organs open into the cloaca.

The nervous system generally comprises a dorsal
brain, a mastax ganglion, a pedal ganglion associated
with a pair of toes ventral to the rectum, and a number
of peripheral nerves with various types of cells. The
brain comprises about 150 to 250 cells with species-
specific numbers (Nachtwey 1925; Peters 1931). The
monogononts Notommata and Asplanchna (Hochberg
2007, 2009) have rather similar brains (with about 28
identifiable serotonergic cells in Asplanchna); the
planktonic Asplanchna lacks the toes and the pedal
ganglion. The bdelloid Macrotrachela (Leasi et al. 2009)
shows a similar general brain morphology, but with
different numbers and positions of the neurons. A
pair of lateroventral nerves connect the lateroposte-
rior parts of the brain with the pedal ganglion.
Photoreceptors of a number of different types, such as

the phaosomes with peculiar expanded cilia, are found
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embedded in the brain of many species. The pedal
ganglion is usually associated with the feet and the
cloaca, but separate ganglia for the two regions are
found in some species (Remane 1929-1933). One or a
pair of dorsal antennae and a pair of lateral antennae
are small sensory organs comprising one or a few pri-
mary sensory cells with a tuft of cilia. Each transverse
muscle is innervated by one or two large nerve cells,
which gives a superficial impression of segmentation
(Zelinka 1888; Stossberg 1932).

The acanthocephalan brain comprises a low, spe-
cies-specific number of cells. Nerves have been tracked
to the muscles of the body wall and the proboscis, to
paired genital ganglia, to a pair of sense organs at the
base of the proboscis, and to a pair of sensory and
glandular structures, called the apical organ, at the tip
of the proboscis (Gee 1988); both structure and func-
tion of the apical organ are in need of further investi-
gations based on a number of species before definite
statements about its homology to other apical organs
can be made.

Almost all the muscles of the free-living forms are
narrow bands with one nucleus. They attach to the
body wall through an epithelial cell with hemidesmo-
somes and tonofibrils. The two large retractor muscles
of the corona are coupled to other muscles through
gap junctions and send a cytoplasmic extension to the
brain where synapses occur; other muscles are inner-
vated by axons from the ganglia. Bdelloids have the
body wall divided into a series of rings, and both
the anterior and posterior end can be telescoped into
the middle rings; there are one or two annular muscles
in each ring and longitudinal muscles between neigh-
bouring rings or extending over two to three rings
(Zelinka 1886, 1888). There is practically no connec-
tive tissue, and collagen genes are absent in Brachionus
(Suga ez al. 2007). The spacious body cavity functions
as a hydrostatic skeleton in protrusion of the corona.

The proboscis of the acanthocephalans has several
associated sets of muscles that are involved in protru-
sion, eversion, and retraction (Taraschewski 2000).
The proboscis region can be protruded by the muscles
of the body wall and retracted by the neck-retractor
muscles that surround the lemnisci and attach to the

body wall. The inverted proboscis lies in a receptacle
that has a single or double wall of muscles. The con-
traction of these muscles everts the proboscis, with the
receptacle fluid functioning as the hydrostatic skele-
ton, and a contraction of the neck retractors squeezes
fluid from the lemnisci to the wall of the proboscis
that swells. A retractor muscle from the tip of the pro-
boscis to the bottom of the receptacle inverts the pro-
boscis, and the receptacle can be retracted further into
the body by the contraction of the receptacle retractor
that extends from the bottom of the receptacle to the
ventral body wall. There is a spacious body cavity,
which functions as a hydrostatic organ. It contains an
enigmatic organ called the ligament sac(s), which
develops in all types but degenerates in some forms.
The ligament sac(s) and the gonads develop in the
acanthella from a central mass of cells between the
brain and the cloaca, and it is generally believed that a
median string, called the ligament, represents endo-
derm. There is either a single, or a dorsal and a ventral
sac that communicate anteriorly. The sacs are acellu-
lar, fibrillar structures that contain collagen (Haffner
1942). The posterior end of the (dorsal) ligament sac is
connected with the uterine bell (see below).

