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Foreword

The subject of animal evolution has been explored
and discussed for a century and a half. As long ago
as the late 19th century, Ernst Haeckel, a renowned
evolutionary biologist and supporter of Darwin,
drew some beautiful phylogenetic trees depicting
the possible course of animal evolution. Haeckel’s
trees included many of the major animal groups,
placed on the tips of gnarled and life-like branches,
each drawn complete with bark and twigs. One
could be forgiven for thinking that the framework
of animal evolution was completed long ago. Such
a view would be grossly mistaken. The past two
decades in particular have seen a revolution in our
understanding of animal evolution, and revisiting
this topic in 2009 is very timely. As the contents
of this volume will testify, research into animal
evolution is currently in its most vibrant phase
ever, with novel conclusions being generated at
great pace.

It is interesting to contrast the nature of current
research, as described here, to the first golden age
of animal evolutionary biology, the late 19th and
early 20th centuries. Many of the early zoologists,
including Kowalevsky, Metchnikoff, van Beneden,
Lankester, Sedgwick, Jagersten, Goodrich, and
T. H. Huxley were superb anatomists and embry-
ologists, and their work has left us with a wonder-
ful and extensive legacy of descriptive data. While
invaluable for understanding animal form and
function, however, these data ultimately proved of
less use for discerning deep animal relationships,
or understanding homologies and evolutionary
transformations. Until very recently, textbooks and
specialized works alike carried speculative, and
often highly imaginative, scenarios of animal evo-
lution, depicting how various body forms could be
derived from others. For every question discussed,

however, there were almost as many scenarios
proposed as there were scientists considering the
question, and as a consequence debate was often
heated, personal, and inconclusive. A comment
made by the Rev. T. R. R. Stebbing at the end of
a 1910 symposium discussing the origin of verte-
brates reveals the lack of progress on just one of
these issues: “‘When we return home and our friends
gleefully enquire, “What then has been decided
as to the Origin of Vertebrates?”, so far we seem
to have no reply ready, except that the disputants
agreed on one single point, namely that their oppo-
nents were all in the wrong’ [Stebbing, T.R.R (1910)
Discussion on the origin of vertebrates. Proceedings
of the Linnean Society of London 122, 9-50].

The fundamental problem plaguing the study
of animal evolution a century ago was that there
was no reliable way to test alternative scenarios, no
objective source of data to evaluate putative hom-
ologies or proposed relationships. Every scenario
was consistent with the available data, although
certainly some theories were more outlandish
than others! This was the major stumbling block to
advance in the study of animal evolution, and it
persisted through much of the 20th century. The
problem is now clearly in focus and at least part of
the solution is at hand. A major component of the
solution is based on the application of molecular
biology to animal evolutionary biology, in partner-
ship with other approaches including develop-
mental biology and palaeontology. Of course,
genetics was first incorporated into evolutionary
thinking in the 1920s to 1940s, when the work of
Thomas Hunt Morgan, R. A. Fisher, Theodosius
Dobzhansky, J. B. S. Haldane, Sewall Wright,
Julian Huxley, Ernst Mayr, G. G. Simpson, and
G. Ledyard Stebbins gradually merged Mendelian
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genetics with Darwinian evolution in a population
context, and convincingly explained microevolu-
tion through changes in allele frequencies. But it
still remained unclear if large anatomical differ-
ences, such as those between animal phyla, could
be explained in the same way. Even if they could,
as many argued, these early genetic studies did not
reveal what genes were actually involved, what
anatomical transformations had happened in evo-
lution, and hence which of the multiple scenarios
for animal evolution were correct. Until the 1980s,
those working on evolutionary genetics had little
interface with whole-organism biology, including
embryology and animal diversity. Zoology was a
divided field. As Frank R. Lillie, former Director
of the Woods Hole Marine Biological Laboratory,
commented in 1927: ‘There can be no doubt, I think,
that the majority of geneticists, and many physi-
ologists certainly, hope for and expect a reunion.
The spectacle of the biological sciences divided
permanently into two camps is evidently for them
too serious a one to be regarded with satisfaction’
[Lillie, ER. (1927) The gene and the ontogenetic
process. Science 66, 361].

Lillie’s hoped for reunion is now upon us. In the
past two decades, molecular genetics has started to
have major impacts on the study of animal evolu-
tion, and in two distinct ways. First, comparison of
DNA sequences is being used to trace evolutionary
relationships between long-divergent animal phyla,
and thus to reconstruct a fairly true genealogy of
animal life spanning over half a billion years. It is
not a simple exercise, and one that is fraught with
methodological and analytical problems, but enor-
mous progress is being made. It is now clear that
combining data from many genes simultaneously,
sometimes over 100 different genes from each spe-
cies, can increase the reliability of phylogenetic
inference, as can analysis of rare genome-level
changes, such as inversions and rearrangements
of the DNA. Examples of both approaches are dis-
cussed in this volume. These strategies have greatly
benefited from recent advances in high-throughput
DNA sequencing, a technology that is moving for-
ward apace, and as such we are truly in the middle
of a revolution in animal phylogenetics. Haeckel’s
trees are being updated with confidence.

The second application of molecular biology
is closely linked with comparative embryology,
the favoured approach of a century ago. Work on
convenient laboratory species, such as Drosophila,
nematodes, and mice, has produced a wealth of
data on the identity and function of genes control-
ling specific aspects of embryonic development,
from setting up of embryonic axes (dorsoventral,
left-right, anteroposterior), to the establishment of
tissue layers, the formation of organs, and the dif-
ferentiation of specific cell types. With the discov-
ery that many (but certainly not all) of these genes
are ancient and present in highly divergent phyla,
it has now become possible to trace how develop-
mental pathways have changed in evolution, or
been deployed in different ways, and relate this to
the evolution of specific structures in animals. As
above, there are technological difficulties and ana-
lytical pitfalls, but the results can be highly persua-
sive. Examples in this volume include new insights
into the diversification of nervous systems, evolu-
tion of larval forms, relationships between body
axes, evolution of segmentation, and the origin of
novel characters.

These applications of molecular biology to
zoology may have stimulated the reunion of devel-
opmental and evolutionary zoology, but they are
not taking place in isolation. A holistic understand-
ing of animal evolution is promised as insights from
these methods are coupled with deeper knowledge
of animal anatomy and embryology, based on old
and new data, insights into divergence dates and
extinct character combinations, informed through
palaeontology, and refined understanding of gene
functions. A revolution in understanding animal
evolution is upon us.

Peter W. H. Holland

Linacre Professor of Zoology,
Department of Zoology,

University of Oxford, South Parks Road,
Oxford OX1 3PS, UK
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Introduction

The year 2009 is an important one for evolutionary
biologists, encompassing the 200th anniver-
sary of the publication of Lamarck’s Philosophie
Zoologique, the 200th anniversary of Darwin’s
birth and the 150th anniversary of the publication
of On the Origin of Species; the Darwin bicenten-
nial comes hot on the heels of the tercentenary of
the birth of Linnaeus (2007), the original excuse
for the meeting that assembled the authors of
this book.

While the anniversaries of Linnaeus, Lamarck,
and Darwin are clearly of particular significance
to evolutionary biologists, it is not hard to identify
other contemporary anniversaries marking the
beginnings of research topics that have had a major
impact on the content of chapters in this book. The
year 2009 sees the 100th anniversary of Walcott’s
discovery of the Cambrian fossils of the Burgess
Shales, the 25th anniversary of the discovery
(twice) of the homeobox, and marks 21 years since
the first analysis of metazoan phylogeny using
small subunit rRNA sequences was published by
Field et al. (1988) and, whilst the great significance
of a 21st birthday might be questioned, we note
that the original Field et al. publication appeared
on 12 February—Darwin’s birthday.

The passage of time, its punctuation by not-
able events, the significance of individuals, and
the passing on of experience and knowledge
are of course all notable components of evolu-
tion itself, with the important additions of selec-
tion and diversity. Our selection of authors for
this volume was by no means random, as we
had crossed paths with them in the past either
personally (as collaborators or colleagues), or
through their publications and presentations at
scientific meetings.

The central questions of how animals originated
and how they diverged and radiated to become the
diverse forms they are today are of sufficient inter-
est to engage a varied group of scientists using an
equally broad variety of approaches. More import-
antly, in spite of the problems so far encountered,
recent history suggests that much can be revealed
about animal evolution and that the resolution of
key branching points in the tree of life is indeed
achievable. Our choice of authors, then, was further
guided by the need to sample diversely across taxa,
disciplines, and over various scales of perspective
(time, level of biological organization), whilst pro-
viding an overview of the key elements that make
up modern studies of animal evolution through an
understanding of their genomes, fossils, and inter-
relationships. In this volume we chose to promote
dialogue between systematists, palaeontologists,
and evolutionary developmental biologists, reflect-
ing our own interests but also, we believe, an area
where collaboration is driving a greater under-
standing of animal evolution.

Fossils are in a unique position to provide
additional characters for the resolution of phyloge-
nies, polarization, and ordering of character trans-
formations and provide the time and ecological
background for the evolution of key novelties.
Graham Budd (Chapter 1) explores the nature and
beginnings of the animal fossil record, and con-
siders in particular the recent findings of fossil
embryos and other key forms, the incongruence
between molecular and palaeontological estimates
of the time of origin of major clades, and the nature
and significance of events around the Cambrian.
Finally, Graham considers the evidence implicating
oxygen as a potential engine driving the Cambrian
explosion of animal diversity.

xiii



xiv.  INTRODUCTION

Employing the latest Bayesian methods for esti-
mating divergence times from molecular data,
Kevin Peterson and colleagues (Chapter 2) con-
sider the vagaries of estimating divergence times
from the fossil record. They conclude that available
data satisfy the notions of a Cambrian explosion
of metazoans but indicate that the ecological and
evolutionary fuses were set with the emergence of
the Bilateria in the Ediacaran.

The origins of multicellularity are the focus of
attention of Nicole King’s team, led by Scott Nichols
(Chapter 3), with a consideration of last common
metazoan ancestors by means of a comparison of
shared features, including patterns of gene expres-
sion, particularly in the diploblasts. Finally, they
consider the emergence of the eumetazoan epithe-
lium that, arguably, provided the means by which
complex specialized organ systems subsequently
evolved (Schmidt-Rhaesa, 2007).

The characteristics of the last common ances-
tor of the Bilateria, the so-called ‘Urbilateria’, are
of great current interest and, in addition to the
study of fossils, there are two approaches being
employed to reconstruct this animal. The first is to
attribute to Urbilateria the shared characteristics of
the protostomes (Lophotrochozoa and Ecdysozoa)
and the deuterostomes. The second approach is to
look directly at the extant members of what may
be an even earlier branch to consider their biol-
ogy as a clue to the nature of bilaterian ancestors.
Andreas Hejnol and Mark Martindale (Chapter 4)
draw upon their recent studies of gene expression
in the basally branching acoel Convolutriloba longi-
fissura to consider gastrulation and, in particular,
the relationships between the openings of the ali-
mentary canal and the blastopore, details that may
define major subdivisions of the Bilateria.

As Rudy Raff (Chapter 5) reminds us, the origins
of bilaterian animal body plans are not only about
adult forms. Understanding animal evolution is as
much about revealing and explaining the evolu-
tion of ontogenies. Reviewing evidence from gene
expression of patterning genes, phylogeny, morph-
ology, and palaeontology, Raff argues that many
larval features may have arisen independently,
with new features emerging as adult bilaterian-
expressed genes being co-opted for use in pelagic

larvae. With the appearance of larval forms, the
forces of evolution had an entirely new set of life
forms (developmental stages) to act upon.

Following in the wake of recent new phylog-
enomic data sets involving hundreds of genes,
Gonzalo Giribet and colleagues (Chapter 6) tackle
the interrelationships of the Lophotrochozoa, or the
Spiralia as they prefer to call them, and consider
the newest of the new animal phylogenies, whilst
highlighting the anomalies, inconsistencies, and
persistent gaps in both gene sampling and mor-
phological and developmental character coding.

Studies of individual organ systems provide a
particular insight into evolutionary patterns and
processes. Drawing from elegant comparative
studies, Detlev Arendt and co-authors (Chapter 7)
reveal complex similarities between the pattern-
ing of the central nervous system of a protostome
(the annelid worm Platynereis dumerilii) and that of
the chordates. They conclude that the protostome/
deuterostome ancestor already had a centralized
rather than diffuse nervous system patterned in
this way and suggest that the diffuse nervous sys-
tem in hemichordates is therefore a derived char-
acteristic.

Charting the recent emergence of a major new
clade, the Ecdysozoa, and the battles for and
against accepting its validity is an exercise in
understanding modern animal evolutionary stud-
ies. Max Telford and colleagues (Chapter 8) show
that the Ecdysozoa are here to stay and discuss
the new interpretation of morphological characters
suggested by their interrelationships.

One major clade that has persisted since before
the molecular revolution in phylogenetics is the
Deuterostomia but its membership and their inter-
relationships, particularly the placement of enig-
matic fossils and worms, has provided a vibrant
forum for interdisciplinary studies. With the wealth
of information from genomes, development, and
morphology, this mixture of invertebrates and ver-
tebrates has posed a considerable number of prob-
lems for scientists integrating independent data
sets, as Andrew Smith and Billie Swalla explain
(Chapter 9).

Chris Lowe (Chapter 10) describes studies com-
paring development in the chordates with those of



Xenambulacrarian hemichordates. Despite signifi-
cant differences in morphology, the degree of con-
servation of gene expression patterns is striking,
and Lowe alludes to the confidence and insight
gleaned from establishing ancestral gene networks
as a basis for understanding homology. These at
least provide a sound basis for interpreting the
diversity of forms that such gene networks have
given rise to.

The study of animal evolution is beset by prob-
lems in all shapes and forms. From a systematic
perspective, particular taxa have risen to become
problematic in themselves; interpreting their biol-
ogy in order to glean statements of homology,
placing them in a phylogeny, or reconciling their
biology with their phylogenetic placement. Such
Problematica are the subject of the contribution by
Ronald Jenner and Tim Littlewood (Chapter 11),
who review the kinds and causes of problematic
taxa amongst the invertebrates, whilst attempting
to formulate some possible solutions for dealing
with them in time.

