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The Cambrian “explosion” of metazoans and molecular
biology: would Darwin be satisfied?
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ABSTRACT The origins of metazoan bodyplans and the extent to which they are coincident with
the Cambrian “explosion” are both areas of continuing debate. The fossil record has a unique
advantage in terms of historical perspective, but remains highly contentious on account of the often
controversial interpretations of particular groups (e.g. halkieriids, vetulicolians) and the heavy
reliance on “windows” of exceptional preservation (e.g. Chengjiang, Burgess Shale). Molecular and
developmental biology offer other unique insights, but may be problematic in terms of conflicting
phylogenetic signals and questions revolving around gene co-option, evolution of developmental
systems and even convergence. Such topics, far from frustrating the enterprise, actually widen our
understanding of the nature of the evolutionary process with the exciting promise of the discovery
of more general principles.
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Introduction
While in his triumph Caesar acknowledged the cheering crowds
and basked in the reflected glory of Rome, a slave would periodically remind him of his mortality. So too, perhaps, when we
acknowledge the triumphs of evolutionary biology we might also
recall that acclamation and apparently immovable edifices can be
surprisingly temporary. To maintain this creaking metaphor how
might we expect the landscape of the evolutionary “city” to change,
and from an historical perspective should we persist in the view that
evolution is, to paraphrase, “one damn thing after the other” or
rather does it show definite directions (e.g. Knoll and Bambach,
2000), if not a “manifest destiny” (Conway Morris, 2003). Whilst this
review will very much deal with the inter-relations of palaeontology
and molecular biology in the context of the Cambrian “explosion”,
I should emphasize that ultimately like any other aspect of biology
it can only command interest in as much as it remains relevant to
our understanding of evolution. So further, I would argue, evolution
only comes to age when there is a specific assessment of the
substrate of possibilities (and constraints) upon which it can act.
The areas of developmental biology, bodyplan evolution and
palaeobiology bring these problems into sharp focus, not least in
the still unresolved questions of: (i) “molecules versus morphology”, that is exactly how do complex phenotypes emerge from the
molecular substrate?, a question of some interest given the conservatism of at least some developmental genes; (ii) what I call
“inherency”, whereby much of the potentiality of structures central

to evolutionary advancement, e.g. mesoderm, neural crest, are
already “embedded” in more primitive organisms, (iii) the phenomena of convergence (Conway Morris, 2003), and to some the
unsettling question of the repeated recruitment of similar gene
arrays to form complex structures that emerge independently of
one another; (iv) the extent to which supposedly conserved genetic
architectures allow inferences of ancestral form (e.g. Erwin and
Davidson, 2002; see also Holland et al., 2003); and finally (v) how
much, and as importantly why, do developmental mechanisms
themselves evolve?
These questions define an ambitious research programme, and
it is necessary first to review very briefly our present understanding
of metazoan evolution in the contexts of the geological time-scale,
bodyplan construction, and phylogeny. Where then do we stand?
Estimates of the timing of metazoan originations have oscillated
wildly, from claims of very ancient divergences (e.g. Wray et al.,
1996; Bromham et al., 1998) to values that are far more concordant
with the fossil record (e.g. Ayala et al., 1998; Ayala, 1999; AvisBrosou and Yang, 2002; see also Rodriguez-Trelles, 2001, 2002).
Comparable test cases can be found in many other groups,
including birds, mammals and vascular plants. In each case there
is a clear dichotomy of interpretation, but overall the evidence
appears to be tending towards the notion that to the first approximation the fossil record is reliable (e.g. Foote et al., 1999; Adkins
et al., 2001; Gaunt and Miles, 2002; Huchon et al., 2002; Soltis et
al., 2002; Benton and Ayala, 2003). It seems, therefore, that those
who argue for deep originations combined with convenient evolu-
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tionary crypsis are engaged in a mis-reading of the molecular and
palaeontological evidence.
In the case of metazoan originations, if the fossil record provides
an approximately reliable historical narrative this obviates the need
to appeal to effectively unfossilizable forms. Such have been
conjured up in a variety of forms, notably as either a meiofauna
(e.g. Fortey et al., 1996) or planktonic larvae with maximally
indirect development (e.g. Davidson et al., 1995). As such these
types of organism would remain palaeontologically “invisible” until
transformed by the respective expedients of body-size enlargement (in meiofauna) and invention of “set-aside” cells (in larvae).
The substantial difficulties with either of these hypotheses are
reviewed elsewhere (e.g. Conway Morris, 1998a, 2000a,b; Budd
and Jensen, 2000).
Notwithstanding these questions, and the muted response to
them, there is a parallel activity in the form of periodic announcements of putative trace fossils (i.e. tracks, burrows and other signs
of animal activity), often dating in excess of a billion years (e.g.
