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Recent molecular clock studies date the origin of Metazoa to 750—800 million
years ago (Ma), roughly coinciding with evidence from geochemical proxies
that oxygen levels rose from less than 0.1% present atmospheric level (PAL)
to perhaps 1-3% PAL O,. A younger origin of Metazoa would require greatly
increased substitution rates across many clades and many genes; while not
impossible, this is less parsimonious. Yet the first fossil evidence for metazoans
(the Doushantuo embryos) about 600 Ma is followed by the Ediacaran fossils
after 580 Ma, the earliest undisputed bilaterians at 555 Ma, and an increase
in the size and morphologic complexity of bilaterians around 542 Ma. This
temporal framework suggests a missing 150-200 Myr of early metazoan
history that encompasses many apparent novelties in the early evolution of
the nervous system. This span includes two major glaciations, and complex
marine geochemical changes including major changes in redox and other
environmental changes. One possible resolution is that animals of these still
unknown Cryogenian and early Ediacaran ecosystems were relatively
simple, with highly conserved developmental genes involved in cell-type
specification and simple patterning. In this model, complex nervous systems
are a convergent phenomenon in bilaterian clades which occurred close to
the time that larger metazoans appeared in the fossil record.

1. Introduction

The origin and early divergence of animals occurred from the Cryogenian
(ca 850—-635 Ma) into the Ediacaran (635-542 Ma) and Cambrian periods, and
the information from geological and fossil records provides useful constraints
on hypotheses concerning the origin and early divergence of animals, and
more specifically on early nervous system evolution. Molecular clock analyses
provide estimates of divergence times between major clades, phylogenetic ana-
lyses establish the branching topology of these groups, and when synthesized
with geological data the environmental context in which these events occurred
can be inferred. In this contribution, I summarize recent work on metazoan phy-
logeny and molecular clock estimates. The Cryogenian and Ediacaran were
intervals of pervasive environmental changes, many of them unlike anything
that has occurred in the past 540 million years, but the global glaciations, changes
in marine redox and possible extensive changes in oxygen levels in the oceans and
atmosphere provide critical information on the environmental context of early
metazoan life. Comparative studies of the development of living animals support
conflicting interpretations of the probable morphology of animals during this
time. The integration of geological and geochemical data with developmental
information allows one to evaluate the plausibility of alternative models for the
early history of animals.

2. Rate and topology of early metazoan divergences

The relationships between most animal groups have been satisfactorily
established through molecular phylogenetics (figure 1). The bilaterians include
the Lophotrochozoa plus Edcysozoa, together comprising the protostomes, and
the Deuterostome clades. Most of the unresolved issues of metazoan phylogeny
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Figure 1. A simplified topology of the metazoan radiation, based on the phylogeny and molecular clock results from reference [1]. The coloured circles are the
estimated ages of the origin of the crown group of each clade, based on molecular clock estimates. The uncertainties on the divergence times are not shown on this
diagram for clarity. These match closely with estimates from the fossil record, except for crown demosponges and crown cnidarians, which occur in the Cryogenian.
The duration of the major glaciations are indicated: S, Sturtian; M, Marinoan; G, Gaskiers. (Online version in colour.)

involve the basal metazoan groups of sponges, cnidarians,
ctenophores and placozoans. Specifically, these include dis-
agreements over whether sponges are a single monophyletic
clade [2] or a suite of paraphyletic clades [3], controversial
claims that ctenophores may lie at the base of Metazoa outside
sponges [4,5], and uncertainty over the position of acoel
flatworms and Xenoturbella [6]. These issues were analysed in

a recent review [7]. None of these issues can be considered
resolved, but their resolution is critical for understanding
patterns of developmental evolution in the early history of
metazoans, particularly whether neurons are shared character
among ctenophores, cnidarians and bilaterians, or arose with
ctenophores but were lost in sponges [4,5] or arose separately
in ctenophores and the cnidarian plus bilaterian clade. These
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issues are also important for understanding the ecosystems of
the late Neoproterozoic, and for interpreting the role of highly
conserved genes.