Denser taxon and character (particularly gene)
sampling is widely heralded as the means by which
more accurate phylogenies can be resolved, yet
Nicolas Lartillot and Hervé Philippe (Chapter 12)
explain how the power of phylogenomics can only
be harnessed properly by employing improved
models of molecular evolution. Regardless of
method of analysis, their contribution shows that
novel relationships require a biological explan-
ation. Of course, evolutionary signal from molecu-
lar data does not stem uniquely from nucleotides
and amino acid sequences of individual genes. Jeff
Boore and Susan Fuerstenberg (Chapter 13) look
at the prospects for comparing entire genomes,
from their constituent molecules to the biochem-
ical and developmental pathways they control, for
providing suites of new characters for phylogenetic
reconstruction.

As evolutionary biologists become more involved
in choosing taxa for genome characterization, or
even characterizing genomes in their own labora-
tories thanks to second-generation sequencing
technologies, it is clear that the depth of sam-
pling needed to build and interpret the new ani-
mal phylogeny is currently thin. Richard Copley

INTRODUCTION  xv

(Chapter 14) asks where in the genomes do the
phenotypic differences between animal taxa arise?
Notwithstanding the paucity of current taxon sam-
pling that requires us to consider existing model
laboratory organisms as exemplars of metazoan
diversity, it seems clear that the more we know
about comparative genomics the more we can
reveal about function across the genome. Copley
argues that to understand fully the differences and
similarities between genomes, it is necessary to go
well beyond catalogues of shared genes. Instead, it
is an understanding of the interactive components
that link genotype with phenotype that will allow
genomic studies to contribute to what might be
construed as a return to organismal biology in its
modern sense, where entire animals are viewed in
a comparative evolutionary context integrating all
available evidence.

Meanwhile, somewhat in contrast to the ‘more
genes’ approach to phylogenetics, Erik Sperling
and Kevin Peterson (Chapter 15) show that micro-
RNAs, small, ubiquitous, non-coding regulatory
genes, have the power to resolve phylogenies
across the animal tree of life and argue that their
unique properties make them the new characters
of choice.

Andrew Peel (Chapter 16) addresses questions
of the evolution of novelty in the insects, looking
at the evolution of long- versus short-germ devel-
opment in the holometabolous insects. One major
conclusion is that developmental modes are not
fixed in stone and have evolved both divergently
and convergently in the insects. Morphology
and developmental genetic networks can effect-
ively become decoupled; one result of which is
that attributing homology to developmental fea-
tures based on common gene expression can be
misleading.

The diversity of non-model systems is steadily
increasing. Patricia Beldade and Suzanne Saenko
(Chapter 17) describe one such system, the butter-
fly Bicyclus anynana, and their approach for study-
ing one striking aspect of these butterflies, their
wing eyespots. The finding that evolutionary
novelties such as wing eyespot development have
involved the redeployment of genes from well-
understood pathways involved in other diverse
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aspects of patterning in fruitflies gives one line
of promise for the inclusion of many more diverse
taxa as model laboratory organisms for evo-devo
research.

In the final chapter we take the opportunity to
consider some of the major steps made in the study
of animal evolution, and the remaining hurdles
that have a chance of being overcome in the next
few decades. With new data come new perspectives

and with new technologies comes renewed enthu-
siasm. Each generation has the opportunity to
build on the successes and insights of those gone
by and to contribute to further understanding the
animal in us all.

Maximilian J. Telford
and D. Timothy J. Littlewood
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CHAPTER 1

The earliest fossil record of the
animals and its significance

Graham E. Budd

The fossil record of the earliest animals has been
enlivened in recent years by a series of spectacular
discoveries, including embryos, from the Ediacaran
to the Cambrian, but many issues, not least of dat-
ing and interpretation, remain controversial. In
particular, aspects of the taphonomy of the earli-
est fossils require careful consideration before pro-
nouncements about their affinities. Nevertheless, a
reasonable case can be now made for the extension
of the fossil record of atleast basal animals (sponges
and perhaps cnidarians) to a period of time signifi-
cantly before the beginning of the Cambrian. The
Cambrian explosion itself still seems to represent
the arrival of the bilaterians, and many new fos-
sils in recent years have added significant data
on the origin of the three major bilaterian clades.
Why animals appear so late in the fossil record is
still unclear, but the recent trend to embrace ris-
ing oxygen levels as being the proximate cause
remains unproven and may even involve a degree
of circularity.

1.1 Introduction

The ‘Cambrian explosion’ is a popular term that
refers to the period of profound evolutionary and
environmental change that took place at the open-
ing of the Phanerozoic some 540 million years ago
(Ma). Although this set of events is multifaceted, it
is associated primarily with the origin of animals
in the fossil record. For over 150 years, an argu-
ment has raged about the reality of this event. Is it
a genuine evolutionary event, or merely a sudden
manifestation in the fossil record of evolutionary

processes that took place long before? Even if the
fossil record of that time is accurately recording
the unfolding of events in real time, the question
of why the events took place then—and what the
potential trigger was—has continued to be prob-
lematic. The Cambrian explosion itself has been
much discussed (Gould, 1989; Conway Morris,
1998a, 2003a; Knoll and Carroll, 1999; Budd and
Jensen, 2000; Knoll, 2003). Here I want to focus on
three issues: the age of the earliest animal fossils,
the continuing debate about their affinities, and
finally, a critical examination of the most popu-
lar candidate for ‘triggering’ the explosion; the
concentration of atmospheric oxygen.

Geologists as long ago as William Buckland
(1784-1856) realized that a dramatic step change in
the fossil record occurred at the base of what we
now call the Cambrian. The apparent appearance
in the fossil record of many animal groups with
few or no antecedents caused Charles Darwin great
trouble—indeed he devoted a substantial chapter
of the Origin to this problem. Further insights were
provided by the remarkable amount of work on
North American faunas by Charles D. Walcott, who
proposed that an interval of time, or the ‘Lipalian’,
was not represented in the fossil record and/or
did not preserve fossils and that the forms ances-
tral to the Cambrian taxa evolved during this time.
However, the intense modern interest in the subject
was probably sparked by the work of Whittington
and colleagues in their redescriptions of the
Burgess Shale (see below), together with Stephen
Jay Gould’s popular account of this work, Wonderful
Life, published in 1989. In recent years, the attention
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paid to the youngest part of the Precambrian has
led to the erection of the formal Ediacaran Period
of c¢. 630-542 Ma (Knoll et al., 2006), an interval that
has been intensely scrutinized for its bearing on
the origin of the animals.

1.2 Fossil evidence for the origin of
animals: the state of play

The classical fossil evidence for the early evolu-
tion of animals consists of several sources: trace
fossils, the Ediacaran biota from just before the
beginning of the Cambrian (Narbonne, 2005), the
conventional Cambrian fossil record (Bengtson,
1992), and the Burgess Shale fauna (Briggs et al.,
1995). In recent years these data sources have been
enriched by further important discoveries, espe-
cially new Cambrian exceptional faunas such as
the Chengjiang fauna (Hou et al., 2004) and indeed
very substantial new discoveries from the Burgess
Shale itself (Caron et al, 2006; Conway Morris
and Caron, 2007); the Doushantuo fossils from
the Ediacaran period of the latest Precambrian
(Xiao and Knoll 2000; Xiao et al., 2007a; Yin et al.,
2007), and more Ediacaran discoveries, such as
from Namibia, Newfoundland, and the White Sea
(Grazhdankin and Seilacher, 2002; Narbonne, 2004).
Outside the Cambrian, the Silurian Herefordshire
fauna has also yielded some remarkable fossils
that have had significant bearing on the origins of
various animal clades (e.g. Sutton et al., 2001a, 2002;
Siveter ef al., 2007). The volume of data that the fos-
sil record has brought to bear on the issue of the
origin of the animals has thus notably increased
in recent years, explaining the exciting dynamism
that currently characterizes the field. Nevertheless,
even a casual observer would note that few of these
new inputs have been without controversy; with
high-profile publications regularly attracting pub-
lished responses or critical reviews. The undeni-
able difficulties surrounding these data can be
attributed to several causes: (1) an often incomplete
understanding of the taphonomy (i.e. the complete
set of preservational processes surrounding the
production of the final fossil), a lack that has often
led to interpretation of ambiguous fossils in a pre-
conceived manner; (2) the continuing discussion

of how Cambrian taxa should be classified; and
(3) various dating problems.

1.2.1 The Doushantuo Formation and its
taphonomy

The processes that convert a living organism into a
mineralized or organically preserved fossil are far
from being fully understood; nevertheless, at least
some understanding of them is essential if fossils
are to be successfully interpreted (Butterfield et al.,
2007). Nowhere has this been more important than
the evaluation of the various exceptional faunas
around the Precambrian/Cambrian boundary. Of
particular recent interest has been the Doushantou
Formation (Fm) of South China. This ¢. 250-m thick
sequence of siliciclastic, phosphatic, and carbonate
rocks has yielded exceptionally preserved puta-
tive examples of algae, acritarchs, and metazoan
embryos and adults including sponges and a bila-
terian (Chen et al., 2000; Xiao and Knoll 2000; Yin
et al., 2001, 2007; Chen and Chi 2005; Dornbos et al.,
2006; P. J. Liu et al., 2006; Tang et al., 2006; Xiao et al.,
2007a). However, nearly all of these fossils have
proved highly controversial. One reason for this is
clear: the Doushantuo Fm has been dated to well
before the beginning of the Cambrian, and thus
these fossils would undoubtedly include the oldest
animals in the record (but see below).

The preservation in phosphate of many
Doushantuo fossils leads to problems of disen-
tangling primary morphology from subsequent
taphonomic overprints (Bengtson and Budd, 2004;
Xiao et al., 2000). As a result of such concerns,
some of the more extravagant claims, such as that
the Doushantuo biota includes representatives of
bilaterians and deuterostomes, do not currently
stand up to scrutiny. Nevertheless, and not with-
standing attempts to provide alternative bacterial-
affinity explanations (Bailey et al,, 2007a,b; Xiao
et al., 2007b), the Doushantuo fossils remain as
convincing embryos. Even if the presence of phos-
phatized embryos is accepted though, a significant
amount of disagreement over their precise dating
remains, which, in its extreme, would extend the
range of animals down to close to the opening
of the Ediacaran at around 630 Ma, while at the



other extreme the Doushantuo fossils may not sig-
nificantly pre-date the oldest Ediacaran fossils at
around 565 Ma.

1.2.2 Towards a chronology of the latest
Precambrian

The later stages of the Precambrian are marked
by glaciations of global extent that show up in the
record as, for example, a series of tillites (lithi-
fied glacial sedimentary rocks of mixed compos-
ition that are formed as the result of movement
by ice). These glaciations have been suggested
to be evidence for the so-called ‘snowball earth’,
i.e. intervals of time when the earth was effect-
ively deep-frozen. The amelioration of conditions
after these glaciations has been suggested to be a
key factor in the rise of the animals (Runnegar,
2000), although the mechanism for such a direct
causality remains largely obscure. The interval
of time known informally as the ‘Cryogenian
from approximately 850-630 Ma is marked in the
Australian record by two distinct ice intervals: the
‘Sturtian” and the ‘Marinoan’ (Kennedy et al., 1998).
These glacial intervals can be correlated with gla-
cial deposits elsewhere in the world, such as in
China (Zhou et al., 2004). In addition, a further
short-lived glacial interval, the ‘Gaskiers’, known
primarily from Newfoundland (Eyles and Eyles,
1989), has been dated to be c. 580 Ma. Correlating
Precambrian glacial intervals worldwide is diffi-
cult at best, largely because of the lack of accurate
biostratigraphical control, and the task is compli-
cated by the technical problems associated with
the various types of absolute radiometric dating.
As a result, a number of minority views exist, such
as that the Marinoan and Gaskiers glaciations are
identical (based on dating in Tasmania; Calver
et al., 2004). As far as the dating of the Doushantuo
Fm goes, the glacial rocks below can be dated
to close to 635 Ma, and the base of the overlying
Dengying Fm, has been dated to 551 Ma (Condon
et al., 2005). A complicating factor is that the well-
preserved fossils of the Doushantuo Fm are known
not from its type locality but from the Weng’an
locality, which consists of a much shorter (c. 40 m
thick) section made up largely of two phosphoritic
units (Dornbos et al., 2006).

EARLIEST FOSSIL RECORD OF THE ANIMALS 5

An additional aid to dating comes in the form
of chemostratigraphy, especially using 6C%, which
suggests that the Doushantuo Fmis marked by three
negative 6C® excursions: one at the base, associated
with the so-called ‘cap carbonates’ that directly
overlay the glacial deposits; one in the middle, and
one near the top (Condon et al., 2005). It has often
been thought that the excursion towards the top is
associated with the Gaskiers glaciation, in which
case the age of the Doushantuo Fm would range
from about 580-635 Ma. The significance of these
dates is that all of the Doushantuo fossils would
pre-date the oldest of the famous Ediacaran fossils
such as Dickinsonia etc., and thus would provide an
independent record of animal life during a period
of time for which no large-body fossils or trace fos-
sils are known. Indeed, the overlying Dengying
Fm does yield Ediacaran-type fossils, which could
be said to support this contention. However, some
recent work has questioned this view, suggesting
that it is the middle 6C® in the Doushantuo Fm
that corresponds to the Gaskiers Fm (despite the
lack of other evidence for glaciation in the type
area; in the Weng’an section, a definite break in the
sequence at this point could be correlated with gla-
cially related drop in sea-level). This would con-
strain the age of the upper Doushantuo Fm units
to lie within about 551 and 580 Ma (Dornbos et al.,
2006), and, as it is this interval that is thought to
yield the animal fossils, these fossils could plaus-
ibly be regarded as being of a similar age to the
Ediacaran assemblages. In order for this model to
be correct, some of the published radiometric dates
for the Doushantuo Fm would have to be incorrect
(Barfod et al., 2002), but given the care required to
interpret whole-rock radiometric dates, this possi-
bility cannot simply be ruled out.

More recently, the claim has been made that at
least one of the enigmatic acanthomorphic (i.e.
spinose) acritarchs (see Figure 1.2), which are nor-
mally assigned to protist groups such as the green
algae and dinoflagellates, are actually the hulls
of diapause animal eggs (Yin et al, 2004, 2007).
Although the fossil in question, Tianzhushania, is
known to contain embryos only in the upper part
of the Doushantuo Fm, it ranges down to very
close to the base, and thus to 630 Ma or so. The
claim would be that the oldest animal fossils of
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the Doushantuo Fm, dating back to just after the
Nantuo glaciation (i.e. the Chinese glacial deposits
normally correlated with the Marinoan) are of this
age, a time that pre-dates the first Ediacaran fossils
by some 60 million years, as well as the more con-
servative molecular clock estimates for the diver-
gence of the bilaterians.