Breyer et al., 1995; Seilacher, 1998; Rasmussen et al., 2002). This
too supports a lively industry of claim and refutation. Whilst an
attempt to call a moratorium on this area is futile, the sceptical view
is that: (i) these ancient “traces” are typically highly restricted in
distribution and sometimes only known from a single slab of rock;
(ii) no explanation is offered as to the failure of the “organisms” to
diversify in what would otherwise appear to be an ecological
“vacuum”; (iii) the structures in question are almost all remarkably
different from one another; (iv) all other evidence (e.g. Logan et al.,
1997) points to a “microbial world” uneffected by a putative macroscopic ecology; and (v) the important fact that even in late
Neoproterozoic sediments yielding exquisitely preserved softbodied algae, there is no corresponding preservation of metazoans (Xiao et al., 2002). It is only fair to point out that much older
candidates for metazoan body fossils do exist (reviewed in Fedonkin
2003), but in all cases detailed comparisons are suspect. In
particular specific claims, such as a similarity to annelids, are
questionable, although the possibility that some taxa are representatives of fungal-metazoan stem-groups (see below) is certainly
worth entertaining. In any event, each and every claim requires
exceptional scrutiny, in the spirit of Cloud (1986), not least in terms
of exact geological age and biological affinity (if not biogeneticity).

Metazoan evolution: first steps
Here I will proceed on the assumption that: (i) metazoans did not
originate much earlier than c. 700 Ma; (ii) their effective record
begins c. 600 Ma within the Ediacaran assemblages, and (iii) the
Cambrian “explosion” is synonymous with much of triploblastic
diversification. The following outline can only be whet the imagination and is also highly selective, if not idiosyncratic. To provide first
a perspective of earth history it needs to be stressed that the roles
of forcing factors, notably global glaciations (e.g. Hoffman and
Schrag, 2002), are controversial. Thus in this particular example
despite arguments that “Snowball Earths” imposed major evolutionary bottlenecks, the contrary evidence in the form of: (i)
significant pre-glaciation eukaryotic diversity; (ii) the likelihood of
biological oases during glaciation (including perhaps an ice-free
equatorial zone; e.g. Hyde et al., 2000; Poulsen, 2003); (iii) an
active hydrological cycle (e.g. Kellerhals and Matter, 2003); and,
(iv) most tellingly, the discovery of complex microbiotas coeval with

the glaciations (Corsetti et al., 2003; see also McKay, 2000),
suggest that while the evolutionary effects of “Snowball”, or probably “Slushball”, Earth were significant they were not catastrophic.
Whether these, or other environmental drivers such as atmospheric oxygen (Canfield and Teske, 1996; Shen et al., 2003), had
important evolutionary consequences will become more apparent
not only with improved data, such as stratigraphic correlations and
refinement of geochemical proxies (e.g. Jacobsen and Kaufman,
1999; Evans, 2000; Lund et al., 2003), but also by exploring new
metazoan phylogenies (e.g. Giribet, 2002). Here some spectacular
advances in our understanding need to be set against other areas
that have remained refractory. The latter include both interpretations
of fossil material, especially the Ediacaran assemblages, and lack of
present evidence for key transitions, notably the transformations
involving those between diploblast-triploblast, protostome-deuterostome, and ur-chordate-vertebrate. While the combined strengths of
molecular biology and palaeontology give reasons to be optimistic,
it is also worth recalling that (i) effectively unfossilizable organisms,
perhaps like Symbion (Winnepenninckx et al., 1998); (ii) extinct
major clades, perhaps like the petalonamids (Grazhdankin and
Seilacher, 2002), and most importantly (iii) evolving developmental
systems (see below), mean that some evolutionary questions may
remain intractable for the foreseeable future.
Nevertheless, at the least the emerging framework will help to
pinpoint new questions. While the Fungi are widely regarded as the
sister-group of Metazoa (e.g. Baldauf, 1999), more specific hypotheses of the phylogeny of this group and its closest relatives
(e.g. Atkins et al., 2000; Cavalier-Smith and Chao, 2003) ultimately
may indicate which key novelties, such as receptor systems or cell
binding (e.g. Morris, 1993; Schütze et al., 2001) underpin metazoan success. As long thought the choanoflagellates may be the
nearest living equivalent to a pre-metazoan (e.g. Snell et al., 2001).
Both their molecular equipment (King and Carroll, 2001) and also
evidence for very early episodes of gene duplication (Miyata and
Suga, 2001), possibly roughly coincident with the choanoflagellateporiferan split, may help to define the groundfloor of metazoan
evolution.
As pointed out by Medina et al. (2001) a resolution of sponge,
cnidarian and ctenophore relationships is still problematic, although their suggestion of a possible Calcarea-Eumetazoa (see
also, for example, Kruse et al., 1998; Borchiellini et al., 2001) and
Cnidaria-Bilateria connection are both important, if controversial.