Taking each of these three issues in turn, if sponges
are paraphyletic this provides a much stronger inference
that the last common ancestor (LCA) of metazoans must
have been sponge-like. Alternatively, if sponges are a
single clade, we cannot rely upon inferences about the mor-
phology of these nodes to infer the morphological and
developmental attributes of the most basal metazoans. Sev-
eral recent studies suggest that sponges are likely to be
monophyletic rather than paraphyletic [8,9]. Earlier studies
indicated that resolving the phylogenetic position of cteno-
phores was complicated by considerable long-branch
attraction [10], but more recent studies have attempt to
resolve these difficulties and support a basal position for
the clade [4,5,11], but have also been criticized [12,13]. In
a recent study, long-branch attraction was found to have
potentially been involved in the results of reference [4],
and other potential problems affected reference [5]. None-
theless, this new study evaluated these problems through
increased taxon sampling and other improvements, and
found support for ctenophores at the base of metazoans
[14,15]. In contrast, a detailed study of opsins and photo-
transduction found good support for the classic phylogeny
with uniting ctenophores, cnidarians and bilaterians [16].
Other analyses are in progress and I view the issue as
currently unresolved. The phylogenetic position of cteno-
phores has important implications for the early history of
metazoans in general, and for the nervous system in particular,
and will be discussed in §4 and elsewhere in this issue [17].
Analyses placing acoel flatworms and Xenoturbella at the
base of deuterostomes rather than below the last common
protostome—deuterostome ancestor (LCPDA) were surprising,
but even if this result is confirmed by further research, com-
parative analysis suggests that organisms morphologically
similar to acoels likely occurred below the LCPDA [18].

Many molecular clock analyses have been conducted in the
past several decades to estimate the divergence times of
the metazoan clades. Figure 1 presents a simplified version
of the analysis published in 2011 [1]. The study used concaten-
ated sequences of several different housekeeping genes for 118
taxa in all major metazoan clades. Ctenophores were initially
included but subsequently excluded because of analytical dif-
ficulties. The study included 24 different calibration points
distributed across the tree, in contrast to the dominantly ver-
tebrate calibration points used in previous studies, and
employed a relaxed clock analysis. Further details can be
found in reference [1]. Several aspects of the results are worth
noting. First, the results suggest an origin of Metazoa during
the Cryogenian, approximately 780-800 Ma, the LCA of cni-
darians and bilaterians at approximately 700 Ma and of
bilaterians approximately 688 Ma (all estimates have analytical
uncertainties discussed in detail in reference [1]). Because so
many taxa were included we were able to estimate the ages
of the crown groups for the larger clades, and these largely
fell during the late Ediacaran and Cambrian. The congruence
between these estimates for the origin of the crown group
and the actual appearances of the crown group in the fossil
record provides additional confidence in these results.
Second, if these results are reliable, they suggest crown-group
cnidarians were present by approximately 700 Ma, raising
the issue of why a nematocyst had evolved at such an early

date. One reviewer of this manuscript argued that this was a [ 3 |

non-issue, but nematocysts are clearly unique to the clade,
despite recurrent attempts to link them to other groups [19].
They are involved in both predation and protection, often
in specialized forms and are energetically costly elements
to produce. Crown-group cnidarians with nematocysts at
approximately 700 Ma indicates greater complexity to later
Neoproterozoic ecosystems than has been previously appreci-
ated. Third, these results imply that many metazoan lineages
must have been present during the Ediacaran, not only
sponges, cnidarians, but also stem groups of arthropods,
priapulids, annelids, molluscs, brachiopods, vertebrates,
echinoderms, hemichordates and others. As discussed further
in §4, this does not require that such lineages had acquired
the morphological characters of the crown groups (see also
discussion in reference [11]). The only generally accepted
fossil representative of any of these clades identified from
the Ediacaran to date is Kimberella, from 555 Ma rocks in the
White Sea of Russia, which could be a stem mollusc but is
certainly a stem lophotrochozoan [20,21]. This molecular
clock analysis should be re-done to assess the impact of a pos-
sible basal position for ctenophores, but such a topology would
seem to require an earlier Cryogenian date for the origin of
Metazoa. Moreover, the ctenophore-early hypothesis exacer-
bates a challenge posed by the inference of stem-group
cnidarians at 700 Ma: both cnidarians and ctenophores are
active and often voracious predators. In the absence of
zooplankton, on what were they feeding?