Despite the obvious uncertainties, the most
reasonable interpretation of the data is thus that
embryo-forming animals of some sort had evolved
by just after Marinoan time; that sponges and
presumed other animals had started to emerge
by 580 Ma at the latest; and that the Ediacaran
biotas are likely to be a little younger than the
Doushantuo embryos. The upshot of the new data
is that much more convincing evidence exists in
the fossil record for an origin of the animals con-
siderably before the Cambrian than it did 10 years
ago (Budd and Jensen, 2000), with an inferred
documented fossil origin of the entire clade being
datable to just after 635 Ma—a significant result
(see Figure 1.1 for summary).

If animals had already evolved at this time, why
is it that the rest of the record does not correlate
with it—why are there no macro body fossils and
no (generally accepted) trace fossils? The answer
to this question, which on the face of it seems to
directly contradict predictions (Budd and Jensen,
2000) that no animals existed significantly before
the first good trace fossils at around 555 Ma, may
hinge on what sorts of organisms these embryos
represent. Given their relatively unusual develop-
ment, with large numbers of cell divisions taking
place without any sign of gastrulation or epithe-
lial formation, it has been suggested that they are
from stem-group metazoans; i.e. from organisms
more basal than any living animals including
sponges (Hagadorn et al., 2006). Given that such
an organism, lacking muscles and other features
of the more derived bilaterians, would be unlikely
readily to form either body or trace fossils, such an
assignment is consistent with the hypothesis that
bilaterians emerged later, close to the Precambrian-—
Cambrian boundary.

What is perhaps more surprising is the gen-
eral lack of convincing sponge spicules from the
Precambrian (Gehling and Rigby, 1996, Brasier
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Figure 1.1  Provisional timescale for events around

the Precambrian/Cambrian boundary: 1, range of large,
acanthomorphic ‘Ediacaran’ acritarchs; a genus that contains
metazoan-like embryos is found from close to the bottom of their
range just above the Marinoan glaciation rocks; 2, possible range
of Doushantuo embryos and cnidarian-like fossils according to
Barfod et al. (2002); 3, possible range of the same according

to Condon et al. (2005), which if correct is uncertain,but the
former is favoured here; 4, the ‘Ediacaran’ biota; 5, trace fossils;
6, Cloudina and Namacalathus; 7, classical small shell fossils. The
letters correspond to key dated points in metazoan evolution in
Peterson and Butterfield (2005) based on minimum evolution:

A, origin of crown-group Metazoa; B, total-group Eumetazoa;

C, Crown-group Eumetazoa; D, crown-group Bilateria (here
equivalent to Protostomia plus Deuterostomia); E, crown-group
Protostomia. The ‘formative interval’ during which distinctive
bilaterian features were assembled according to this dating is
marked by arrows.



Figure 1.2 The Ediacaran acanthomorphic acritarch Tanarium
pluriprotensum from the Tanana Formation, in the Giles 1 drillcore,
Officer Basin, Australia (X75). At least some Precambrian
acanthomorphic acritarchs may be the eggs of animals. Courtesy of
S. Willman.

et al., 1997; Li et al., 1998); given that living sponges
may be paraphyletic,
should be spiculate, and spicules should thus be

stem-group metazoans

present very early on. If this absence is genuine
as opposed to taphonomic (Pisera, 2006), then the
suggestion would be that crown-group metazoans
did not evolve until close to the beginning of the
Cambrian. Finally, the suggestion that mineralized
sponge spicules are convergent within sponges
and thus need not characterize basal metazoans at
all (Sperling et al., 2007) is one other obvious way
around this impasse. In summary there seems to
be no good reason as yet to place the radiation of
the bilaterians significantly before the first decent
trace fossils at around 555 Ma or so; although
evidence for the presence of metazoans of some
sort considerably before this point seems to be
hardening.

1.2.3 The status of Cambrian fossils

The years in which the various exceptionally pre-
served fossils from the Cambrian were viewed as
representing a plethora of body plans essentially
unrelated to the extant phyla have now passed,
closing a tradition that dates back many decades
(Nursall, 1959). Nevertheless, the significance of
Cambrian taxa continues to be hotly debated.
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Many workers (Smith, 1984; Runnegar, 1996, Budd
and Jensen, 2000) have seen the apparently more
bizarre forms as lying in the stem groups of the
extant phyla, thus providing a critical basis for
understanding the origin of animals as we see them
today. A corollary of this view is that the modern
phyla, strictly considered, often do not emerge until
some time after the classical Cambrian explosion,
with the major radiation associated with the begin-
ning of the succeeding Ordovician period being at
least as important for the emergence of modern
body plans. Conversely, other writers have seen this
definition of the phyla to be overly legalistic (Knoll,
2003; Valentine, 2004; Briggs and Fortey, 2005). Part
of the disagreement is a relatively uninteresting
one over terminology (i.e. when does a fossil qual-
ify to be straightforwardly called an ‘echinoderm’
for example), but this surface dispute conceals a
more important issue, which is over the actual tim-
ing of the establishment of the extant body plans.
The difficulty partly arises because it is often hard
to say with confidence when the ‘crown node’ that
subtends the crown group has been attained.
Although a crown group can be defined empir-
ically by the results of a cladistic analysis and
supported by the synapomorphies at its base, the
practical issues involved in placing any particu-
lar fossil within or outside it can be difficult to
resolve. In order to identify membership of the
crown group, it is necessary not only to show that
the fossil in question possesses the set of plesio-
morphic features associated with its crown group
(i.e. it lies within at least the total group), but also
that it possesses at least one apomorphy of one of
the clades included within it. This task is compli-
cated by the phylogeny of the ingroups often being
uncertain (with a good example being provided by
the molluscs), and by the possibility of apomor-
phic character states for an in-group of the phylum
actually being plesiomorphic, but lost in the sister
group to the group that now possesses them (Budd
and Jensen, 2000). Such a possibility is locally
unparsimonious, but may not be globally so. The
net result of these two effects is that although a
taxon may look rather similar to a crown-group
member of its phylum, its crown-group status can-
not be confirmed. For example, there are several
Cambrian taxa such as Ottoia that closely resemble
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crown-group priapulids, but nevertheless lie near
the top of the stem group (Wills, 1998; Dong et al.,
2004). As a result, the formal origin of the crown
group is pushed much later, probably to the
Carboniferous. It nevertheless seems fairly clear
that the basic features of the priapulids had been
attained early on in their history, and the formal
origin of the crown group, although strictly accur-
ate for determining the point at which the modern-
day body plan appeared (at least as measured by
the fossil record), is a trivial event compared with
the evolution of the basic form that took place in
the Cambrian (Fortey et al., 1996).

As a result of this potentially misleading appli-
cation of the stem-group/crown-group distinc-
tion, the alternative idea of extending the phylum
concept phylogenetically backwards to incorpor-
ate formal members of the upper stem group is
favoured by several writers. While this proposal
has its merits, it has obvious drawbacks too: for
example, how unlike the modern phylum does
a stem-group member need to be before being
excluded from the group and other problems asso-
ciated with the erection of subjective paraphyletic
groups? Although the formal stem-group concept
is of course paraphyletic, it at least has the advan-
tage of being objectively so, with the arbitrary but
empirical datum point being survivorship to the
modern day.

Despite the objections to the idea then, the use
of the stem-group/crown-group distinction has
the advantages of providing a fixed and objective
measure that is comparable across phyla for when
the modern clade can be formally recognized in the
fossil record; and it does not seem that any alterna-
tive proposals, which may rely on a subjective or
even misleading assessment of what an ‘important’
character for a particular clade is, offer much of an
advance.

Although I wish to continue to defend the use of
the stem-group/crown-group distinction as being
of phylogenetic and historical importance, the rea-
sons for its rejection are certainly worth serious
consideration. It is clear that by Burgess Shale time
in the Middle Cambrian (i.e. about 507 Ma) most
extant clades had appeared, and many of them
had members that were, at least in a broad sense,
recognizable as being similar to the crown group

itself. A far from inclusive list might include the
arthropods, molluscs, priapulids, and brachiopods:
Cambrian life is different, but not alien. Therefore,
although the recognition that crown groups in gen-
eral evolve late allowing some body-plan evolution
to be ‘smeared upwards’ into the Palaeozoic (Budd
and Jensen, 2000), the latest Proterozoic and earliest
Cambrian were still highly significant periods dur-
ing which the classical features of the phyla as we
see them today were partly, or even largely, assem-
bled. These include the origins of segmentation, the
coelom, blood-vascular and nervous systems, and
nephridia. A major unsolved question of course
is whether or not these features evolved once, at
the base of the bilaterians, and were then subse-
quently lost as the early bilaterians radiated into
niches where they were functionally pointless (e.g.
in the meiofauna) or whether they evolved inde-
pendently several times under strong convergent
pressure (Conway Morris, 2003a,b), often using a
similar developmental toolkit to do so. This ques-
tion would be resolvable by a much more precise
phylogeny than is currently available and must be
regarded as a major aim of the investigation of the
origins of the animals.

1.2.4 Recent advances in basal animal
palaeontology

Study of the fossil record of the oldest animals has
been enlivened by the molecular evidence that the
extant sponges are paraphyletic, with the Calcarea
being more closely related to the Eumetazoa than
the other sponges (Cavalier Smith et al., 1996;
Borchiellini et al., 2001; Peterson and Butterfield,
2005). Such a finding gives hope of understand-
ing the vexed issue of what sort of organism
the eumetazoans (i.e. cnidarians plus bilateri-
ans) evolved from. Indeed, the notable discovery
(Botting and Butterfield 2005) that the Burgess
Shale sponge Eiffelia (Figure 1.3a) possesses both
hexaradiate spicules (characteristic of calcareans)
and tetraradiate spicules (characteristic of hex-
actinellids), suggests that the fossil record may
allow at least some insights into the earliest tran-
sitions in animal evolution; insights that comple-
ment those, not uncontroversially, already attained
for other basal groups such as the ctenophores
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Figure 1.3 Basal metazoan fossils. (a) Eiffelia globosa from the Middle Cambrian Burgess Shale (ROM 57023; X5.0) (Botting and
Butterfield 2005). As well as the prominent hexaradiate spicules typical of calcarean sponges, rows of smaller, hexactinellid-like tetraradiate
spicules are also visible (arrowed). Courtesy of N. J. Butterfield. (b) A section of Sinocyclocyclicus guizhouensis from the Ediacaran Doushantuo
Formation (Xiao et al. 2000; Liu et al. 2008) (x130). This small, branching tabulate fossil has been interpreted as being a potential stem-

group cnidarian. Courtesy of Shuhai Xiao.

(Conway Morris and Collins, 1996; Shu et al., 2006;
Chen et al., 2007).

Conversely, the early record of cnidarians
remains uncertain. Whilst some of the Ediacaran
taxa, especially the fronds and disc-shaped fos-
sils, have classically been interpreted as cnidar-
ians, the interpretation of these remains in doubt,
partly because of profound differences in growth
patterns (Antcliffe and Brasier, 2007). On the other
hand, the Doushantuo Fm has once again gener-
ated material of interest, especially the branching
tabulate form Sinocyclocyclicus (Xiao et al., 2000),
material that, although potentially algal, does dis-
play a set of characters that are compatible with
cnidarian affinities (Figure 1.3b). Thus, sponges,
cnidarians, and potentially ctenophores are all
known from Precambrian strata. These findings,
and the continuing general lack of convincing evi-
dence for bilaterians until just before the beginning
of the Cambrian, all suggest that ‘radiate” animals
were radiating during the Ediacaran, and that the
Cambrian explosion itself represents the radiation
of bilaterians (Benton and Donoghue, 2007).

The status of the classical Ediacaran fossils, such
as Spriggina, Dickinsonia, etc., remains highly uncer-
tain. While new well-preserved material from, for
example, Namibia (Dzik, 2002), the White Sea area

(Zhang and Reitner, 2006), and Newfoundland
(Narbonne, 2004), has added information about
their morphology, and has led to claims that some
of these taxa can now be accommodated in the stem
or crown of groups such as the ctenophores (Dzik,
2002; Shu et al., 2006; Zhang and Reitner, 2006), the
ever-present problem of taphonomy, particularly
acute in the ediacarans, means that any claims
for certain affinities must be treated with a great
deal of caution. Nevertheless, given the potentially
pivotal morphology, molecular development, and
phylogenetic position of the ctenophores (Yamada
et al., 2007), the developing leitmotif of ctenophore-
like morphologies in the late Ediacaran might just
be pointing towards substantial advances in the
area of understanding stem-group eumetazoans
and bilaterians in the not too distant future.

As for the bilaterians themselves, new data con-
tinue to be generated from the major Cambrian
lagerstitten such asnew collections of Burgess Shale
material, including a remarkable reassessment of
the previously highly problematic Odontogriphus as
a stem-group mollusc (Caron et al., 2006) and other
taxa claimed as stem-group lophotrochozoans,
such as the ‘halwaxiids’ (Conway Morris and
Caron, 2007). It should also be noted that advances
in photographic techniques (Bengtson, 2000) have
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also greatly increased the ease with which data
from Burgess Shale fossils can be extracted.

Persistent claims are made that members of the
Ediacaran biota should be considered to be bilateri-
ans, especially the clearly complex Kimberella from
the White Sea area (Fedonkin and Waggoner, 1997),
a claim that has been revitalized by the discovery
of the molluscan affinities of the rather similar
Odontogriphus from the Burgess Shale (Butterfield,
2006; Caron et al., 2006).