The continuing problems in the phylogenetic resolution of these
major groups were stressed by Manuel et al. (2003), although their
suggestion that the axial symmetry of some Calcarea might be
plesiomorphic to the Metazoa is certainly intriguing. The molecular
insights to metazoan phylogeny are of crucial importance, but it is
still necessary to reiterate the point that given the disparity of these
groups (or any other superclade, not least the deuterostomes; see
below) the molecular data are necessarily silent as to the anatomy,
function and ecology of the various stem-groups and common
ancestors.
Consider first the sponges, which present many problems.
Despite lacking a nervous system, but interestingly possessing
neuronal-like receptors (Perovic et al., 1999), and effectively
showing an absence of other tissues, sponges show considerable
sophistication, not least in the evolution of carnivory (e.g. Kübler
and Barthel, 1999) and their ability to sequester cnidarian nematocysts (Russell et al., 2003). In addition, whilst their early geologic
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appearance, established on the basis of body fossils (Gehling and
Rigby, 1996), spicules (Brasier et al., 1997) and chemical fossils
(e.g. McCaffrey et al., 1994), is consistent with their primitiveness,
apart from some embryological hints (Leys and Degnan, 2002) the
details of the presumed transformation to a diploblastic organization are effectively conjectural. Here is one transition that may have
been effectively microscopic and larval. In this sense the Placozoa
(i.e. Trichoplax) is perhaps our best guide amongst living animals
(e.g. Syed and Schierwater 2002; Ender and Schierwater, 2003; cf.
Cavalier-Smith and Chao, 2003) to the first Eumetazoa, although
a yet more primitive position is also possible.
Amongst the key innovations of the cnidarians is the nervous
system (e.g. Grimmelikhuijzen et al., 2002), culminating in such
features as the remarkable nerve ring in some species in Hydra
(maintained, incidentally, despite the dynamic displacement of
cells; Koizumi, 2002; Fig. 10) and the extraordinary camera-eye
bearing cubozoan jellyfish (e.g. Martin, 2002; see also Conway
Morris, 2003). The now widely-accepted basal position for the
anthozoans (e.g. Bridge et al., 1995; Odorico and Miller, 1997; see
also Müller et al., 2003) may be congruent with the abundance of
pennatulacean-like fronds in the Ediacaran assemblages (e.g.
Jenkins and Gehling, 1978; Narbonne and Gehling, 2003), as well
as the identification of possible Cambrian “survivors” (Conway
Morris, 1993; Jensen et al., 1998). It is quite possible, however, that
the Ediacaran “fronds” are polyphyletic (D. Grazhdankin pers.
comm.), and even if some are anthozoan cnidarians, a place in the
Pennatulacea per se is open to debate (Williams, 1997).
It is equally likely that at least some of the other Ediacaran
fossils, including the sac-like Inaria (Grazhdankin, 2000), are of
diploblast, if not a cnidarian, grade. Whether there were any
genuine “jellyfish” is much more conjectural. Kimberella, once
interpreted as a possible cubozoan, is now reconstructed as a
mollusc-like animal (Fedonkin and Waggoner, 1997). The fate of
the possible chondrophorine (Hydrozoa), Kullingia, is even more
extraordinary, because this strikingly concentric structure is now
interpreted as a scratch-mark, produced by a tube rotating around
its anchor on the sea-bed (Jensen et al., 2002). Other “discs” may
include medusiform organisms, but are more likely to be hold-fasts
of “fronds” or even protistan.
Other vaguely cnidarian-like fossils may be something different.
Thus, it is equally plausible that rather than being any sort of animal
the enigmatic bag-like petalonamids (e.g. Ernietta, Pteridinium,
Ventogyrus) are multicellular (or plasmodial) analogues of metazoans (e.g. Crimes and Fedonkin, 1996; Ivantsov and Grazhdankin
1997; Grazhdankin and Seilacher, 2002; Seilacher et al., 2003),
arising independently from one or more protistan clades. This is, of
course, effectively equivalent to the Vendozoa hypothesis, as proposed by Seilacher (1989; see also Runnegar 1995). Whilst the
phylogenetic details are only beginning to be explored, perhaps the
Ediacaran interval should be interpreted not so much as the dawn of
animal life (Glaessner, 1984), but as the first effective exploration of
macroscopic multicellular morphospace (or equivalent syncitial constructions) by various protistan groups (see Seilacher et al., 2003),
one of which happened to evolve into the Metazoa.
There is another possible line of fossil evidence into the early
evolution of cnidarians, albeit in a form very different from the
classic Ediacaran record. These are the remarkable discoveries of
phosphatized embryos from the Neoproterozoic Doushantuo Formation of South China (e.g. Xiao and Knoll, 2000; Xiao, 2002). The
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interpretations are complicated by both the fact that the embryos
may derive from several distinct groups, and also remarkable
claims for specific features of embryology such as gastrulation
(Chen et al., 2000). This latter analysis has been received with
justified caution (Xiao et al., 2000), but undeterred Chen et al.