One frequently proposed challenge to metazoan diver-
gences that greatly predate evidence from the fossil record is
the possibility of increased rate of molecular evolution across
early metazoan lineages, bringing the molecular clock estimates
into closer congruence with the fossil record. Several recent
studies have examined this possibility, largely focusing
on arthropods. One study rejected a rapid, late Ediacaran
divergence of arthropod lineages, estimating the origin of the
arthropod crown group at 706 Ma (with a very large uncer-
tainty) [22], substantially older than our estimate of 560 Ma.
However, this study used only eight calibration points. Another
analysis used expressed sequence tags for 129 genes in 117 taxa,
of which 101 were arthropods, to estimate divergences through
the panarthropod clade. The estimated divergence of Panar-
thropoda was placed at approximately 600 Ma [23], which is
not substantially different from our estimate of approximately
630 Ma. Another study inverted the question and concluded
that rates of phenotypic evolution would have been four
times and molecular rates five and half times greater to produce
arthropod divergences largely consistent with the fossil record
[24]. But even such elevated evolutionary rates would necess-
arily require much earlier divergences for bilaterian and basal
metazoan clades. Some continue to reject the molecular clock
evidence in favour of a fairly literal reading of the fossil
record [25]. I long held this position [26], but I no longer view
it as tenable. The analytical methods used in molecular clock
studies, the calibration points and the quality of the data are
such that even the studies strongly suggest divergences for
the basal metazoan clades (sponges, cnidarians) in the Cryo-
genian. Although I will continue to use the results from
reference [1] in the remainder of this contribution, I hardly
view this study as the final word in molecular clock studies
of early metazoan divergences. The acquisition of larger data-
sets and improved techniques should continue to refine our
understanding of the tempo of early metazoan history. In



particular, ctenophores were not included in these studies
because of apparent long-branch attraction problems. New
studies will be required estimate the pace of metazoan
divergences with basal ctenophores.

Details of the Ediacaran—Cambrian explosion of animal life
have been exhaustively reviewed elsewhere [1,18,27]. To sum-
marize issues of direct relevance to the origin of nervous
systems: likely early metazoan embryos have been described
from the Doushantuo Formation in south China approximately
600 Ma [28], followed by the enigmatic macrofossils of the
Ediacaran, ranging from 578 to 542 Ma. The fronds, discs
and other forms of this assemblage probably represent a
variety of clades but very few exhibit diagnostic metazoan
characteristics or the presence of a gut, appendages, etc.,
with the exception of Kimberelln mentioned previously. The
Cambrian radiation begins about 542 Ma with a suite of
small shelly fossils, most of which were probably of lophotro-
chozoan affinities. Most bilaterian groups appear somewhat
later, although the pattern of first appearance of most clades
appears to largely reflect preservational conditions. Several
lines of evidence, including the absence of diagnostic bilaterian
trace fossils through most of the Ediacaran, indicate that the
Cambrian radiation accurately reflects the origin of these
large, bilaterian bodyplans, if not the origin of the lineages
themselves. I will return to this point in §4b.

In summary, integration of molecular clock and fossil
data suggests that metazoans originated during the Cryo-
genian, perhaps 780 Ma, and diversified into many of the
major clades through the Cryogenian and Ediacaran. The
first widely accepted animals appeared in the fossil record
by 555 Ma, although more controversial evidence extends
back to about 600 Ma. Most clades of macroscopic bilaterians
appear after 542 Ma. This implies a missing 150-200 Myr of
early history of metazoans, a span encompassing most of
the critical episodes in the evolution of nervous systems.