The conventional record, too, continues to
provide provocative material, including recent
evidence that the highly enigmatic but very wide-
spread tommotiids from the Lower Cambrian
are lophophorate relatives (Holmer et al., 2002,
2008; Skovsted et al., 2008). Thus, the fossil record
is providing important new data that might go
some way to help resolving one of the most vexed
problems in animal phylogeny, the relationships
between the protostomes. The Chengjiang fauna
has also provided material (controversially) rele-
vant to the origins of the deuterostomes, with
the vetulicolans being claimed as a new deuter-
ostome phylum, as well as several craniates and
even vertebrates that significantly extend their
record back in time (Chen et al., 1995,1999; Shu
et al., 1996b, 1999, 2001b, 2003a,b). The final major
group of bilaterians, the ecdysozoans, although
widely accepted, remains controversial in terms
of in-group relationships (Budd, 2002; Waloszek
et al., 2005a, 2008). The arthropods are now largely
accepted to have arisen via a rather heteroge-
neous group of lobopods, although the exact root
is far from agreed on (Budd, 1996, Zhang and
Briggs, 2007). In addition to the arthropods, the
cycloneuralians have come under some scrutiny,
especially since the description of stem-group
scalidophoran embryos from the Lower Cambrian
(Budd, 2001a; Dong et al., 2004; Donoghue et al.,
2006a; Maas et al., 2007). Nevertheless, the intri-
guing question of what sort of animal the last
common ancestor of the ecdysozoans was like
(Budd, 2001b) remains currently unanswered, at
least from the fossil record, although the suspi-
cion that the earliest lobopods such as Aysheaia
(Whittington, 1978) are more or less priapulids on
legs is not one that is easily shaken off (Dzik and
Krumbiegel, 1989).

1.3 What caused the Cambrian
explosion?

The age-old question of why animals evolved
when they did, and not, for example, 500 million
years before, continues to trouble researchers. In
one sense, the question is trivial, in the same way
that the question of ‘why did the First World War
take place in the 20th, rather than the 16th cen-
tury?’ is. Clearly, whenever this event took place,
the same question could be asked, and the general
answer of ‘many other things had to happen first’
is not as vacuous as it at first appears. Nevertheless,
a serious point remains: is there a set of conditions
that had to be in place in order to release animal
evolution? When David Nicol reviewed the ques-
tion 40 years ago (Nicol, 1966) he listed some of the
hypotheses that had been put forward up to that
point, some of which now seem quaint, for example
the view that life evolved on land and only reached
the sea, and thus could become readily fossilizable,
in the Cambrian, or that animals adopted a more
sluggish mode of life to which hard parts were
appropriate—the exact opposite of the more nor-
mal ‘arms race’ view of the development of hard
parts prevalent today (Vermeij, 1993; Bengtson,
2002). In all of these ideas a more or less constant
factor has been the level of oxygen.

1.3.1 Did oxygen fuel an explosion?

Without any doubt, the most popular candidate for
causing—or allowing—the Cambrian explosion is
a rise in oxygen levels at the end of the Proterozoic
(Nursall, 1959). In one sense, this is an excellent
choice of causal agent, as no-one will ever know
exactly what oxygen levels were like during that
period of time. Nevertheless, the perennial debate
about oxygen levels in the Proterozoic has been
sharpened recently by intense interest in the subject,
which has led to many more data and a clearer pic-
ture of the rise of oxygen levels in the atmosphere.

The oxygen debate is not, in this context, simply
about what levels of oxygen pertained at various
times in the Proterozoic, interesting and intract-
able though that question has proved (Lambert
and Donnelly, 1991; Runnegar, 1991; Canfield and
Teske, 1996; Thomas, 1997; Canfield et al., 2007). It is



narrowly focused on the following two questions:
(1) when did oxygen levels first permanently rise
high enough to permit the evolution of any sort
of metazoan? and (2) did low oxygen levels limit
the fossilization potential of early metazoans? The
second question has widely been considered to
have a positive answer, and to provide the explan-
ation for why animal fossils do not appear in the
record until just before the Cambrian, despite some
evidence that they evolved hundreds of millions of
years before this. It is also worth stating at the out-
set that the whole oxygen level debate has recently
been rejuvenated and enriched by the realization
that oxygen is merely one component in a multifac-
torial geochemical setting. In order to understand
oxygen levels, one must consider other elements
as well, such as sulphur (Shen et al., 2002; Canfield
et al., 2007), as well as temperature and salinity
(Knauth, 2005). Further, oxygen availability is also
of importance: oxygen levels in the atmosphere,
deep oceans, and shelves may all have significantly
different values (Canfield, 1998; Holland, 2006).

1.3.2 Why is oxygen important?

Simply put, oxygen plays a critical role in animals
for two reasons. The first is that it is necessary for
certain important biosynthetic pathways; and the
second is that it is used in energy production, i.e.
in aerobic respiration. If it is the limiting factor in
either of these roles, then low oxygen levels might
have impeded animal evolution. These two cases
can be called the biosynthetic argument and the
physiological argument, respectively.

The biosynthetic argument: oxygen as a structural
necessity

The most famous argument for the importance of
oxygen in animal evolution was put forward by
Towe (1970). It relies on a quirk of the genetic code
thathas interesting evolutionary consequences. The
genetic code allows the assembly of 20 amino acids
into first polypeptides and then proteins. However,
some important amino acids are synthesized after
this translation of the code. The classical example
is the formation of one of these, hydroxyproline,
from the encoded proline (technically proline is an
imino acid). Lysine is also, on a much smaller scale,
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modified in a similar way, although the roles of the
two respective end products, hydroxyproline and
hydroxylysine, are very different.

Although post-translational modification of pro-
teins and indeed their component amino acids is
common (for example, removing the methionine
start codon; acetylation or phosphorylation), the
specific hydroxylation of proline raises the question
of why hydroxyproline is not included in the pri-
mary code. The obvious answer is that this amino
acid was not used by organisms when the genetic
code first originated. The reason is clear, because
the complex—but well understood—biosynthetic
pathway by which hydroxyproline is formed
involves free oxygen. Simplistically, as life certainly
evolved under very low-oxygen conditions, it was
not possible to synthesize hydroxyproline at this
time. It was only when oxygen levels had risen to
a certain level that hydroxyproline synthesis was
possible. The strategy for identifying the rise in
oxygen levels, then, is to identify where hydroxy-
proline synthesis evolved in the history of life. To
put it another way, when oxygen levels were lower
than this critical value, hydroxyproline synthesis
would have been impossible, and thus any clades
that now synthesize hydroxyproline could not
have existed. As usual, this simple picture needs
some careful qualification. How do we know when
hydroxyproline appeared phylogenetically, and
could it have arisen more than once? Did hydroxy-
proline synthesis require free oxygen when it first
arose? What is the present day phylogenetic distri-
bution of hydroxproline?

It should be noted that hydroxyproline has long
been considered of interest in the debate about
animal origins because of its critical importance
in one of the most important of all animal pro-
teins, collagen, although this is not the only bio-
chemical pathway requiring oxygen (Catling et al.,
2005). Collagen is an unusual protein because it
is made of repeating units of a few amino acids,
including hydroxyproline. The hydroxyproline is
produced in situ by modification of proline after
the basic protein structure has already formed. It
seems that this process needs free oxygen levels
to be about 1% of present-day atmospheric levels
(PAL). The process also requires ascorbic acid (i.e.
vitamin C); collagen defects are the reason behind
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the symptoms of scurvy. Towe’s reasonable argu-
ment, therefore was that animals, all of which
produce collagen, could not have evolved before
oxygen reached 1% PAL (Towe, 1970). This value,
which can be called the Towe limit, sets an abso-
lute limit to the conditions in which animals could
have evolved, and provides the basic mechanism
by which animal evolution could have been con-
trolled by oxygen. However, although the focus has
largely been on animals, the scope of this enquiry
must be broadened, because animals are not the
only organisms to produce either hydroxyproline
or, indeed, collagen.

The phylogeny of hydroxyproline and collagen
synthesis; primitive or convergent?
Collagen itself has long been thought of as one of
the (few) classical synapomorphies that uniquely
unite metazoans (Conway Morris, 1998b). As a
result, its discovery in fungi (Celerin et al., 1996)
came as a considerable surprise. The fungal colla-
gen is considerably different from any of the many
types known from animals, and may have arisen
by convergence. Nevertheless, this discovery sup-
plies intriguing evidence for an animal-fungus
sister-group relationship, one that has gained
some support in recent years (Wainwright et al.,
1993). The exciting discovery of several collagen-
domain-encoding genes in the recently published
genome of the choanoflagellate Monosiga brevicollis
(King et al., 2008; cf. Ruiz-Trillo et al., 2008) adds fur-
ther critical information for tracing the evolution
of structural proteins that have until recently been
thought to be metazoan autapomorphies.
Although plants do not synthesize collagen, they
do produce various proteins such as extensins and
pherophorins that are an important component of
the cell wall; i.e. they are structural proteins simi-
lar in function and form to collagen, and are found
in both the algae and higher plants (Sommer-
Knudsen et al., 1998; Hallmann, 2006). Further,
in such molecules, hydroxyproline and hydroxy-
lysine are produced in a very similar way as in
collagen—Dby in situ post-translational modification
of proline and lysine—and in both animals and
plants the enzyme prolyl 4-hydroxylase is used for
the former. The overall similarity in synthetic path-
way, structure, and function suggests that collagen

and extensin synthesis grew out of a common bio-
chemical pathway that also utilized hydroxypro-
line and hydroxylysine, and that this pathway may
be shared by fungi. A simple survey thus suggests
that these multicellular eukaryotes share hydroxy-
proline synthesis, and indeed synthesis of a shared
family of structural proteins.

The above suggests that the multicellular
eukaryotes arose in an environment that allowed
the hydroxylation of proline and lysine, and was
thus above the Towe limit, a view supported by
modelling of the atmosphere (Canfield, 1998;
Holland, 2006). More controversially, the ‘fungi
first’ model of eukaryote relationships (Martin
et al., 2003) suggests that hydroxyproline synthesis
was a basal eukaryotic feature. If true, the import-
ant result would be that there would be no level
of atmospheric oxygen that would permit eukary-
otic evolution in general but not animal evolution
in particular; they share the same requirements.
If one is searching for a general mechanism for
delaying animal evolution after the appearance of
eukaryotes then this appears not to be it. On these
grounds alone, oxygen levels must have been at
least 1% of PAL ever since the origin of the eukary-
otes, which is almost certainly over a billion years
ago (Butterfield et al., 1990).

1.3.3 Oxygen requirements, size and shape

One of the first efforts at relating oxygen levels to
the rise of animals was made by Nursall (1959), who
argued that large animals, with their concomitant
complex ecologies, were simply not possible in a
low-oxygen environment. Not until oxygen levels
had risen above a certain level would large ani-
mals be able to evolve, especially equidimensional
animals such as brachiopods. For many people
(Runnegar,1982c; Knoll, 2003; Shen et al., 2008) this
is the best reason for why the Cambrian explosion
happened when it did. But does this argument
hold water?

Most animals are able to generate energy using
either aerobic or anaerobic metabolic pathways;
with glycolytic anaerobic respiration generating
about two ATP molecules, and aerobic respiration
(citric acid cycle plus oxidative phosphorylation)
about 36. Although the citric acid cycle does not



directly rely on free oxygen, it does not take place
under anaerobic conditions. As there is no free oxy-
gen to act as the final electron acceptor, the inter-
mediates all along the oxidative phyosphorylation
chain remain in a reduced state. As a result, the
chain stops functioning; and the build up of end
products means (via Le Chatelier’s principle) that
the citric acid cycle halts. However, glycolysis can
still occur, leading to a build-up of pyruvate and a
small amount of ATP (two or three molecules).

So much for the basic biochemistry, the broad out-
line of which is extremely well known. What is less
well known, however, is the presence of a variety
of anaerobic respiratory pathways in metazoans.
Some metazoans, for example, are able to ferment
as well as produce lactic acid (from glycolysis) or
opines, formed by condensing pyruvic acid with
an amino acid. Simply because the yield of ATP
from glycolysis is so low, some invertebrates also
have pathways that avoid glycolysis. For example,
some invertebrates use a fumarate electron trans-
port system that increases the yield of ATP to
up to eight molecules (Fenchel and Finlay, 1995;
McMullin et al., 2000; Tielens et al., 2002), includ-
ing some parasites such as the nematode Ascaris,
but also free-living invertebrates such as the mus-
sels Mytilus and Geukensia and the polychaete
Arenicola. Whilst most of the sources of electrons
in these various anaerobic pathways are organic,
it is also now known that these invertebrates can
switch to sulphide oxidation in hypoxic conditions,
a presumed remnant of eukaryotic diversification
in a high-sulphide Proterozoic ocean (Theissen
et al.,, 2003; contra Anbar and Knoll, 2002). Thus,
respiratory mechanisms, and the mitochondria
that generate them, are surprisingly diverse: as
they do not fall into obvious well-defined clades, it
is likely that they have been convergently derived
(Tielens et al., 2002).

The presence of diverse, mitochondrial based
anaerobic respiratory pathways, even in meta-
zoans, is significant because it suggests that at
least some metazoans can (and could have) func-
tion well even under low-oxygen conditions, pro-
ducing more energy than from mere glycolysis,
thus somewhat undermining the claim that ris-
ing oxygen levels were a pre-requisite for animal
evolution. Furthermore, not all organisms require
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the same amount of oxygen; as might be expected,
mode of life is a critical variable too. Organisms
that swim generally need more oxygen than those
that walk, dig, or just open their valves. Floating
in the water column requires least energy of all,
of course (Portner, 2002). For some of the more
‘athletic” extant organisms, such as squid, it seems
that swimming takes place close to their func-
tional and environmental limits. They manage to
achieve this ‘life on the edge’ by living in a very
stable environment, i.e. the open ocean. Although
they use both aerobic and anaerobic respiratory
pathways, they maximize aerobic respiration and
eventually tire during anaerobic activity, as levels
of free ATP drop.

For other organisms, though, a very different pic-
ture emerges. Sipunculans, for example, that typic-
ally spend their time slowly digging in low-oxygen
mud, produce identical metabolites whether they
work under oxygen-rich conditions or artificially
induced oxygen-deficient ones, suggesting, with
other evidence, that almost all muscular activity of
any significance takes place anaerobically (Portner,
2002). In other words, low oxygen levels hardly
affect such organisms because almost everything
they do requires them to switch to anaerobic res-
piration in any case. Only resting respiration is
performed aerobically, i.e. mitochondria are fuelled
by oxygen when the organism is not actually doing
anything. As might be expected, such organisms
have an extreme tolerance to anaerobic respiration,
and do not seem to tire while performing their con-
stant but low-energy functions. Such modes of life
may provide important clues to how early animal
life functioned in the early Cambrian.