(2002) have presented further claims for phosphatized embryos
showing such features as blastopores and internal cellular structures. Such structures, they would argue, are consistent with these
fossils being cnidarian gastrulae. These, however, are equally
questionable interpretations. Not only are the purported blastopores relatively enormous, but at least some of the supposed
internal anatomy is clearly mineral growths of botyroidal phosphate
that grew during diagenesis. In this latter case there is no compelling reason to think that they replicate pre-existing internal structures. To echo the points made so cogently by Xiao et al. (2000),
this is not to say that some of the structures identified by Chen et
al. (2000, 2002) are incorrectly identified, but simply to observe that
for the most part a diagenetic origin seems both more plausible and
parismonious.
Bona fide embryos do exist (e.g. Xiao and Knoll, 2000; Xiao,
2002), are possibly cnidarian, and conceivably are associated
with the co-occurring coralliform Sinocyclocyclicus. There is,
however, a curious anomaly between these late Precambrian
embryos and the spectacular examples from the Cambrian,
including the probable cnidarian Olivooides (Yue and Bengtson,
1999). In all these cases the mode of fossil preservation is via the
agency of very early diagenetic phosphatization, yet in the Cambrian examples the smallest embryos are effectively always
larger than the 64 cell-stage, whereas the Doushantuo material is
always preserved in material that never exceeds the 64 cellstage. This has two implications. First, laboratory experiments
attempting to replicate these diagenetic processes (Martin et al.,
2003) may be of rather marginal relevance, not only because they
throw little light on the specific process of phosphatization, but
also because they do not offer a reason for presumably similar
embryos in similar diagenetic environments being preserved at
mutually distinctive stages of growth. Second, and more importantly, it is possible that the life-cycles of the Doushantuo
?cnidarians were radically different from the Cambrian equivalents (Conway Morris, in press), possibly hinting at a type of
metazoan rather different from expectation.
The case of the ctenophores is also intriguing, both because of
their extraordinary bodyplan and possible links to the Bilateria
(reviewed by Martindale et al., 2002, who also discuss the evidence for the more likely Cnidaria-Bilateria link; see also Martindale
and Henry, 1999). Just as in the Cnidaria the emerging evidence
of ctenophoran developmental genes indicates both harbingers of
bilaterian organization, but also puzzling exceptions such as the
lack of expression of a forkhead gene in the sensory apical organ
(Yamada and Martindale, 2002). It is apparent that ctenophores
were widespread in the Cambrian (e.g. Chen and Zhou, 1997), and
the remarkable but poorly known Chengjiang taxon Trigoides aclis
(see Luo et al., 1999, see p. 56, pl. 8, Fig. 5), with its comb-rows
attached to prominent vanes, is a reminder that the early stages in
ctenophoran evolution may be different, perhaps very different,
than sometimes imagined (see also Odorico and Miller, 1997).
Another unresolved problem is the peculiar protistan Ctenoctophrys
chattoni, single-celled but with eight ciliated rows (see Conway
Morris, 1998b). That this resemblance is a rather striking example
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of convergence (see Conway Morris, 2003), as originally suggested by Weill (1946), may be consistent with the suggestion that
the stereotypical arrangement of eight comb-rows is a reduction
from what primitively may have been a larger number in the
Cambrian (Conway Morris and Collins, 1996).

Metazoan evolution: the next step
The nature of both the diploblast-triploblast transition and the
earliest bilaterians is still largely conjectural. In principle, some
constraints may be inferred from the developmental biology of
various cnidarians. This indicates that a significant part of the
molecular machinery seen in triploblasts is already in place (e.g.
Müller et al., 1999, 2003; Zhang et al., 2001; Miller et al., 2003;
Scholz and Technau, 2003). This echoes, of course, the repeated
observation that “primitive” animals do not so much lack the genetic
“switches” and “levers”, but rather the appropriate “instruction
manuals”. The latter, of course, are effectively to be sought in the
realm of protein chemistry at a level quite far removed from the
genomic substrate (see Ryoo et al., 1999). Thus just as amphioxus
(and perhaps tunicates; see below) is “a vertebrate in waiting”
(Conway Morris, 2000b) so cnidarians may have an equivalent
status with respect to the bilaterians. The details of any cnidarianbilaterian transformation, however, are far from clear, and it is not
surprising that topical questions of diploblast-triploblast equivalences in terms of such structures as “head”, “body axes” and
“mesoderm” are still rather inconclusive. Nor should we forget (see
also below) that at least some genes are subject to rampant cooption and re-deployment, so that identifying an “original function”
may be more problematic than is sometimes realized. In conclusion, at the least it would be naïve to think of these “primitive”
animals as some sort of “genetic museum”.