3. Environmental framework

Two extensive glacial episodes occurred during the Cryogen-
ian period: the Sturtian glaciation (716-665Ma) and the
Marinoan glaciation (ca 650-635 Ma; figure 1) [29]. Geologi-
cal evidence shows that these glaciations extended to sea
level in near-equatorial latitudes. Overlying the glacial depos-
its are rocks described as ‘cap carbonates’ with unusual
sedimentary textures suggesting they were deposited
during rapid deglaciation. Although the Sturtian and Mar-
inoan glaciations are commonly described as though they
involved persistent glaciation, we currently lack sufficient
geologic and age control to exclude the possibility of shorter
interglacial intervals within the Sturtian and Marinoan glacial
episodes. One proposed explanation for these glacial epi-
sodes posits that essentially the entire Earth was enveloped
in ice before build-up of carbon dioxide from volcanism trig-
gered abrupt deglaciation [30,31]. Such a snowball Earth
hypothesis has been very controversial, but it is important
to emphasize that any explanation for these non-uniformitar-
ian glacial deposits will involve circumstances that have not
occurred in the past 550 Ma: widespread glaciations have not
occurred at sea-level near the equator since the Marinoan.
The deglaciation phase likely involved particularly extreme
environmental conditions, including a rapid transition from
glacial to greenhouse conditions, high alkalinity and high

nutrient loading of the oceans as a consequence of the massive
delivery to the oceans of the products of chemical weathering
on the continents [32,33]. That multiple metazoan lineages
persisted through these events is suggested by the molecular
clock results reviewed in §2, but as yet we have only specu-
lations as to how this was accomplished. The short-lived
Gaskiers glaciation occurred about 580 Ma but may not have
been as extensive as the Sturtian and Marinoan episodes. The
Cryogenian and Ediacaran periods also included extensive
geochemical changes, including some of the largest shifts in
carbon isotopes of the past billion years, as well as changes
in sulfur isotopes and trace element geochemistry [30,34].

Increased levels of oxygen have long been invoked as an
explanation for the origin of animals (see review in [35]).
Over the past several decades, geochemists have applied a var-
iety of proxies to infer oxygen levels during the Cryogenian
and Ediacaran, including carbon, sulfur and molybdenum iso-
topes as well as iron speciation. One challenge is that each
technique preserves a record of the redox conditions in specific
environments: for example, in deep-sea sediments, or the
atmosphere. Consequently, some proxies may not be directly
relevant for the primary environment of interest in the evo-
lution of animals, which are oxygen levels in shallow seas. In
the past few years, the introduction of new proxies such as
nitrogen and chromium isotopes has provided important
new data, although results from such studies are still being
validated. As a consequence, results from older proxies such
as carbon and sulfur isotopes are playing less of a role.
Interpreting these studies also requires understanding the con-
straints oxygen levels may have played on early metazoan
evolution. For decades, the consensus view was that oxygen
levels of 1-10% of present atmospheric levels (PALs) were
required for metazoan life and particularly for collagen biosyn-
thesis. However, recent studies have radically revised this
view, indicating that at least at small size, animals could have
lived and reproduced at much lower oxygen levels [35-38].
Discussions about the drivers of this late Neoproterozoic
oxygenation event have led many authors to conclude that
the biological activity of organisms may have played an
important role [18,36,37,39].

The results from geochemical proxies suggest an emerging
model of redox condition through the late Neoproterozoic,
with atmospheric oxygen levels less than 0.1% PAL O, before
approximately 800 Ma and partially oxygenated oceans from
approximately 750 to 580 Ma with levels of approximately
1-3% PAL O; [36,40,41]. During this time, the redox state of
the oceans varied locally and regionally depending on the
geological conditions, but overall the oceans were no more
than 40% anoxic and 10% euxinic. Oxygen levels in shallow
seas appear to have been highly variable after 600 Ma and
probably did not stabilize until after approximately 560 Ma
[32], and possibly not until the early Cambrian. The combin-
ation of glaciations and the low and fluctuating oxygen levels
would have greatly influenced the course of early animal evol-
ution. Recent studies suggest that low oxygen levels would not
have precluded the origin of metazoans, as was once believed,
but are quite likely to have limited their maximum body size
[38,42,43]. The absence of evidence for macroscopic metazoans
before 579 Ma, or bilaterians until after 555 Ma is consistent
with a role for oxygen levels in controlling body size, rather
the origin of clades.