Despite the arguments above, a powerful case
has recently been put forward that high oxygen
levels are indeed necessary to sustain a complex
ecology, based partly on the ability of organisms
to produce a large body size and generate enough
energy to sustain complex food chains (Catling
et al., 2005). While their calculations do not seem
to take into account the possibility of fumarate-
based anaerobic pathways that would generate
more ATP than glycolysis, their points must be
well taken, especially given the demonstrable
effect on body size and mineralization that low-
oxygen environments have on organisms today
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(Rhoads and Morse, 1971). However, to return to
the two questions asked at the beginning of the
section, the real question is not whether or not, for
example, hard parts could be formed under low-
oxygen conditions, but rather if any sort of animals
could evolve in such a regime that would gener-
ate a fossil record? Given that minute trace fossils
and indeed body fossils, as in the Doushantuo Fm,
can be preserved in the record, it seems that the
answer must be yes.

Although animals can obviously persist in, and
have distinctive adaptations for, low-oxygen envir-
onments, there can similarly be little doubt that
high oxygen levels (perhaps 10% PAL) are really
necessary for modern food chains and large ani-
mals to flourish. Determining when this level
was first permanently achieved in the atmosphere
must remain an important goal for studies of the
late Precambrian and the influence of environment
on animal evolution. Thus there are considerable
uncertainties about Proterozoic oxygen levels and
the physiological requirements of early animals;
after all, recent animals living in low-oxygen
environments usually possess distinct adaptations
that it would be reasonable to suppose were also
possessed by early animals. As a result, the current
fashion for rising oxygen levels being the primary
engine for the Cambrian explosion may not be as
well founded as is sometimes assumed. A perfectly
reasonable alternative is that the Cambrian explo-
sion is an ecological event (Butterfield, 1997, Budd
and Jensen, 2000; Marshall, 2006), consisting largely
of a cascade of knock-on effects that emerged from
multicellularity and mobility; although it would be

misleading to identify these milestones as stand-
alone ‘key innovations’, embedded as they are in
a nexus of other morphological and ecological
changes (e.g. Budd, 1998). Thus although the
undoubtedly important suite of geological changes
that took place during the close of the Proterozoic
and opening of the Phanerozoic form the essential
backdrop against which the Cambrian explosion
must be viewed, it still seems reasonable to regard
them as scenery rather than the major players in
the Cambrian drama.

1.4 Conclusions

Although the dating of the early animal fossils
remains problematic, a reasonable case for stem-
group animals existing shortly after the Marinoan
glaciation at around 630 Ma can be made.
Nevertheless, evidence for mobile bilaterians does
not appear in the record until around 555 Ma, just
before the beginning of the Cambrian; a time that
is no longer wildly inconsistent with some molecu-
lar clock estimates (e.g. Aris-Brosou and Yang,
2003; Peterson et al.
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CHAPTER 2

The Ediacaran emergence of
bilaterians: congruence between
the genetic and the geological

fossil records

Kevin J. Peterson, James A. Cotton, James G. Gehling, and

Davide Pisani

Unravelling the timing of the metazoan radiation
is crucial for elucidating the macroevolutionary
processes associated with the Cambrian explosion.
Because estimates of metazoan divergence times
derived from molecular clocks range from quite
shallow (Ediacaran) to very deep (Mesoproterozoic),
it has been difficult to ascertain whether there
is concordance or quite dramatic discordance
between the genetic and geological fossil records.
Here, using a range of molecular clock methods,
we show that the major pulse of metazoan diver-
gence times was during the Ediacaran, consistent
with a synoptic reading of the Ediacaran macro-
biota. These estimates are robust to changes in pri-
ors, and are returned with or without the inclusion
of a palaeontologically derived maximal calibra-
tion point. The two historical records of life both
suggest, therefore, that although the cradle of the
Metazoa lies in the Cryogenian, and despite the
explosion of ecology that occurs in the Cambrian, it
is the emergence of bilaterian taxa in the Ediacaran
that sets the tempo and mode of macroevolution
for the remainder of geological time.

2.1 Introduction

Accurately and precisely elucidating the times of
origin of the metazoan phyla is central to unrav-
elling the causality and biological significance
of the Cambrian explosion. Despite the fact that
the Cambrian explosion is geologically obvious

(Darwin, 1859), it has long been argued that this
same geological record, because of its incom-
pleteness, might be misleading when considering
metazoan origins (Runnegar, 1982b). As Runnegar
recognized, a second ‘fossil record’, the genetic
record written in the DNA of all living organisms
(Runnegar, 1986), could be used to test hypotheses
about the completeness of the geological record
(Peterson et al., 2007), and initial attempts at using
a molecular clock strongly suggested that meta-
zoans had a deep and cryptic Precambrian history
(Runnegar, 1982a, 1986; Wray et al., 1996; reviewed
recently by Conway Morris, 2006). Nonetheless,
several palaeontologists have cogently argued
that the fossil record provides positive evidence
for the absence of early Neoproterozoic and
Mesoproterozoic animals, casting doubt on the
veracity of these molecular clock estimates (Budd
and Jensen, 2000, 2003; Jensen et al., 2005; Conway
Morris, 2006; Butterfield, 2007).
between the genetic and geological fossil records

Comparisons

of early animal evolution, as currently understood,
therefore suggest that either the geological record
is woefully incomplete or there is something ser-
iously awry with our reading of the genetic record
(Bromham, 2006).

To explore the apparent incongruity between the
known fossil record and the very deep estimates
of metazoan diversification suggested by molecu-
lar clocks, Peterson and colleagues (Peterson et al.,
2004; Peterson and Butterfield, 2005) assembled the
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largest novel data set yet, showing that the two
records were remarkably concordant: metazoans
originated at some time during the Cryogenian,
and bilaterians arose during the Ediacaran. Part
of the reason for the prior discrepancy concerned
the use of vertebrate divergence times. Peterson
et al. (2004) discovered that there was an approxi-
mately two-fold rate reduction across the verte-
brate protein-coding genome as compared with
the three invertebrate lineages examined (echino-
derms, molluscs, and insects), consistent with total
genome comparisons between vertebrates and dip-
teran insects (Zdobnov et al., 2002). However, some
studies using invertebrate calibrations have also
inferred divergence times consistent with a cryp-
tic Precambrian history of the Metazoa (Pisani
et al., 2004; Regier et al., 2005), suggesting that the
two-fold rate reduction across the vertebrate gen-
ome is only one of many factors influencing the
estimation of divergence times (Linder et al., 2005;
Peterson and Butterfield, 2005).

In addition, Peterson et al.’s (2004) estimates and
explanations were called into question by several
workers, notably Blair and Hedges (2005) who
argued that Peterson et al. (2004) used palaeon-
tologically derived calibration points as maxima
as opposed to minima, which generated spuri-
ously shallow estimates for metazoan divergences.
Although false, as Peterson et al. (2004) stated
explicitly (see also Peterson and Butterfield, 2005),
this criticism highlights an important issue sur-
rounding the use of molecular clocks, namely the
proper way to incorporate calibration points into
molecular clock analyses (Benton and Donoghue,
2007). Recent experimental analyses have shown
the importance of numerous, well-constrained
calibration points for returning accurate and pre-
cise estimates of divergence times, and thus high-
lighting the need to pay particular attention to this
aspect of molecular dating (Roger and Hug, 2006;
Hug and Roger, 2007). Nonetheless, difficulties
arise when incorporating fossils into a molecu-
lar clock analysis: unlike the establishment of a
minimal divergence time for any two taxa, which
is simply the first appearance of either one of the
taxa, estimating the maximum divergence time is
much more difficult (Benton and Donoghue, 2007).
Two types of maxima have been proposed: a ‘hard’

maximum proposes an absolute value for the oldest
possible date of divergence, whereas a ‘soft” max-
imum treats a divergence as having some chance
of being older than a particular date, depending on
a probability distribution used to describe the cali-
bration point (Hedges and Kumar, 2004; Yang and
Rannala, 2006; Benton and Donoghue, 2007).

Most modern molecular clock methods (e.g.
Sanderson, 1997,2002; Thorneetal., 1998; Drummond
et al., 2006) allow one to constrain, as well as fix,
the age of a calibration point, so that every fossil
divergence can be defined using a minimum and a
maximum. This is a significant improvement over
older molecular clock approaches (e.g. Kumar and
Hedges, 1998) because it allows the integration of
palaeontological uncertainty in the estimation of
divergence times. However, most existing molecu-
lar clock software including r8s (Sanderson, 2004)
and Multidivtime (Thorne and Kishino, 2002), do
not distinguish between hard and soft maxima,
instead treating all maxima as hard. The difficulty
here is that divergence times estimated with uncer-
tain maxima treated as if they were hard can only
give minimum estimates for the true divergence
time, as the soft maxima might significantly under-
estimate the true age of the calibration points.
Nonetheless, Drummond ef al. (2006) have now
implemented Bayesian relaxed molecular clock
methods (in the software package BEAST) where
soft maxima can be properly modelled using a
probability distribution, and can thus be older than
their proposed fossil date.

Here, we set out to explore the diversification of
animal phyla in the Neoproterozoic using alter-
native relaxed molecular clock approaches while
testing the stability of our results to the choice of
different priors and to the deletion of palaeontolog-
ically derived maxima, and modelling soft maxima
using the most appropriate probability distribu-
tion. We find that although deleting or relaxing
maxima tends to push divergence times toward the
past (as expected), all estimates are largely congru-
ent between algorithms. We conclude that a synop-
tic reading of both the geological and genetic fossil
records demonstrates that the Ediacaran was the
time of major diversification of most higher-level
animal taxa and set the stage for Phanerozoic-like
macroecology and macroevolution.



2.2 Materials and methods

2.2.1 Molecular characters

All taxa are taken from Sperling et al., (2007) where
a concatenated alignment of seven different house-
keeping genes, for a total of 2059 amino acid pos-
itions and 44 representative species (see Peterson
et al., 2004, and Peterson and Butterfield, 2005), was
analysed using Bayesian methods (MrBayes 3.1.2;
Ronquist and Huelsenbeck, 2003). See Sperling
et al., (2007) for further details.

2.2.2 Molecular clock calibration

Calibration points were taken from Peterson et al.,
(2004) except for the minimum estimate for crown-
group Eleutherozoa, which was adjusted from 475
to 480 million years ago (Ma) in light of the dis-
covery of a slightly older asterozoan (Blake and
Guensberg, 2005), and the minimum and max-
imum for crown-group Diptera was taken from
Benton and Donoghue (2007). Several new maxima
and minima were incorporated into this analysis.
First, the maximum for the origin of crown-group
echinoderms was set at 520 Ma, the first appear-
ance of stereom in the fossil record. Because ster-
eom is a highly distinctive skeletal material, and
its presence in numerous stem-group taxa (Smith,
2005) demonstrates that stereom is a total-group
echinoderm character, it must have evolved before
the origin of the crown group. Second, this same
time point also sets the minimum for Ambulacraria
(Echinodermata + Hemichordata), as echinoderms
appear before hemichordates in the rock record
(Budd and Jensen, 2003). Third, because ambulac-
rarians are characterized by the possession of four
to six coeloms in each animal (Peterson et al., 2000;
Smith et al., 2004), and because coeloms cannot
pre-date the first appearance of bilaterian traces
(Budd and Jensen, 2000, 2003), the first appearance
of traces sets the maximum age for crown-group
Ambulacraria at approximately 555 Ma (Martin
et al., 2000; Jensen et al., 2005). Fourth, the max-
imum for the origin of Gastropoda + Bivalvia is
the first appearance of skeletons in the fossil record,
about 542 Ma (Amthor et al., 2003; Bengtson, 1994).
Fifth, the maximum for the origin of crown-group
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demosponges is the first appearance of demos-
ponge-specific biomarkers (McCaffrey et al., 1994;
Love et al., 2006; see Peterson et al., 2007 for dis-
cussion) sometime after the Sturtian, c¢. 657 Ma
(Kendall et al., 2006). Finally, the maximum for the
origin of crown-group Eumetazoa, which was only
used in the BEAST analyses, is argued to be 635 Ma
based on palaeoecological observations (Peterson
and Butterfield, 2005).

Newly incorporated minima include the first
appearance of arthropod traces 525 Ma (Budd
and Jensen, 2003) as a minimum for the diver-
gence between insects and the priapulids, the first
appearance of medusozoans 500 Ma (Hagadorn
et al, 2002) as a minimum for the origin of the
crown-group Cnidaria, and the first appearance of
vertebrates 520 Ma as the minimum for the origin
of crown-group chordates (Benton and Donoghue,
2007).

2.2.3 Molecular estimates of divergence times

Molecular estimates of divergence times were
obtained using the Bayesian methods of Thorne
et al., (1998), as implemented in Multidivtime
(Thorne and Kishino, 2002), and Drummond
et al., (2006) as implemented in BEAST version
14.2 (Drummond and Rambaut, 2006). All diver-
gence times were calculated assuming the tree
topology of Figure 2.1, which was derived from
MrBayes (see above and Sperling et al., 2007). For
the Multidivtime analyses, branch lengths were
estimated using the Estbranches program from
the Multidivtime package, under the WAG model.
For BEAST analyses, starting branch lengths
were assigned arbitrarily to match the constraints
imposed by the calibrations.

For the Multidivtime analyses a prior age for the
root node (in our case the Fungi-Metazoa split)
must be specified. We assumed a 1000 Ma prior
for this node (Knoll, 1992; Douzery et al., 2004)
and then tested whether this choice affected our
results by performing analyses in which this age
was changed to 100 Ma (standard deviation (SD) =
500 Ma), 1500 Ma (SD = 500 Ma), and 2000 Ma (SD
= 750 Ma). Other priors used in Multidivtime ana-
lyses include the mean and standard deviation of
the prior distribution at the root node, and ‘Minab’
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Figure 2.1 The timing of the metazoan radiation according to the molecular clock. The figure shows the phylogenetic tree for 41 metazoan

taxa rooted on the yeast Saccharomyces cerevisiae as determined by Bayesian phylogenetic analysis (see text). The deuterostomes are shown

in box D, spiralian protostomes in box S, ecdysozoan protostomes in box E, cnidarians in box C, the homoscleromorph Oscarella in box O,
calcisponges in box C, and demosponges in box Sp. The nodes of the tree are positioned according to the optimum as determined from the

Bayesian autocorrelated method of Thorne et al. (1998), as implemented in the software package Multidivtime (Thorne and Kishino, 2002)

using a root prior of 1000 Ma (SD 500 Ma). The 95% highest-probability-density (HPD) credibility intervals are shown in brackets. The white
circles are the estimates for clades with internal calibration points as determined by the Bayesian algorithm BEAST (Drummond et al., 2006)
using uniform priors and an exponential rate distribution. Black Xs are the estimates using exponential priors and the same rate distribution.
Note that much of the metazoan diversification occurs during the Ediacaran, which lies between the Cryogenian and the Cambrian.