So far as the earliest bilaterians are concerned, it seems
increasingly likely that whilst many of the platyhelminthes are
derived lophotrochozoans, the acoels (and nemertodermatids) are
genuinely basal (e.g. Jondelius et al., 2002; Ruiz-Trillo et al., 2002;
Telford et al., 2003). Excavating the roots of the Bilateria, however,
may be more complicated than is often supposed. Thus, whilst the
phylogenetic position of the chaetognaths – an orphan-phylum if
there ever was one – has long been conjectural, recent work
suggests that they too have a basal position (Papillon et al., 2003).
What of their fossil record? The preservation potential of acoels
must be very low, but there is a Cambrian fossil record of possible
chaetognaths (e.g. Szaniawski, 1982; Chen and Huang, 2003).
It may also be worth considering a number of Ediacaran taxa, which
although quite unlike the living acoels and chaetognaths, possibly
have some bearing on the earliest bilaterians. These include the
relatively well-known Dickinsonia and the more recently described
Yorgia (Ivantsov, 1999; Dzik and Ivantsov, 1999). Both are segmented, but the anterior unit of Yorgia is remarkable for its
asymmetry and also canal-like structures. Another curiosity is that
rock slabs bearing this fossil are often associated with imprints (see
Fedonkin 2003, Figs. 10-12). Ivantsov (1999; see also Dzik and
Ivantsov, 1999) interpreted these as post-mortem structures, although the alternative possibility is that Yorgia was locomotory
(possibly by the action of ciliary gliding). Such is the view of
Fedonkin (2003), who suggested the individual imprints represented protracted periods of immobility. A further possibility is that
these stationary episodes were also times of feeding. In any event

Fedonkin (2003) suggested that food acquisition may have been
by ciliary transfer along the ventral grooves to the mouth. Despite
the likely phylogenetic closeness of Yorgia and Dickinsonia (and
several other taxa, such as Vendia; see Ivantsov 2001), and their
inclusion in the Proarticulata (or Dipleurozoa), neither this nor the
recent descriptions of both possible internal anatomy (Dzik and
Ivantsov, 2002) and locomotory abilities (Ivantsov and
Malakhovskaya, 2002) do much to resolve more precisely their
wider phylogenetic relationships.

Metazoan evolution: the triploblast stories
So far as our understanding of the evolution of the three superclades of Bilateria (the lophotrochozoans, ecdysozoans, and deuterostomes) is concerned, there have been many interesting
developments. Arguments for an annelid-brachiopod relationship
via the Cambrian halkieriid-wiwaxiid clade are rehearsed elsewhere (Conway Morris and Peel, 1995). It has, however, recently
received support from studies of Lower Cambrian brachiopod-like
shells (Ushatinskaya, 2002; Holmer et al., 2002; see also Parkhaev,
1998), although to describe the central idea of brachiopod origin,
that is the folding together of two formerly separate shells, as “a
neglected bodyplan hypothesis” (Cohen et al., 2003) is perhaps a
slight exaggeration (Conway Morris, 1998c).
The slug-like halkieriids, and presumably the more primitive
siphogonuchitids, each armoured with calcareous sclerites, are
also at least vaguely reminiscent of primitive molluscs, specifically
chitons and aplacophorans. Details of the principal evolutionary
transitions that led from a halkieriid-like animal to a mollusc are,
however, still largely conjectural. More primitive still may be the
Ediacaran Kimberella (Fedonkin and Waggoner, 1997), and it is
interesting that some specimens co-occur with prominent scratch
marks, perhaps representing grazing traces (?radulate) on the
microbial mat, as well as what appear to be short trails (Fedonkin
2003, Figs. 14 and 16; see also Seilacher et al., 2003; Fig. 3).
Even though there is some glimmer of understanding concerning
the origins of annelids, brachiopods and molluscs, it is still the case
that lophotrochozoan evolution presents numerous conundra. Not
least of these are the (i) origin of nemerteans; (ii) precise relationships between brachiopods, bryozoans and phoronids; (iii) details
of the “regressive” evolution of platyhelminthes; (iv) surprising
discovery that myzostomids are probably not aberrant annelids
(Eeckhaut et al., 2000) and (v) position of sipunculans.
In terms of ecdysozoan evolution there have been important
realignments amongst the arthropods, drawing on both molecular
(e.g. Regier and Shultz, 1997; Giribet et al., 2001; Hwang et al.,
2001) and palaeontological (e.g. Budd, 2002; Hughes, 2003) data.
So too the widely accepted inclusion of priapulids and nematodes
has revitalized conjectures of their evolution. The former group has
a rich and still incompletely documented Cambrian record (e.g.