There is a paired-protonephridial system (Riemann
and Ahlrichs 2010), with one to many flame cells.
Monogononts have large terminal cells with a filtering
weir of longitudinal slits supported by internal pillars,
the bdelloids have similar but smaller cells and lack
pillars, and Seison has a weir with longitudinal spiral
rows of pores and lack pillars. Among the acan-
thocephalans, only the Oligacanthorhynchidae have
protonephridia. Each protonephridium is a syncytium
with three nuclei situated centrally and many radiat-
ing flame bulbs with high numbers of cilia. An
unpaired, ciliated excretory canal opens into the uro-
genital canal.

Female monogononts have an unpaired, sac-shaped
germovitellarium, and the males have a single testis;
both types of gonads open into the cloaca. The ovaries
contain a number of oocytes, which is fixed at birth.
The sperm has an elongate head with the axoneme fol-
lowing the nucleus in the posterior part; the tail con-

tains the axoneme with the cell membrane expanded



laterally into a longitudinal undulating membrane with
a supporting structure (Melone and Ferraguti 1994,
1999). The bdelloids have paired germovitellaria. The
parthenogenetic eggs become surrounded by a chiti-
nous shell secreted by the embryo. Females of Seison
have paired ovaria without vitellaria and the males have
paired testes with a common sperm duct. The sperm
superficially resembles that of the monogonents, but
the cilium is free from the elongate nucleus and situated

germovitellarium

stomach

|
stomodaeum

vitellarium

cerebral

mastax ganglion
ganglion
Y

i
E pharynx F

Figure 34.2. Early development of Asplanchna girodi; median
sections with the polar bodies (apical pole) indicated by a
thick arrow. (A) 16-Cell stage. (B) Internalization of the 4D
cell through an epibolic gastrulation. (C) The germovitellar-
ium is completely internalized and divided into the primor-
dial cells of the ovary and the vitellarium; a small blastopore
is formed through further gastrulation movements. (D)
Gastrulation continues from the dorsal and lateral sides of
the blastopore, forming the endodermal stomach, and the
apical pole (indicated by the polar bodies) moves along the
dorsal side. (E) Further gastrulation movements from the
whole area around the blastopore give rise to the inner part
of the pharynx. (F) The pharynx is now fully internalized and
the mastax ganglion differentiates from its ventral side; the
brain has become differentiated from the ectoderm at the
apical pole. (Modified from Lechner 1966.)
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in a groove on the nucleus at the whole length from the
anterior basal body, and there is a row of peculiar ‘dense
bodies’ in a double row along the elongate nucleus
(Ahlrichs 1998). Acanthocephalans have their gonads
suspended by the ligament strand. The testes have ducts
that open into a urogenital canal, which in turn opens
on the tip of a small penis at the bottom of a bursa cop-
ulatrix. The sperm resembles that of Seison in that the
cilium is situated in a groove along the elongate nucleus,
but the anterior end of the axoneme with the basal body
forms a long anterior ciliary structure, so that it looks as
if the sperm is swimming ‘in the wrong direction’ (Foata
et al. 2004). The axoneme has zero to three central
microtubuli (Carcupino and Dezfuli 1999). The male
injects the sperm into the uterus, and the fertilized eggs
become surrounded by an oval, resistant, chitin and
keratin-containing shell with a number of layers (Peters
etal. 1991).