(parameter for the beta prior on proportional node
depth). The mean and standard deviation of the
prior distribution of the rate at the root node were
set to 0.039, as estimated from the data following
the procedure outlined in the Multidivtime man-
ual, and the effects that 100-fold changes to this

parameter had on the results were assessed. The
Minab parameter affects the distribution of the
nodes through time—Minab values greater than 1
will cause the nodes to repel each other, while
values less than 1 will cause the nodes to attract
each other. This parameter was set to 1 for our



analyses, but we assessed how changing the Minab
parameter from 0.6 to 1.4 affected our results.

BEAST implements uncorrelated relaxed clock
methods, which assume an overall distribution of
rates across branches but do not assume that the
rates on adjacent branches are autocorrelated. We
used both the exponential and lognormal rate dis-
tributions with two different calibration schemes:
one with hard maxima, in which most calibrations
were treated as uniform priors on clade ages, and a
second with only soft maxima, in which all calibra-
tions were treated as exponential priors, with 95% of
their density lying between the uniform maximum
and minimum. In both schemes, the maximum at
635 Ma was treated as an exponential prior, with
90% of its density lying below 635 Ma, giving a 10%
prior chance that this calibration point is incorrect.
All other priors and operators were kept at default
settings, except that all operators that alter the tree
topology were disabled.

Ninety-five per cent highest-probability-density
(HPD) credibility intervals are automatically calcu-
lated by Multidivtime, and were calculated using
the program Tracer for the BEAST analyses. To test
whether our priors dominated the posterior distri-
bution, all our BEAST and Multidivtime analyses
were also performed without data and the results
obtained in these runs were compared with those
obtained when the actual data were analysed.

2.3 Results

Molecular divergence times were estimated
using the topology shown in Figure 2.1. Support
for Cnidaria and Deuterostomia was low (67%
and 33%, respectively), probably because of long-
branch artefacts (Pisani, 2004) associated with
Ciona and Obelia in particular (indeed the value for
Deuterostomia goes to > 90% with the removal of
Ciona), but given the clear monophyly of the phyla
Chordata and Cnidaria, constraining these nodes
should not generate spurious molecular divergence
estimates. Most of the other nodes were strongly
supported, including Calcispongia + Eumetazoa,
and Eumetazoa, supporting the results of Peterson
and Butterfield (2005), and contra the conclusions
of Rokas and colleagues (Rokas et al., 2005; see also

Baurain et al., 2007). Indeed, within Protostomia, for
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example, all but one node (Stylochus + Nemertea)
have posterior probability values above 80%, and
both Lophotrochozoa and Ecdysozoa, as well as
Annelida + Mollusca, have clade credibility values
of 100%. In addition, we find strong support for the
node Homoscleromorpha + Eumetazoa, which
indicates that there are at least three independent
extant sponge lineages (Sperling et al., 2007).

Using this topology as a constraint tree, diver-
gence times were estimated using the Bayesian
autocorrelated method of Thorne ef al. (1998), as
implemented in the software package Multidivtime
(Thorne and Kishino, 2002). These Bayesian esti-
mates are robust to changes in the age of the root
prior as the estimates are essentially the same
whether the age is 100 Ma (SD 500 Ma) or 2000
Ma (SD 750 Ma) (Table 2.1), suggesting that the age
of the root prior is not biasing the analyses. Also,
changing the value of Minab, or the mean rate
of evolution of the root node, did not change our
results (not shown). Running the analyses without
data confirmed that our results were not domi-
nated by our choice of priors (not shown). Because
of the suggestion that fungi diverged from animals
c. 1000 Ma (Knoll, 1992; Douzery et al., 2004), was
confirmed by all our analyses that did not assume
a particular age for the root node, and in our
Bayesian analyses performed assuming different
prior root ages (100, 1500, and 2000 Ma) we used
the values derived from the 1000 Ma (SD = 500 Ma)
prior in Figure 2.1.

The removal of the deeper calibration point,
namely the maximum age of 657 Ma for the ori-
gin of crown-group demosponges, resulted in
increasing the estimate for the age of crown-group
Metazoa by c. 18% (from 766 Ma to 904 Ma; Table 2.1).
Nonetheless, the age for both crown-group
Protostomia and crown-group Deuterostomia
increased by only c. 4-5%, suggesting that the
results derived with the use of this maximum are
generally robust. Given its position in the tree, the
geological depth of the divergence, and the unique
nature of the evidence (biomarkers), this maximum
is most likely adding both accuracy and precision
to the clock estimates.

We next explored these same divergence
times using the models implemented in BEAST
(Drummond ef al., 2006). In general, the estimates
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Table 2.1
divergences

Optima (maxima, minima) in millions of years derived from Multidivtime (M) and BEAST (B) analyses for five key metazoan

Method Metazoa Eumetazoa Bilateria Protostomia Deuterostomia
M-1000' 766 (803, 731) 676 (709, 645) 643 (671, 617) 619 (648, 594) 601 (625, 579)
M-1002 760 (798, 725) 672 (706, 642) 641 (669, 615) 618 (645, 592) 600 (624, 578)
M-2000° 774 (812, 739) 679 (712, 648) 645 (674, 619) 622 (649, 595) 602 (626, 580)
M-1000-D* 904 (997, 825) 743 (798, 694) 686 (727, 649) 653 (689, 619) 624 (655, 596)
B-UCEX Uniform® 815 (1621, 625) 676 (849, 579) 652 (764, 570) 620 (692, 556) 572 (614, 537)
B-UCEX Exp® 1067 (2358, 612) 707 (985, 581) 669 (870, 566) 638 (784, 556) 582 (695, 529)
B-UCLN Uniform’ 891 (995, 640) 739 (822, 607) 699 (768, 588) 660 (715, 572) 640 (706, 559)
B-UCLN Exp® 953 (1093, 821) 779 (869, 694) 733 (808, 663) 688 (751, 629) 677 (746, 607)

'Age of the root prior is 1000 Ma (SD 500 Ma).
2Age of the root prior is 100 Ma (SD 500 Ma).
3Age of the root prior is 2000 Ma (SD 750 Ma).

4Age of the root prior is 1000 Ma (SD 500 Ma) and estimates are derived without considering the demosponge maximum of 657 Ma.
SEstimates derived using an exponential rate distribution and uniform priors.
®Estimates derived using an exponential rate distribution and exponential priors.

’Estimates derived using a lognormal rate distribution and uniform priors.

8Estimates derived using a lognormal rate distribution and exponential priors.

derived from BEAST using an exponential rate
distribution and uniform priors (white circles
in Figure 2.1) are similar to those derived from
Multidivtime (Table 2.1). The analyses that use
exponential priors are somewhat deeper than those
that use uniform priors (black Xs in Figure 2.1),
and those using a lognormal rate distribution are
deeper than those derived from an exponential
rate distribution (Table 2.1), presumably because
the exponential distribution on rates is leading to
greater autocorrelation between rates. Analyses
without data again confirmed that the priors were
not dominating the data (results not shown).

2.4 Discussion

2.4.1 Concordance between the genetic and
geological fossil records

Here we have shown, using a variety of analyses
and appropriately testing for biases that may have
been introduced by the use of palaeontologically
derived maxima, that the genetic fossil record
strongly supports the notion that the diversificat-
ion of metazoans in general, and bilaterian meta-
zoans in particular, occurred during the Ediacaran
Period, 635-542 Ma (Knoll et al., 2004, 2006). How

do these molecular estimates compare with the
known geological record? Macroscopic fossils
of the Ediacara biota span the upper half of the
Ediacaran Period, from 575-542 Ma (Grotzinger
et al., 1995; Martin et al., 2000; Bowring et al., 2003;
Condon et al.,, 2005). Because most of these fos-
sils occur as soft-bodied impressions in relatively
coarse-grained siliciclastic sedimentary rocks, a
comprehensive array of palaeobiological inter-
pretations of the Ediacara biota has been put
forth. Nonetheless, a few taxa stand out as poten-
tial candidates for affinities within the Metazoa.
One taxon in particular, Kimberella, has generated
much discussion as a possible triploblastic meta-
zoan. It compares well in external form to mol-
luscs (Fedonkin and Waggoner, 1997) and in a few
cases an everted proboscis is preserved (Gehling
et al., 2005) that is inferred to contain a radula-like
organ given the association between specimens of
Kimberella (Figure 2.2a, asterisk, and Plate 1) and
aligned sets of paired scratch marks (Figure 2.2a,
arrows) (Gehling et al, 2005). These finds sug-
gest that Kimberella was preserved in place while
grazing on substrate microbial mats (Seilacher,
1999; Gehling et al., 2005). Given that we estimated
the divergence between annelids and molluscs to
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Figure 2.2 Putative ediacaran metazoans: (a) natural cast on bed base of Kimberella resting trace (asterisk) and Radulichnus radular
feeding trace fans (arrows) (scale bar 1 cm); (b) Dickinsonia costata (scale bar 2 cm); (c) Marywadea ovata (scale bar 10 mm); (d) Spriggina
floundersi (scale bar 10 mm); (e) Parvancorina minchami (scale bar 1 cm). See also Plate 1.

be c¢. 570 Ma (Figure 2.1), it is possible, if not prob-
able, that Kimberella is allied somehow with mod-
ern molluscs.

What about other higher-level clades? Our esti-
mates suggest that arthropods diverged from
priapulids c. 575 Ma, suggesting that stem-group
panarthropods (Nielsen 2001) should be present in
Upper Ediacaran rocks. Interestingly, several taxa
compare favourably with a panarthropod interpret-
ation. For example, large specimens of Parvancorina
show lateral structures originating on either side
of the medial ridge that might be characterised as
appendages (Figure 2.2b). In fact, in external form,
Parvancorina bears a striking resemblance to the
unmineralized, kite-shaped Cambrian arthropod

Skania (Lin et al., 2006). Spriggina (Figure 2.2¢c) also
preserves large numbers of appendage-like struc-
tures, and still others like Marywadea (Figure 2.2d)
show apparent cephalic branching structures
that resemble digestive caecae in arthropods.
Importantly (see below), all of these taxa were
no larger than 10 cm in maximum dimension
(Gehling, 1999; Fedonkin, 2003) (see Figure 2.2), and
appear simultaneously with the first demonstrable
trace fossils (Jensen et al., 2005). The absence of
arthropod scratch marks (Seilacher, 1999), though,
is not too worrisome given that such traces would
demand the presence of sclerotized appendages
to cut through the ubiquitously present microbial
mats, a character not necessitated by the presence
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of stem-group panarthropods, or even deeply
nested stem-group arthropods, in Ediacaran-aged
sediments.

Indeed, the distinct possibility remains that
this fauna preserves numerous stem-group forms
ranging from basal triploblasts up through basal
ecdysozoans, spiralians, and possibly even deu-
terostomes. Given the enigmatic nature of some
very prominent taxa like Dickinsonia (Figure 2.2e),
a taxon that appears capable of some form of lim-
ited motility (Gehling et al., 2005), a position for
Dickinsonia within total-group Eumetazoa is not
out of the question. In fact, mobile but saprophytic
feeding without the use of a gut would be com-
pelling evidence that some form of ectomesoderm
pre-dates the advent of endoderm.

2.4.2 Discordance between the genetic and
geological fossil records

Of course, many others have addressed these ques-
tions using a similar approach, and it is worth com-
paring our results not only against the fossil record
but also with other molecular clock estimates as
well. They compares well with some molecular ana-
lyses, notably Aris-Brosou and Yang (2002, 2003),
Peterson et al. (2004), and Peterson and Butterfield
(2005), all of whom argued that the last com-
mon ancestor of protostomes and deuterostomes
evolved not more than 635 Ma. However, Blair
and Hedges (2005) have recently argued for much
deeper divergences, based on a series of penal-
ized likelihood (Sanderson, 2002) analyses using
r8s (Sanderson, 2004) in which every calibration
point was treated as a minimum. They suggested
that the divergence between ambulacrarian and
chordate deuterostomes was 896 Ma (with the 95%
confidence interval spanning from 832 to 1022 Ma).
They further argued that the divergence between
hemichordates and echinoderms was 876 Ma (725,
1074 Ma), and the origin of crown-group echino-
derms was 730 Ma. Finally, they estimated that the
divergence between starfish and sea urchins was
580 Ma. Unfortunately, their results are most likely
spurious because, as Sanderson (2004) pointed out,
r8s cannot converge on a unique solution if only
minima are used to calibrate penalized likelihood

analyses, which is supported by the fact that their
estimate for the origin of a mineralized, coelom-
ate taxon like crown-group Echinodermata pre-
cedes their appearance in the fossil record by some
200 million years.

Of course, neither the genetic nor the geological
fossil record has a monopoly on historical accur-
acy, and as much as molecular evolutionists need
to keep in mind the relevant palaeontological data,
palaeontologists need to keep in mind estimates
derived from molecular clocks (Donoghue and
Benton, 2007). For example, Budd and Jensen (2000,
2003) argued that bilaterians could not have had
an extensive Precambrian history, as suggested
by almost all molecular clocks, as the trace fossil
record, and the inferred morphology of these ani-
mals, is not consistent with an origin much before
555 Ma. They observed that possession of coelom(s)
and a blood-vascular system (BVS) are inconsist-
ent with a meiofaunal origin, as tiny organisms
would have had no need for a transport system like
the BVS, and are only consistent with a size large
enough to be detected in the geological record. In
general, we agree with their arguments, and use
their insights to set a maximum age for crown-
group Ambulacraria (see above).