Chen and Zhou, 1997; Conway Morris, 1998c). It is tempting to
envisage a priapulid-lobopodian transition, as presciently envisaged by Dzik and Krumbiegel (1989; see also Budd 2001). By
taking onychophoran lobopodians as the most primitive arthropods,
such a transformation becomes interesting in the functional context of a locomotory shift from infaunal burrowing to epifaunal
walking (and gait adjustment). As such it is somewhat analogous
to the hypothesized crawling to leg-like transition in the halkieriid/
wiwaxiid –annelids (Conway Morris, 1998c).

Cambrian “Explosion” of Metazoans
As with the other groups, however, the Ediacaran record of
possible ecdysozoans is problematic. While it has long been
recognized that animals like Spriggina are vaguely arthropodan,
attempts to arrive at a specific arthropodan phylogeny on the basis
of Ediacaran material (e.g. Waggoner, 1996) have not won wide
support. Indeed, if the problems of understanding the Ediacaran
assemblages needed any emphasis, one can simply note that
Seilacher et al. (2003) regard Spriggina as a member of the
Vendobionta, along with such forms as Vendia and Vendomia,
while Fedonkin (2003; see also Ivantsov, 2001) place them within
the Bilateria. An interesting recent development, however, is the
suggestion that the Lower Cambrian Chengjiang arthropod
Primacaris is related to the Ediacaran Parvancorina (Zhang et al.,
2003). Another possibility worth entertaining is the fact that a
“skeletal” Primacaris, that is, with its carapace reduced to central
and flanking spines, would be intriguingly similar to the Burgess
Shale arthropod Marrella. In any event, if arthropods with jointed
appendages had evolved by late Ediacaran times, and if the
hypothesis of a priapulid→lobopodian→ anomalocaridid→CCT
(chelicerate, crustacean, trilobite) sequence is valid (Budd, 1998),
then this has obvious implications for the early timing of ecdysozoan
diversification. The position of nematodes, and presumably the
related nematomorphs (e.g. Bleidorn et al., 2002), is rather problematic, but most evidence suggests that within the ecdysozoans
(e.g. Manuel et al., 2000) they are derived. Whether, however, they
arose from a priapulid or arthropod-like ancestor is still conjectural.
What then of the deuterostomes? This super-phylum exemplifies most clearly the question of bodyplan disparity, be it the bizarre
echinoderms that have thrown away their gill slits (and perhaps
their brains; but see Lowe et al., 2003), while plumping for
pentaradiality, the still enigmatic enteropneusts, the strange cellulose-encased tunicates, or the radical innovations of the vertebrates with their neural crest tissue, sensory sophistications, and
apparently unique duplication of the Hox clusters. This medley of
evolutionary questions has spawned a vast, sometimes contradictory, literature, but here too some possible signs of order are
emerging. Because it is practically impossible to imagine what, to
take one example, the common ancestor of the echinodermhemichordates looked like, it is necessary to turn again to the fossil
record. Here we have argued that the two key morphological
features in the primitive deuterostomes are a bipartite body and the
anterior bearing gill slits, as manifested in the Lower Cambrian
group known as the vetulicolians (Shu et al., 2001). The alternative
view, that vetulicolians are some sort of strange arthropod has
been bolstered by reconstructions showing prominent eyes and
antennae (Chen and Zhou, 1997). These features appear, however, to be hypothetical and have not been observed in the
thousands of specimens collected.
The implications of vetulicolians as primitive deuterostomes, if
confirmed, will take some time to sort out. Here it is only possible
to discuss briefly a couple of points. One is that the voluminous
internal cavity in the anterior section and the prominent openings
are consistent with the latter’s original function being associated
with disposal of excess water, as hypothesized by Gilmour (1979).
A second point is a potentially significant similarity to the enigmatic
group of echinoderms, known as the calcichordates. The hypothesis of Jefferies (1986) revolves around the notion that amphioxus,
tunicates and vertebrates are all derived from calcichordates and
independently lost their calcareous skeleton. These interpreta-
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tions, however, depend upon contentious reconstructions of softbodied anatomy (including features e.g. brain and eyes, that are
remarkably advanced for their supposed evolutionary position).
The calcichordate hypothesis is also difficult to reconcile with many
other aspects of the fossil record, not to mention stratigraphic
order, as well as molecular biology. As such Jefferies’ ideas have
been greeted with scepticism (e.g. Lefebvre, 2003), although it has
to be acknowledged that apart from being described as “aberrant”
by nearly all other workers, their place in echinoderm phylogeny is
so uncertain that in any wider context they are effectively ignored,
regarded as derived off-shoots, of uncertain ancestry.