Studies on monogonont development have centred
on the pelagic genus Asplanchna (Lechner 1966), with
additional observations on Ploesorza (Beauchamp 1956)
and Lecane (Pray 1965). Lechner (1966) reinterpreted
some of the reports on the early development (Fig.
34.2 and Table 34.1) and Nachtwey (1925) described
organogenesis. The cleavage is total and unequal and
the 4-cell stage has three smaller A-C blastomeres and
a large D blastomere; the polar bodies are situated at
the apical pole. The D cell divides unequally, and its
large descendant (1D) comes to occupy the blastoporal
pole, while the smaller descendant (1d) and the A-C
cells form an apical ring. The 1D macromere gives off
another small cell, and all the other blastomeres divide
equally, with the spindles parallel to the primary axis.
The embryo now consists of four rows of cells, with the
large 2D cell occupying the blastoporal pole. The
smaller cells divide further and slide along the mac-
romere that becomes internalized in an epibolic gas-
trulation; the movements continue as an invagination,
forming an archenteron, where it appears that the
stomach originates either from a—c cells or exclusively
from b cells, and the pharynx from all four quadrants.
The 2D cell gives off two abortive micromeres and the
4D cell gives rise to the germovitellarium. The stronger
gastrulation movement of the dorsal side (b cells)
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Table 34.1. Cell lineage of Asplanchna girodi. The original notation is given in parentheses. (Modified from Lechner 1966.)

A (A,) . .. lateral ectoderm, endoderm
AB

C (C,). .. lateral ectoderm, endoderm
CD

D(Ds)l
1D (d4,1)

2D (d5,1) !

3D (6,1) |

!’1b (b4,2) . . . frontal ectoderm, cerebral ganglion

5 l‘lB (b4,1) . . . endoderm (stomach, stomach glands)

1d (d4,2) . . . dorsal and ventral ectoderm
2d (d5,2) . . . ventral ectoderm, nephridia, bladder, uterus, cloaca
3d (d6,2) . . . apoptosis

4d (d7,2) . . . apoptosis
I5d (d8,1) . . . vitellarium
4D (d7,1) 6d (d9,3). .. apoptosis
5D (d8.2) (d9,3) pop
6D (d9,4) ... germ cells

moves the apical pole with the polar bodies towards the
blastopore, so that the cells of the D quadrant finally
cover almost the whole dorsal and ventral side. The
small ectodermal cells of the apical region multiply and
differentiate into the cerebral ganglion, which finally
sinks in and becomes overgrown by the surrounding
ectoderm. The mastax ganglion differentiates from the
epithelium of the posterior (ventral) side of the phar-
ynx, and the caudal ganglion differentiates from the
ectoderm behind the blastopore/mouth. A small caudal
appendix, perhaps with a pair of rudimentary toes (Car
1899), develops at an early stage but disappears in the
adult Asplanchna. Protonephridia, bladder, oviduct, and
cloaca develop from the 2d cell. The origin of the cili-
ary bands and mesoderm is poorly known; muscles of
the body wall have been reported to differentiate from
ectodermal cells (Nachtwey 1925), but this should be
studied with modern methods.

The eggs are highly determined already before the
polar bodies are given off, and the powers of regula-
tion are very limited (Lechner 1966).

The cleavage pattern shows no sign of a spiral
arrangement of the blastomeres, but as far as the cell
lineage is known, the cleavage is clearly of the
D-quadrant type (Fig. 21.1). The cerebral ganglion

develops from cells near the apical pole, and the lack

of a larval stage may have caused a loss of a ciliated
apical ganglion. The ciliary bands have the very same
structure and function as those of larvae and adults of
spiralians, such as annelids and molluscs (Fig. 22.4-5),
but the cell lineage has not been studied.

Bdelloid embryology is poorly known; there is no
meiosis. Zelinka (1891) studied the development of
Callidina (now Mniobia). The embryos become curved
and the report is difficult to follow in detail, but the
development appears to resemble that of the
monogononts.

The development of Seison has not been studied.