However, the same argument cannot be
extended to many other parts of the bilaterian
tree. Contra Budd and Jensen (2000), there is no
evidence for homology of coeloms either between
protostomes and deuterostomes or even within
both protostomes and deuterostomes. Because
the coelom is, by definition, just a mesodermally
lined cavity (Ruppert, 1991a; Nielsen, 2001) the
possession of the space itself cannot be used
as an argument for homology. Instead, topo-
logical similarity must be used, and when it is, it
strongly suggests homology, for example, within
Ambulacraria (Peterson et al., 2000; Smith et al.,
2004), but not homology between any other higher
taxa (Nielsen, 2001; Ruppert, 1991a). Thus, outside
of Ambulacraria, the trace fossil record cannot be
used to set a maximum for most bilaterian diver-
gences. In fact, the small size of many putative
Ediacaran bilaterians (Figure 2.2), and the fact
that acoel flatworms are now recognized as the
sister group to the remaining bilaterians (Baguna



and Riutort, 2004; Peterson et al., 2005; Sempere
et al., 2007), is consistent with an argument that
small size and absence of a coelom are primitive
for Bilateria. This then removes the final obstacle
to a pre-555 Ma origin for Bilateria, which is con-
sistent with both the appearance of many differ-
ent bilaterian lineages in the Ediacaran (Figure
2.2) and the molecular clock (Figure 2.1).

But despite the presence of many different
stem-group taxa, the Ediacaran is still a transi-
tional ecology, with these organisms confined to
a two-dimensional mat-world. This stands in dra-
matic contrast to the Early Cambrian where the
multitiered food webs that typify the Phanerozoic
were established with the eumetazoan invasion
of both the pelagos and the infaunal benthos
(Butterfield, 1997, 2001; Vannier and Chen, 2000,
2005; Dzik, 2005; Peterson et al., 2005; Vannier
et al., 2007). Hence, although the Ediacaran is an
apparent quantum leap in ecological complexity
as compared with the ‘boring billions” that char-
acterize earth before the Ediacaran, it is still rela-
tively simple when compared with the Cambrian.
The Cambrian was yet another quantum leap in
organismal and ecological evolution, and which
thus stands as the transition interval between the
‘Precambrian’ and the Phanerozoic (Butterfield,
2007). Whether it was triggered by the introduc-
tion of eumetazoans, as argued by Peterson and
Butterfield (2005), by the introduction of mobile,
macrophagous triploblasts, as is suggested by our
analyses reported here (Figure 2.1), or by some
other factor or combination of factors, remains to
be more fully studied through continued explor-
ation of the relevant rock sections throughout the
world, and continued improvements in molecular
clock methods.
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2.5 Conclusions

Both the genetic and geological fossil records, each
with their own inherent biases and artefacts, are
largely congruent with one another, and for his-
torical disciplines congruence of independent data
sets is the strongest argument one can make for
historical accuracy (Pisani et al., 2007). Our ana-
lyses suggest that while the cradle of metazoan life
occurred in the Cryogenian, and the explosion of
metazoan ecology occurred in the Cambrian, it is
the emergence of bilaterians in the Ediacaran that
established the ecological and evolutionary rules
that have largely governed earth’s macrobiota for
the remainder of geological time.
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CHAPTER 3

Genomic, phylogenetic, and cell
biological insights into metazoan

origins

Scott A. Nichols, Mark J. Dayel, and Nicole King

Over 600 million years ago (Ma), the first
multicellular metazoans evolved from their single-
celled ancestors. Although not recorded in the fos-
sil record, the earliest events in metazoan evolution
can be inferred by integrating findings from phylo-
genetics, genomics, and cell biology. Comparisons
of choanoflagellates (microeukaryote relatives
of metazoans) with sponges (the earliest known
metazoans) reveal genetic innovations associated
with metazoan origins. Among these are the evolu-
tion of the gene families required for cell adhesion
and cell signalling, the presence of which catalysed
the evolution of multicellularity and the functions
of which have since been elaborated to regulate
cell differentiation, developmental patterning,
morphogenesis, and the functional integration of
tissues. The most ancient tissues—differentiated
epithelia—are found in sponges and evolved before
the origin and diversification of modern phyla.

3.1 Introduction

Metazoans are one of evolution’s most dramatic
experiments with multicellularity, and yet we
know surprisingly little about their origins. The
fossil record provides no insight into the biology of
the unicellular ancestors of metazoans. Indeed, the
relatively abrupt appearance of fossils attributable
to modern metazoan phyla over the c. 80 million
year span of the Cambrian radiation obscures the
sequence of metazoan phylogenesis. Nonetheless,
by merging phylogenetics and comparative gen-
omics with comparative cell biology, we can infer
some of the earliest events in metazoan evolution.
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Metazoan origins required at least two innov-
ations: the evolution of simple colonies of equipotent
cells followed by the organization and integration
of cell function and behaviour within an ‘individ-
ualized” organism (Pfeiffer and Bonhoeffer, 2003;
King, 2004; Michod, 2007). Both of these phenom-
ena required regulated cell signalling, adhesion,
and differentiation mechanisms, the origins of
which directly address fundamental questions
about the evolution of multicellularity.

Metazoan multicellularity evolved independ-
ently from that of all other macroscopic lineages.
In fact, although unicellular life predominates in
all considerations of total biomass and biodiversity,
at least 16 separate transitions to multicellularity
have occurred during the history of eukaryotic life
(King, 2004). The imprint of these separate origins
can be seen at the level of phylogenetics, compara-
tive genomics, and comparative cell biology. In
the following discussion, we review how insights
from choanoflagellates and sponges have begun to
illuminate some of the earliest events in metazoan
history, the origin of multicellularity, and the dif-
ferentiation of epithelial tissues.

3.2 Phylogenetics: are there any
‘living models’ of early metazoan
ancestors?

3.2.1 The case for choanoflagellates

Choanoflagellates and sponges have classically
been thought to straddle the evolutionary divide
between metazoans and their unicellular ances-
tors. Choanoflagellates, a group of heterotrophic



microeukaryotes, originally captured the atten-
tion of cell biologists for their striking similar-
ity to the ‘feeding cells’ (choanocytes) of sponges
(James-Clark, 1866; Saville-Kent, 1880-82; see
Figure 3.1). This resemblance was first noted
by Henry James-Clark in 1866, prompting one
of two interpretations: either that sponges and
choanoflagellates are derived from an ancestral
species that used choanoflagellate-like cells to
capture bacterial prey, or that these cell types
are only superficially similar and have evolved
independently. Subsequent molecular phylogen-
etic analyses and comparative genomic data have
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firmly established that sponges are metazoans,
that metazoans are monophyletic, and that cho-
anoflagellates are sister to metazoans (Burger
et al., 2003; Medina et al., 2003; Steenkamp et al.,
2006; Moreira et al., 2007; King et al., 2008; Ruiz-
Trillo et al., 2008; see Figure 3.2). Furthermore,
mitochondrial genome data and species-rich
phylogenetic analyses demonstrate that choano-
flagellates are not derived from metazoans, but
instead represent a distinct lineage that evolved
before the origin and diversification of metazoans
(Lavrov et al., 2005; Steenkamp et al., 2006; Rokas
et al., 2005; Jimenez-Guri et al., 2007).

Figure 3.1

Similarities between choanoflagellates and sponge choanocytes. Choanoflagellates are heterotrophic microeukaryotes

that use an apical flagellum to swim and to generate water flow, thus trapping bacterial prey on an actin-filled microvillar collar. Some
choanoflagellates, like the species of Proterospongia shown here, have both unicellular (a) and colonial (b) life-history stages. The
ultrastructural and functional characteristics of choanoflagellates are conserved in the feeding cells of sponges, choanocytes (c, adapted from
Leys and Eerkes-Medrano, 2006), despite vast differences in overall organismal morphology (d). Arrows indicate flagellum and braces indicate

the collar of individual cells.
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Figure 3.2 Phylogenetic relationships among metazoans and
their close relatives. The preponderance of available evidence
supports sponges as the earliest branching metazoan lineage and
choanoflagellates as the closest living relatives of the Metazoa.
As such, comparisons with these lineages can uniquely inform us
about the nature of the last common metazoan ancestor (white
circle) and the last unicellular ancestor of Metazoa (black circle).
Other close unicellular relatives of Metazoa, such as Filasterea and
Ichthyosporea are poorly understood, but ongoing genome projects
for members of these lineages promise to feature prominently in
future studies of metazoan origins.

Increasing numbers of molecular phylogen-
etic analyses of diverse microeukaryotes have
recently revealed a collection of taxa (including
Filasterea, Ministeria, Capsaspora owczarzaki, and
Ichthyosporea) in the internode between meta-
zoans and fungi (Ruiz-Trillo et al.,, 2004, 2008;
Steenkamp et al., 2006; Shalchian-Tabrizi et al.,
2008). Choanoflagellates remain the closest
known relatives of Metazoa, and the cell morph-
ology of these other diverse microeukaryotes
does not provide an obvious link to choanoflag-
ellates and metazoans. Nonetheless, molecular
phylogenetic analyses reveal that metazoans
count diverse single-celled and colony-forming
lineages, in addition to choanoflagellates, among
their close relatives (Medina et al., 2001; Ruiz-
Trillo et al, 2004, 2007, 2008; Steenkamp et al.
2006). A phylogenetically informed comparison
of genomes from diverse microeukaryotes with
those of metazoans and choanoflagellates prom-
ises to further refine our understanding of pre-
metazoan genome evolution.

3.2.2 The case for sponges

Arguments in support of sponges as useful ‘liv-
ing models” of the last common metazoan ances-
tor (LCMA) stem from their cytological similarities
with choanoflagellates, their phylogenetic position,
and the antiquity of their fossil record. Of these
arguments the evolutionary link between cho-
anoflagellates and sponge choanocytes is perhaps
the most compelling. The strength of this argu-
ment lies in its proven predictive power; it was the
hypothesized homology of sponge choanocytes
with choanoflagellates that first suggested an evo-
lutionary relationship between choanoflagellates
and metazoans (to the exclusion of countless other
eukaryotes). As discussed above, this predicted
relationship has since been independently borne
out in phylogenetic analyses.

In addition to the observation that the sponge
body plan is organized around the most ancient
metazoan cell type, a preponderance of phylogen-
etic analyses based upon both morphological and
molecular data sets place sponges as the ‘earliest
branching’ metazoans (i.e. all other metazoans are
more closely related to each other than to sponges:
Collins, 1998; Borchiellini et al., 2001; Medina et al.,
2001, 2003; Eernisse and Peterson, 2004; Peterson
and Butterfield, 2005; da Silva et al., 2007; Jimenez-
Guri et al., 2007; Sperling et al., 2007, Ruiz-Trillo
et al.,, 2008). With this perspective, we can begin
to reconcile the ‘primitive’ nature of the modern
sponge body plan with the fact that they, like most
metazoans, are the product of at least 600 million
years of independent evolution. Chance, key inno-
vations, or (more likely) both, resulted in drastic-
ally different evolutionary outcomes in sponges
compared with other metazoans. Only after other
metazoans diverged from sponges did traits such
as nerves, muscles, tissues, and a digestive gut
arise.

The fossil record is consistent with the hypoth-
esis that the sponge body plan has remained nearly
unchanged since the late Neoproterozoic (reviewed
in Carrera and Botting, 2008). Specifically, sponge
fossils from between 750 Ma (Reitner and Worheide,
2002) and 580 Ma (Li et al., 1998) represent the earli-
est known metazoan body fossils. By the time of
the Cambrian, sponge diversity was high, with



spicules from most major sponge groups forming
an abundant component of the Cambrian fossil
record globally (Gehling and Rigby, 1996).

A second, and less well established, phylo-
genetic result that has emerged is the possibility
of sponge paraphyly. Under this scenario, some
sponge lineages (e.g. calcareous and homoscle-
romorph sponges) might be more closely related
to eumetazoans than to other, earlier branching
sponge lineages (Collins, 1998; Borchiellini et al.,
2001; Medina et al., 2001; Peterson and Butterfield,
2005; Sperling et al., 2007). The evolutionary impli-
cations of sponge paraphyly have been thoroughly
explored and can be distilled into an argument
that all extant metazoans are derived sponges
(Sperling et al., 2007; Nielsen, 2008). However, the
proposition of sponge paraphyly remains tenuous,
in part because analyses that include expressed
sequence tag (EST) and mitochondrial genome
data from the homoscleromorph species Oscarella
carmela strongly support sponge monophyly
(Jimenez-Guri et al., 2007; Lartillot and Philippe,
2008; Lavrov et al.,, 2008; Ruiz-Trillo et al., 2008;
Wang and Lavrov, 2008).

3.2.3 The controversy

Despite the weight of evidence supporting the
placement of sponges at the base of the metazoan
tree, placozoans (Dellaporta et al., 2006) and, more
recently, ctenophores have also been posited as the
earliest branching metazoan phylum (Dunn et al.,
2008). The case for placozoans derives from an ana-
lysis of the mitochondrial genome from the only
characterized species, Trichoplax adhaerens. This ana-
lysis can be distilled into three arguments: (1) like
choanoflagellates and unlike most metazoans the
mitochondrial genome of T. adhaerens is large (c.
43 kb compared with the 15-24 kb genomes typ-
ical of metazoans); (2) it contains an assortment of
introns, intergenic spacers, and genes that are lack-
ing from all other sequenced metazoan mitochon-
drial genomes (albeit, also without orthologues in
choanoflagellates or other non-metazoans); and (3)
phylogenetic analyses of predicted mitochondrial
proteins support T. adhaerens as the earliest branch-
ing lineage in an unprecedented clade that also
contains sponges, ctenophores, and cnidarians. The
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existence of this clade is contradicted by numer-
ous independent analyses and can be explained
by accelerated rates of evolution within Bilateria
(Dellaporta et al., 2006; Wang and Lavrov, 2008).
More recently, a genome-scale analysis of predicted
proteins from single-copy loci in the draft genomes
of the sponge Amphimedon queenslandica and T.
adhaerens strongly supported placozoans as an
independent lineage that branches after sponges,
and before cnidarians (Srivastava et al., 2008). This
result and others (Collins, 1998; da Silva et al., 2007)
cast doubt on the hypothesis that T. adhaerens is the
earliest branching metazoan.

Recently, Dunn et al. (2008) published a phyl-
ogeny based upon 150 EST-derived genes that
supports ctenophores as branching before two
sampled sponge species. This finding would imply
one of two unlikely evolutionary scenarios: that the
LCMA was much more complex than previously
predicted (e.g. it had nerves, muscles, and a digest-
ive gut) or that the ctenophore lineage and other
eumetazoans underwent extensive convergent evo-
lution (Giribet et al., 2007). The former scenario is
not supported by the fossil record—sponges would
have had to undergo morphological simplification
before their appearance as the first recognizable
metazoan fossils—and the latter explanation would
require the improbable, independent evolution of
nerves, muscles, and a gut in the ctenophore and
cnidarian/bilaterian lineages. Instead, the weight
of evidence places choanoflagellates as the closest
living metazoan outgroup, sponges as the earliest
branching metazoan phylum, and argues that the
choanocyte-based feeding strategy of sponges is
ancestral to all Metazoa.