Apart from the strange asymmetries, notably in the cornutes, the
most remarkable feature of the calcichordates is the possession of
apertures, interpreted as gill slits on the anterior section (Jefferies,
1986; Dominguez et al., 2002) and a segmented “tail”. This
possession of a bipartite body and gill slits suggests that the origin
of the calcichordates, and thereby the echinoderms, could be with
a vetulicolian-like animal that developed the ability to secrete the
diagnostic stereom skeleton of high magnesium calcite. In passing
we should note that although molecular evidence strongly supports
echinoderms and hemichordates as sister-groups (e.g. Bromham
and Degnan, 1999; Cameron et al., 2000) the origins of the
hemichordates, of which the enteropneusts are probably the most
primitive, is still enigmatic.
The fossil record, however, may help to resolve at least one step
towards the resolution of the other major deuterostome clade, that
of cephalochordate-tunicate-vertebrate (CTV). This involves contentious interpretations surrounding the yunnanozoans, another
important component of the Chengjiang faunas. Whilst the general
consensus has been that these animals are craniates (e.g. Chen
et al., 1999; Mallatt and Chen, 2003), this interpretation suffers
from a series of difficulties, not least concerning the supposed
identification of putative myomeres and a notochord. In describing
a new species (Shu et al., 2003) we suggested a possible evolutionary relationship to vetulicolians, as well as a more controversial
argument concerning the possibly composite origin of the pharyngeal gills. In our view the yunnanozoans may well be an important
staging post towards the CTV clade, but the existing evidence
suggests they are substantially closer to the vetulicolians than the
craniates.
Amphioxus has already been described as “a vertebrate in
waiting” (Conway Morris, 2000b). It is significant that both this
group and the tunicates have genes that in the vertebrates are
associated with neural crest expression (e.g. Holland et al., 2000;
Manni et al., 2001), but evidently they lack the necessary genetic
networks. Although the tunicates are the centre of intense research
(e.g. Satou and Satoh, 2003, and accompanying papers), for
several reasons their wider relevance to the origin of the vertebrates is perhaps questionable. To the first approximation agnathanamphioxus- tunicate form an evolutionary trichotomy; in other
words it is not clear if either amphioxus or tunicate is the more
primitive. In particular, it is arguable whether the celebrated tunicate “tadpole” is any more relevant to understanding vertebrate
origins than is amphioxus. In fact, in many respects it is as simple
to regard the tunicates as highly derived, with primitively a sessile
mode of life and short-lived larvae whose anatomy is relevant to the
functional needs for dispersion rather than a template for phylogenetic ascent to the vertebrates. This view also assumes that the
fascinating pelagic oikopleurans are heterochronic derivatives of
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more primitive forms (see Stach and Turbeville, 2002). Finally, the
tunicates show a series of remarkable idiosyncracies, not least the
ability to synthesize cellulose for the tunic and the employment of
the respiratory protein haemocyanin (but see Ebner et al., 2003).
Both of these may have been acquired by gene transfer (see Dehal
et al., 2002).
Vertebrate origins, therefore, are still contentious, with neither
amphioxus nor tunicate larvae likely to provide a complete picture.
There has, however, been dramatic new information with the discovery of stem-group craniates from the Chengjiang Lagerstätte (Shu et
al., 1999, 2003; Shu, 2003). A parallel publication (Hou et al., 2002),
however, diverges significantly in its interpretations. Apart from the
inability to identify a notochord and a tentative identification of
“sensory structures” (cf. Shu et al., 2003), the overall emphasis by
Hou et al. (2002) on an amphioxus-like appearance (apart from
possibly metameric gonads; see Shu et al., 1999) is also questionable. For example, Hou et al. (2002) identify an extensive set of
“arches” posterior to the unequivocal set of anterior branchial
pouches and supporting bars (Shu et al., 1999, 2003), and also Vshaped myotomes. In neither case, however, is this consistent with
our evidence. Moreover, the functional context of unequivocal
branchial pouches combined with a posterior set of presumed
branchial arches is somewhat problematic, while contrary to Hou
et al. (2002) there is unequivocal evidence that the myotomes had
a Z-shape rather than a V-shape.
An emphasis on V-shaped myotomes would be significant not
only because it would facilitate comparison to amphioxus, but also
the putative basal craniate group known as conodonts. It is
intriguing, however, to speculate that rather than conodonts being
integral to vertebrate origins (e.g. Donoghue et al., 2000), they are
actually a parallel development arising independently from the
cephalochordates (see also Kemp and Nicoll, 1995, 1997). Thus
while conodonts possess phosphatic teeth that have what are
claimed to be vertebrate-like fabrics (e.g. Sansom et al., 1992;
Armstrong and Smith, 2001), other studies question this conclusion (e.g. Kemp and Nicoll, 1997; Kemp, 2000a,b; see also
Schultze, 1996). So too the architecture of the feeding apparatus
is markedly at odds with any known vertebrate, as indeed is
evidence for the “enamel organ” being “repeatedly reformed throughout [the] life” in at least some conodonts (Armstrong and Smith,
2001, p. 819). If indeed amphioxus (or tunicate) is “a vertebrate in
waiting” then it seems quite possible that neural crest, biomineralized
tissue, and perhaps features such as camera eyes (see Purnell,
1995; Donoghue et al., 2000), evolved several times independently.