Acanthocephalan embryology has been studied by
a number of authors (Schmidt 1985). The polar bodies
are situated at one pole of the ellipsoidal egg and mark
the future anterior end. The first two cleavages result
in an embryo with one anterior (B), two median (A and
C), and one posterior (D) cell; the blastomeres are
usually of equal size, but the posterior cell is larger
than the others in a few species. The embryo becomes
syncytial at a stage of 4-36 cells according to the spe-
cies. Meyer (1928, 1932-1933, 1936, 1938) elegantly
followed the cell lineage (or rather the nuclear line-
age) of Macracanthorbynchus (Fig. 34.3), and reported a
cleavage with a primary axis slightly oblique to the
longitudinal axis of the egg; the A and C cells of the



4-cell stage are in contact along the whole primary
axis, and the spindles of the following cleavages are
almost parallel. After the 34-cell stage, the cells begin
to fuse, soon forming one large syncytium, and the
cleavage pattern and the movements of the nuclei
become difficult to follow. At the stage of 163 nuclei,
small inner nuclei of the ganglion and of the muscula-

urogenital system
gonad + ligament

E ganglinln

Figure 34.3. Embryology of Macracanthorbynchus hirudi-
naceus; embryos seen from the left side. The three first stages
are cellular and the two latest syncytial. (A) 8-cell stage. (B)
17-cell stage. (C) 34-cell stage, the last stage with a regular
cell pattern. (D) Early stage of internalization of the con-
densed nuclei of the inner organs and of the movement of the
apical pole. (E) Stage with fully organized primordia of the
inner organs and with the apical pole at the anterior end. A
quadrant, white; B quadrant, vertically hatched; C quadrant,
black; D quadrant, horizontally hatched; inner primordia are
shown by shading. (Redrawn from Meyer 1928, 1938.)
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ture can be recognized. Soon after, the proboscis forms
from an anterior invagination, and the urogenital sys-
tem forms from posterior ingression of cells. The ori-
gin of the gonads plus the ligament seems uncertain.
Concomitantly, the external areas of the embryo make
differential growth, so that the D quadrant extends
dorsally all the way to the anterior pole, this results in
a strongly bent egg axis, resembling that observed in
Asplanchna (Fig. 34.2). A ring of spines or hooks with
associated myofibrils develop in the anterior end, and
the acanthor larva is ready for hatching. After entering
the first host, the acanthor loses the hooks, their asso-
ciated muscles degenerate, and the early acanthella
stage is reached. The various organ systems differenti-
ate from the groups of nuclei seen already in the acan-
thor stage (Hamann 1891; Meyer 1932-1933, 1938),
but the details of organogenesis have not been studied.
Most tissues remain syncytial, but the nervous system
and the muscles become cellular. The lemnisci develop
as a pair of long, syncytial protrusions from the ecto-
derm around the proboscis invagination (Hamann
1891); in Macracanthorbynchus, a ring of 12 very large
nuclei migrate into the early, cytoplasmic protrusions
(Meyer 1938). The proboscis apparatus is at first
enclosed by the syncytial ectoderm, but an opening is
formed, and the larva is now in the cystacanth stage,
which has almost the adult morphology and is ready
for infection of the final host.

The monophyly of a group comprising the free-
living rotifers and the acanthocephalans is supported
by the presence of the unique epidermis with the
intracellular skeletal lamina, and molecular studies
almost unanimously support monophyly (Giribet ez 4/.
2004; Garcia-Varela and Nadler 2006; Serensen and
Giribet 2006; Witek et al. 2008). However, almost
every possible phylogenetic hypothesis for interrela-
tionships of the four groups has been proposed. They
are probably all monophyletic, and a number of
molecular studies favour a sister-group relationship
between Bdelloidea and Acanthocephala (Giribet ez 4.
2004; Garcia-Varela and Nadler 2006). I have chosen
to retain the name Rotifera for the whole group, and
to treat the four subgroups separately pending addi-
tional information.
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Conway Morris and Crompton (1982) found so
many similarities between the Burgess Shale priapulan
Ancalagon and the living acanthocephalans that they
considered priapulans and acanthocephalans as sister
groups. The overall resemblance between the two
groups is considerable, but the intracellular nature of
both the ‘cuticle’ and the spines on the ‘proboscis’ in
acanthocephalans is in strong contrast to the true
cuticular structure of these organs in priapulans, which
demonstrates that the resemblance is completely
superficial.