Geologists have known for over a century of widespread
exposure of the continents near the Ediacaran—Cambrian
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boundary. Known as the ‘great unconformity’ the prolonged
erosion and denudation of the continents during this exposure
may have generated a pulse of nutrients when the sea level rose
during the early Cambrian, contributing to the pulse of bio-
mineralization during the Cambrian explosion [44]. One of
the striking aspects of the late Neoproterozoic was the extent
of the environmental perturbations. Glaciations, shifts in
ocean geochemistry and redox changes have occurred through-
out the past several billion years of the Earth’s history, but those
of the late Neoproterozoic were unprecedented [45].

4. Implications for early evolution of nervous
systems

Many models of the origin and early evolution of neurons
and nervous systems have been proposed over the past
several decades, often without reference to the temporal and
environmental constraints imposed by integrating fossil,
geological and molecular clock evidence. The temporal and
environmental framework presented in §§2 & 3 places con-
straints on the likely morphologic and developmental
attributes of animals during the Cryogenian and early Edia-
caran, and thus on nervous systems. The absence of any
fossil record of animals during the Cryogenian and early
Ediacaran establishes that animals alive during this interval
lacked a skeleton and were not easily fossilizable. The absence
of trace fossils indicates that any mobile, benthic forms must
have been less than 1 cm in maximum dimension (in some
environments even smaller forms can be detected), and had a
metabolic rate consistent with shallow marine oxygen levels
of 1-3% PAL. In particular, three questions arise from the
pattern of deep divergence of metazoan clades indicated
by the molecular clock results: (i) What were the original
roles of highly conserved genes in early metazoans? (ii) What
changes in nervous system complexity were associated with
the pronounced increase in body size of many bilaterian
clades near the Cambrian boundary? (iii) Did nervous systems
independently converge on more complex morphogenetic
patterns? Here, I present a model for the early evolution of ner-
vous systems that is consistent with this temporal and
environmental framework.

(a) Phase 1

The origin of basal metazoan clades occurred during the
Cryogenian and early Ediacaran, to about 600 Ma. There
have been many reviews of the deep conservation of transcrip-
tion factors and signalling pathways across metazoans, and we
have done so recently [18,46,47]. A decade or more ago early
comparative studies, often limited to bilaterians, inferred mor-
phologically complex bilaterian LCAs with high conservation
of developmental roles. On this basis, the bilaterian LCA was
inferred to have eyes, segmentation, a gut, heart and consid-
erable anterior/posterior and dorsal/ventral patterning.
As comparative developmental studies were extended to
cnidarians and sponges, the accompanying discovery that
many critical components of developmental patterning were
present early in metazoan history forced a revision to the
early views of morphological conservation. Recent compara-
tive studies suggest the following pattern of developmental
and morphological novelties (based primarily on reference
[46]), assuming that sponges are basal to metazoans: the

sponge—cnidarian LCA (demosponge—cnidarian LCA if
sponges are paraphyletic), the cnidarian—bilaterian LCA and
the bilaterian LCA generally lacked the complicated
morphogenetic developmental pathways observed in modern
bilaterians. Rather, elements of these were co-opted from
developmental regulatory circuits initially involved in less
sophisticated patterning [1,18,47-50]. Transcription factors
for cell-type specification were present, producing limited
regional patterning of the body and a loosely controlled body
plan. Feeding at this node was likely via proto-epithelial
filter-feeding. Alternatively, for the ctenophore-early hypoth-
esis a greater array of developmental tools could have been
present at the base of Metazoa, with elements lost among
sponges. In either case, body size of early metazoans must
have been small with limited developmental patterning of
the embryo and a lack of complex morphogenetic patterning.
During this time, oxygen concentrations were low and
unstable, probably placing primacy on opportunistic life strat-
egies with easy dispersal. The basis of foodwebs for clades
other than sponges is unclear. The cnidarian—bilaterian LCA
(approx. 720 Ma) was able to form primary and orthogonal
body axes and regional organization of structures in relation
to body axes. This LCA possessed a mouth, gut and multifunc-
tional cells. By approximately 650 Ma, the bilaterian LCA was
more highly tuned for direct interaction with environment
and exhibited both anterior/posterior and dorsal/ventral
regional patterning and elaboration. Comparative studies
strongly suggest that the bilaterian LCA possessed a suite of
neurogenic capabilities [51], although the extent of a central
nervous system remains a topic of discussion [52]. The capacity
for feeding, movement and sensation were well developed.