3.3 Reconstructing the genetic toolkit
for cell-cell interactions

Choanoflagellates and sponges, by virtue of their
positions on the tree of life, bracket metazoan ori-
gins and are well situated to help us understand
the genetic innovations associated with the transi-
tion to multicellularity. Indeed, a wealth of genomic
data have begun to pour out from representatives of
both of these groups. The single-celled choanoflag-
ellate Monosiga brevicollis is the subject of a recently
completed genome project (King et al., 2008), and
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genome sequencing projects are under way for the
freshwater choanoflagellate Monosiga ovata and a
colony-forming choanoflagellate, Proterospongia sp.
(Ruiz-Trillo et al., 2007). Likewise, sponges have
received increasing attention from a genomics per-
spective. Pilot EST projects have been completed
for the sponges O. carmela and Suberites domuncula,
and genome-scale data are available for the sponge
A. queenslandica (Nichols et al., 2006; Perina et al., 2006;
Adamska et al.,, 2007a). The juxtaposition of sponge
and eumetazoan sequences with those from cho-
anoflagellates is beginning to reveal the catalogue
of genes present in their common ancestor, thus per-
mitting the construction of hypotheses about gen-
omic innovations underlying metazoan origins.

A prediction from the field of evo-devo is that
genes involved in regulating development play
important roles in morphological evolution. One
such class of genes includes those involved in the
conserved signalling pathways that transduce
extracellular cues in diverse metazoans. Although
all cellular organisms engage in cell signalling, the
pathways required for metazoan development are
more elaborate than those of unicellular organisms
and distinct from those found in other multicellu-
lar lineages (e.g. fungi and plants). Traditionally,
seven intercellular signaling pathways are consid-
ered unique to and abundant in Metazoa: nuclear
hormone receptor, WNT, TGF-B, Jak/STAT, Notch/
Delta, Hedgehog, and RTK (Gerhart, 1998; Barolo
and Posakony, 2002; Pires-daSilva and Sommer,
2003). At least six of these seven pathways (Wnt,
TGF-B, RTK, Notch, Hedgehog, and Jak-STAT)
have conserved components that are expressed in
sponges and thus were present in the LCMA (Adell
et al., 2003; Nichols et al., 2006; Adamska et al,,
2007a,b; Adell et al., 2007).

In contrast with sponges, only two of the major
metazoan signalling pathways, the RTK pathway
and components of the Hedgehog signalling path-
way, are present in the genome of the choanoflag-
ellate M. brevicollis (King et al., 2008). Despite early
suggestions that RTK signalling might represent
a key innovation in the evolution of metazoans
from their single-celled ancestors (Hunter, 2000),
components of the pathway are abundant in the
choanoflagellate genome (including c. 120 tyrosine
kinase domains, c. 30 tyrosine phosphatases, and

c. 80 SH2 domains: King et al., 2008; Manning
et al., 2008, Pincus et al., 2008). In addition, two
choanoflagellates (M. brevicollis and M. ovata) con-
tain homologues of the proto-oncogene Src and
biochemical analyses reveal these homologues to
conserve most of the regulatory interactions asso-
ciated with metazoan Srcs (Segawa et al., 2006; Li
et al., 2008). These observations establish the pres-
ence of bona fide tyrosine kinase signalling during
the pre-metazoan era.

With the accumulation of genome-scale data from
early branching metazoans and their close out-
groups, an emerging theme is that the functional
protein domains found in developmentally import-
ant metazoan signalling and adhesion genes have
histories and, presumably, ancestral functions inde-
pendent of their roles in metazoan proteins. In other
words, these protein domains evolved prior to meta-
zoan origins and only later, as a product of domain
or exon shuffling (see Patthy, 1999), were linked in
the combinations found in the canonical signalling
and adhesion proteins of modern metazoans.

One example of this is the case of the secreted
ligand Hedgehog. In bilaterians, the Hedgehog
signalling pathway is involved in developmental
patterning events as diverse as segment polarity in
Drosophila and brain, bone, muscle, and gut pattern-
ing in vertebrates. The canonical Hedgehog ligand
is composed of two protein domains, an N-terminal
signalling domain that is released through auto-
proteolytic cleavage by a linked C-terminal intein
domain (reviewed in Perler, 1998). Analyses of the
choanoflagellate, sponge, and cnidarian genomes
reveal that the two functional domains known
from the bilaterian Hedgehog family evolved
independently and were subsequently coupled
through domain shuffling early in metazoan evo-
lution (Figure 3.3). Specifically, the genomes of
the choanoflagellate M. brevicollis and the sponge
A. queenslandica encode the Hedgehog N-terminal
and C-terminal domains on separate, unrelated
proteins, whereas the cnidarian Nematostella vect-
ensis has orthologues of these proteins in addition
to true Hedgehog proteins typical of bilaterians
(Adamska et al., 2007a; King et al., 2008; Matus et al.,
2008). This pattern suggests that the Hedgehog gene
family evolved through domain shuffling after the
divergence of sponges from other metazoans and
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Figure 3.3

Evolution of the Hedgehog ligand by domain shuffling. The two functional domains of the signalling protein Hedgehog, the

N-terminal signal domain (black), and the C-terminal Hint domain (white), evolved on separate proteins in the ancestors of choanoflagellates
and animals. One of these ancient proteins, Hedgeling (that links the N-terminal signal peptide to extracellular cadherin domains on a
transmembrane protein), has homologues in sponges and cnidarians but was lost in the ancestors of bilaterians. A second ancestral protein,
Hoglet, containing only the Hint domain, has been conserved in choanoflagellates, sponges, cnidarians, and bilaterians. Hedgehog, a
ubiquitous signalling ligand among bilaterians, is also found in cnidarians and evolved by domain shuffling after the divergence of sponges
and eumetazoans (Snell et al., 2006; Adamska et al., 2007a; King et al., 2008; Matus et al., 2008).

that a heretofore unrecognized gene family con-
taining the Hedgehog signal peptide linked to
extracellular cadherin domains and a transmem-
brane domain was in place in the last common
ancestor of choanoflagellates and metazoans.

In addition to the Hedgehog protein itself, other
components of the Hedgehog signalling pathway
can be traced back to the last common ancestor
of choanoflagellates and metazoans. For example,
sponges and choanoflagellates encode orthologues
of the upstream protein that once dispatched
releases the Hedgehog protein from signalling
cells, and the receptor patched that localizes to the
surface of downstream Hedgehog signalling targets
(Nichols et al., 2006; King et al., 2008). Additionally,

the sponge O. carmela expresses a gene with simi-
larity to the negative regulator, suppressor of fused
(Nichols et al., 2006).

The case of hedgehog evolution is illustrative
of the evolution of metazoan signalling systems
because it demonstrates how seemingly emer-
gent metazoan cell signalling machinery might
have been assembled piecemeal through domain
shuffling and the co-option of genes with differ-
ent (if related) ancestral functions. The most excit-
ing work lies ahead and will entail the exploration
of how these genes function in choanoflagellates,
sponges, and cnidarians, and how their functions
were altered as they were recruited for their roles
in regulating bilaterian development.
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3.4 From single cells to epithelia

The general architecture of choanoflagellates and
sponge choanocytes extends to eumetazoan planar
epithelial cells, with the central flagellum of cho-
anoflagellates and the primary cilium of epithelial
cells probably sharing a common ancestry (Singla
and Reiter, 2006). Neither sponges nor choanoflag-
ellates have epithelial tissues as classically defined,
but they do form structures that exhibit the rudi-
ments of epithelial tissue architecture and epithe-
lial cellular machinery. The absence from sponges
of abundant intercellular junctions and a basement
membrane, two features that contribute to the
mechanical and absorptive/transport properties of
eumetazoan epithelial cells, has led to their char-
acterization as lacking epithelia. Instead they are
considered to be a somewhat loose association of
cells in which the internal environment (i.e. meso-
hyl) is, at least in terms of ionic homeostasis, undif-
ferentiated from the external environment (e.g.
seawater: de Ceccatty, 1974; Cereijido et al., 2004).
Nonetheless, sponges have cell layers such as those
formed by choanocytes (i.e. the choanoderm) that
are specialized for filter-feeding. In addition, these
cell layers are packed closely together (particularly
in embryos) with highly regular paracellular spaces
suggesting that they have the same kind of direct
intercellular interactions that characterize eumeta-
zoan epithelia and are not simply embedded in a

common extracellular matrix (sensu Harwood and
Coates, 2004; Figure 3.4).

Contrary to the dogma that sponges lack func-
tional epithelia is the observation that the cell
layers that line their various body cavities are dif-
ferentiated. For example, in addition to the cho-
anoderm, the body surface, internal water canals,
and spermatic cysts are lined by T-shaped pinaco-
cyte cells, whereas oocytes and embryos are often
encased in a layer of large, cuboidal follicle cells.
Furthermore, in some species the basal epithelium
is uniquely differentiated and larvae develop an
outer presumptive epithelium composed of col-
umnar cells more than 15 pm high and c. 2 pm in
diameter (e.g. O. carmela; SAN, personal observa-
tion). The morphological differences between as
many as five presumptive sponge epithelial tissues
plausibly reflect functional differences.

Amongst choanoflagellates that form multicelled
colonies, colony architecture varies between spe-
cies, with cells typically connected at their lateral
surfaces to form two-dimensional ‘chains” or by
the bundling of secreted extracellular pedicels to
form rosettes (Figure 3.5). Additionally, colonies of
the genus Proterospongia form spherical clusters of
polarized cells in direct contact with each other.
Cell contacts in colonies from Codosiga botrytis
and Desmarella moniliformis comprise cytoplasmic
bridges (Hibberd, 1975; Karpov and Coupe, 1998)
and therefore differ from the protein-plaque-based

Focoy

. o i SR
-} Al 0

Figure 3.4 Transmission electron micrographs of larval and adult epithelial tissues in the sponge, Oscarella carmela. Like other sponges,
the larval (a) and adult (b) epithelial tissues of O. carmela are characterized by closely apposed membranes that have very small, uniform
paracellular spaces (arrows). However, in contrast to other sponges, only homoscleromorphs are reported to have a loose, ladder-like
basement membrane composed of type IV collagen (arrowhead; Boute et al., 1996). Scale bars are shown; n, nucleus.



intercellular junctions typical of eumetazoan epi-
thelial tissues. Furthermore, with the exception of
an uncorroborated account by William Saville-Kent
(1880-82), no choanoflagellate colony is known to
display cell differentiation.

Epithelial tissues therefore represent a metazoan
innovation that evolved de novo after the evolution
of multicellularity. Aspects of choanoflagellate
biology hint at the types of cell biological phenom-
ena that might have laid the foundation for epithe-
lial origins. The capacity of most choanoflagellates
to adhere to surfaces suggests the presence of a
ubiquitous adhesion mechanism that might have
been co-opted to support intercellular adhesion in
diverse choanoflagellate lineages and in the lin-
eage leading to Metazoa. This is consistent with
the discovery of more than 23 cadherin genes and
a diversity of predicted proteins with C-type lectin,

(a)
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immunoglobulin, o-integrin, collagen, fibronec-
tin, and laminin adhesion domains encoded by
the genome of the exclusively unicellular species,
M. brevicollis (Abedin and King, 2008; King et al.,
2008).

Only one group of sponges, the homosclero-
morphs, has been argued to have a bona fide epi-
thelium, complete with intercellular junctions in
the larva and a basement membrane underlying
larval and adult tissues (Boute et al., 1996; Boury-
Esnault et al., 2003). However, due to uncertainty
about the phylogenetic position of this group (see
Section 3.2), it is unclear if other sponges have
lost these epithelial features or if homosclero-
morphs are more closely allied with eumetazoans.
Another possibility is that the molecular machin-
ery characteristic of intercellular junctions and
the basement membrane in eumetazoan epithelia
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Figure 3.5 Diversity of colony morphology in choanoflagellates. All known species of choanoflagellates have unicellular life-history stages,
but some species are also capable of forming simple evidently undifferentiated colonies. Among these species, colony morphology is diverse
and suggestive of independent evolutionary origins. For example, colony morphology can vary from ‘chains’ (a) or ‘balls’ (b) of athecate cells
in direct contact with each other to thecate cells embedding in a common gelatinous matrix (c) or sharing a common stalk (d).
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is in place in all sponges, but is not sufficiently
concentrated to be detected as an electron dense
structure under transmission electron microscopy.
Indeed, diverse adhesion gene families, and other
cell junction components, are widely conserved in
sponges (reviewed in Bowers-Morrow et al., 2004).
Furthermore, in Ephydatia muelleri—a species that
lacks electron-dense epithelial cell junctions and a
basement membrane—immunofluorescent stain-
ing reveals that actin plaques characteristic of
adherens junctions (Yap et al.,, 1997) are present at
points of cell contact in the pinacoderm (Elliot and
Leys, 2007).

Epithelial tissues were the first metazoan tis-
sue type to evolve and are thought to have been
required for body plan diversification by allowing
early metazoans to compartmentalize and regu-
late physiological homeostasis within and between
body compartments (Tyler, 2003). Sponges and cho-
anoflagellates exclusively share the ancient charac-
teristic of collared cells, yet when viewed at the cell
biological level the gulf between their morphology
and that of other metazoans is not as wide as it may
seem. For example, it seems that the fundamental
characteristics of epithelial tissues can be traced to
the rudimentary epithelia of sponges and, to some
extent, to the simple, undifferentiated colonies of
choanoflagellates.

3.5 The biology of the earliest
metazoan ancestors

The study of metazoan origins is still in its infancy,
despite recent advances in our understanding
catalysed by genome-scale data from choanoflag-
ellates, sponges, and other early branching meta-
zoan phyla. It is premature to assume that any
one (or few) species is(are) representative of each
phylum—the diversity within these groups is high
and phylogenetic divergences are deep—so an
immediate goal is to acquire genomic data from a
more representative sampling. Nevertheless, from
the available data we can begin to reconstruct the
minimal genomic, cell, and developmental charac-
teristics of the first metazoans.

The cell biology of the last common ancestors of
choanoflagellates and metazoans probably resem-
bled that of modern choanoflagellates. However,

we do not know whether the last common ances-
tor of choanoflagellates and metazoans was cap-
able of forming simple mu