Already Hatschek (1878, 1891) stressed the simi-
larities of the ciliary bands of rotifers and trochophora
larvae of annelids and molluscs and proposed that the
common ancestor of these groups had a larva of this
type. Lang (1888) proposed that the rotifers are neo-
tenic, i.e. sexually mature trochophores. However, the
idea of ancestral trochophore-like ciliary bands in
rotifers fell into disregard when Beauchamp (1907,
1909) published his comparative studies on the ciliary
bands of several rotifers. His conclusions were that the
types with the trochophore-type ciliation have evolved
several times from an ancestral type with a circumoral
ciliary field used in creeping, and that the rotifer cilia-
tion could be derived from the general ciliation of a
flatworm via the ventral ciliation of the gastrotrichs.
Jagersten (1972) hesitantly supported the old idea that
the rotifers have the trochophore ciliation and that
this is an ‘original larval feature’, and this was also
favoured by Clément (1993).

I believe that the rotiferan wheel organ, with
proto- and metatroch of compound cilia bordering
an adoral zone of single cilia and functioning as a
downstream-collecting system, is homologous with
the similar bands of the trochophores of annelids,
molluscs, and entoprocts. The various other types of
wheel organs can be interpreted as adaptations to
other feeding types, and the parasitic acanthocepha-
lans are highly derived. The trochophore is defi-
nitely a larval form (Chapter 22) and the rotifers
must therefore be interpreted as neotenic—not as
neotenic annelids, but as neotenic descendants of
the protostomian ancestor, gastroneuron. The plank-

totrophic rotifers must therefore represent the

ancestral type, which have become temporarily or
permanently attached; sessile forms have planktonic
juvenile stages, and changes between pelagic and
sessile habits may have taken place several times; the
macrophagous types, which may be pelagic or creep-
ing, have reduced ciliary bands and must be regarded
as specialized.

A close relationship with the micrognathozoans
and gnathostomulids is indicated both by the general
structure of the mastax jaws (Fig. 31.2) and by the
ultrastructure of the jaws that consists of parallel
cuticular tubules with a dense core.

The molecular analyses are discussed further in

Chapter 31.

Interesting subjects for future research

1. Cell lineage of a species with prototroch—traits of
spiral cleavage

2. Hox genes of species with and without anus

3. Embryology of Seison and bdelloids
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POLYZOA (BRYOZOA s.1.)

The nomenclature of the group here called Polyzoa,
i.e. Entoprocta + Cycliophora + Bryozoa, has a confus-
ing history. Thompson (1830) recognized the group
here called Bryozoa (i.e. Ectoprocta), and gave it the
name Polyzoa. The following year Ehrenberg (1831)
gave the name Bryozoa to the same group. Over time,
Bryozoa has gained preference. The entoproct
Pedicellina was simply placed in the Bryozoa by Gervais
(1837). However, Nitsche (1869) noted important dif-
ferences between Pedicellina and Loxosoma and the
other bryozoans and divided the Bryozoa into
Entoprocta and Ectoprocta. Hatschek (1891) raised
the two groups to phylum rank; he stressed the simi-
larity between the entoproct larvae and rotifers, and
placed the entoprocts next to the rotifers, whereas the
ectoprocts were united with phoronids and brachio-
pods in the group Tentaculata. Hyman (1959) intro-
duced the name Lophophorata for the same group,
and her name is now in common use, although most of
the molecular phylogenies do not support such a clade
(see below).

The group Lophophorata was defined as archimeric
(or trimeric) animals with a ciliated lophophore and a
U-shaped gut. This definition fits the pterobranchs
equally well, but this is usually ignored. An archimeric
body should consist of three regions: prosome, meso-
some, and metasome, each with a paired or unpaired
coelomic compartment: protocoel, mesocoel, and met-
acoel. A lophophore is defined as a mesosomal exten-
sion with ciliated tentacles containing mesocoelomic
canals. However, coelomic sacs are not observed in

bryozoan embryology, and the adult polypides com-

prise a large body cavity 