(b) Phase 2

During the Ediacaran—Cambrian radiation (ECR) environ-
mental conditions began to ameliorate, glacial activity ended,
there was a decline in the magnitude of perturbations in
carbon isotopes and an increase in oxygen levels in the deep
and shallow oceans, especially after 555 Ma. Metazoan body
sizes increased significantly, first with the appearance of
the Ediacaran macrofauna after 579 Ma, and then with the
appearance of larger-bodied bilaterians in the early Cambrian.
Both these phases of the ECR were accompanied by increases
in the complexity of developmental patterning. This in-
creased morphogenetic patterning was often accomplished
by co-option of developmental processes initially established
for simpler processes. Ecological complexity increased rapidly,
particularly near the Ediacaran—Cambrian boundary and posi-
tive feedback may have driven much of the ECR. Critically, the
origin of many of the major metazoan clades is divorced from
their acquisition of larger body size and of the distinctive body-
plans that characterize the modern clades. If this viewpoint
is largely correct, then comparative studies of extant clades
may provide only limited insights into the morphology and
development of bilaterian clades prior to the late Ediacaran.
This scenario for the early history of animals is consistent
with views in which multifunctional cells early in animal
evolution gave rise to more specialized nerve cells, and the
complexity of nervous systems increased slowly during the
late Cryogenian and Ediacaran with the independent origins
of nervous systems in cnidarians, ctenophores and bilaterians
long after the origins of these clades [52-55]. Thus, sensory
and nervous cells may have arisen early, but nervous systems
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were a later and independent novelty in different lineages,
consistent with many earlier suggestions [13,54,56,57].
A reconstruction of the evolutionary history of ion channel
genes established that ctenophores, cnidarians and bilaterians
have experienced independent expansions of the major
families of ion-channel proteins, as well as several rounds
of gene loss, with no evidence for a rapid increase in com-
plexity associated with the origin of nerves [53]. This study
emphasized that the ion channel data are most consistent
with the early origin of ‘very rudimentary’ nervous systems
that persisted for a long time before the independent and con-
vergent expansion of channel complexity. This long period of
rudimentary nervous system development likely involved the
deployment of genes now associated with the nervous system
in proto-nervous system tissues, similar to Trichoplax today
[13,53,58]. Such a model of early nervous system evolution
is more consistent with the environmental data for the
Cryogenian and early Ediacaran than is a model for an
early, homologous nervous system shared across eumetazo-
ans. Note that the model suggested here is independent of
the controversy over the phylogenetic position of ctenophores
relative to sponges and cnidarians.

Many evolutionary biologists instinctively link morpho-
logic novelties to ecological opportunism and evolutionary
success. This is hardly surprising as Simpson [59] and Mayr
[60] explicitly made such claims. The discovery of deep
conservation of developmentally significant gene and gene
networks, as described in §2, led to similar expectations
that novelties in developmental patterning would find
quick phenotypic expression in similar ways, as these
elements are employed in living bilaterians. As described in

§2, the recognition that many of these signalling pathways [ 6 |

and transcription factors were present in basal metazoans
has led to a rejection of a straightforward interpretation of
the ancestral role of these developmental components.
Thus, we must distinguish between the origin of highly con-
served genes, the formation of the developmental GRNs that
control morphogenetic patterning, which has, in some cases,
included co-option of genes previously employed in different
contexts, and the origin of individuated phenotypic charac-
ters, or morphological novelties. Of particular relevance
here is the need to distinguish between the origin of evol-
utionary novelty, defined as the formation of individuated,
homologous characters [61], and innovation, the ecological
or evolutionary success of such innovations. Morphological
novelties do not necessarily lead to immediate evolutionary
success if that is measured by an increase in taxic diversity.
Macroevolutionary lags between the origin of the morpho-
logic novelty and innovation have been well documented in
the fossil record [18,62,63]. Similarly, inferring patterns of
morphologic innovation from comparative developmental
studies is hampered by the fact that the acquisition of a par-
ticular genetic novelty is not necessarily immediately
expressed as a developmental innovation.
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