Conclusion
The ways in which biological “space” is explored, be it at the level
of proteins or social systems, is arguably one of the two central
problems in evolution (Conway Morris, 2003). The other, and by no
means unrelated question, is how the molecular substrates are
translated into operational phenotypes and the constraints that
might accompany these processes. In the context of this review,
these points return both to the five questions I listed near the
beginning of this review and the specific problem of how animal
bodyplans evolve.
Whilst there is no over-arching theory of developmental biology,
some generalities are emerging. First, while it is reasonable to

suppose that genes and regulatory processes had original functions, in reality these may be lost in the mists of history. Either way
co-option and redeployment are rampant both in a developmental
context (e.g. Eizinger et al., 1999; Heanue et al., 1999 (see also
Relaix and Buckingham, 1999); Merlo et al., 2000; Damen, 2002;
Locascio et al., 2002; Lowe et al., 2002; Fabrizio et al., 2003) and
in related topics such as those concerned with enzymatic pathways
(e.g. Peregrin-Alvarez et al., 2003). The realities of conservation
are not, of course, in dispute; a fact that applies not only to animals,
but also to plants (e.g. Kirst et al., 2003) and beyond. What we are
beginning to see, however, is evidence for a far more dynamic
system than might be supposed from the classic examples of gene
conservation. Thus, writing of one specific instance Locascio et al.
(2002) remark that “The present analysis of Snail/Slug duplicated
genes during vertebrate evolution reveals a much higher degree of
plasticity and complexity than expected” (p. 16845). Just how labile
these systems will prove to be is still largely conjectural. Nevertheless, all the signs are that developmental frameworks are often far
from static. To take a specific case, that of a cnidarian gene referred
to as cnox-2, Schierwater et al. (2002) emphasize how it appears
that this putative ParaHox gene is both “multicolored” and
“polygenealogical”, that is cnox-2 has a diversity of expression
patterns in different body regions in different cnidarian lineages.
From this perspective the search for an “original function”
becomes almost an irrelevance, if not positively distracting. For
example, Mineta et al. (2003) observe that c. 30 per cent of the
genes related to the nervous system in planarians have equivalents in Aradiopsis and yeast, neither of which has any pronounced
mental capacities. So too the apparent examples of genomic
conservation not only need to consider examples of co-option but
the increasing evidence that the developmental systems themselves evolve. Rather than remaining embedded in an essentialist
framework – with iconic reference to Pax-6, tinman, otx, and so on
– we need to discover, given the degrees of variability, how it is that
new pathways, interactions and networks evolve in selective and
functional regimes (e.g. Collazo, 2000; Grenier and Carroll, 2000;
Gibert, 2002; Ronshaugen et al., 2002; Shiga et al., 2002; Vervoort,
2002). Such a programme is, of course, familiar to those concerned
with the mapping of epigenetic landscapes, and the still-remarkable fact that embryos “navigate” towards the same complex
structures via markedly different routes.
Such a view undermines the reductionist perspective of genes
“for something”; rather it is context and association that matter.
Moreover, much of the developmental conservation may be little
more than skin deep, reflecting the economy of using that which is
already available. To imagine also that this constrains evolutionary
possibilities is refuted in examples where for one reason or another
a gene is “unavailable”, yet the “desired” structure still emerges.
Thus in the development of the snout of the star-nosed mole,
possibly because of pre-existing neural requirements, the embryological pathway is radically different and suggests a novel developmental pathway, yet the spectacular appendages still emerge
(Catania et al., 1999).
This welter of examples may be individually fascinating, but they
hardly present a coherent picture. So far as general patterns are
concerned, one of the most productive ways forward, I believe, is
in the study of convergence (Conway Morris, 2003). The immensity
of molecular “space” and the variety of developmental systems
might suggest that this is the one area of biology where conver-
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gence is of marginal relevance. That this may be a premature
assumption is apparent from some intriguing evidence in both
expression patterns and phenotype studies. In the former case
Nielsen et al. (2003) demonstrate a rather extraordinary example
of evolutionary convergence in terms of otx expression in echinoids
with direct larval development. This mode has evolved a number
of times from indirect larval development, where it is already known
that otx has at least two distinct expression patterns. In a result that
Nielsen et al. (2003) describe as “most surprising” (p.74) (cf.
Conway Morris, 2003, p. 128), each independent lineage of direct
developers employs otx for a new and specific purpose (in the
primordial tube feet). The implication is that somehow this gene
may play a central and irreplaceable role. Nor is this the only such
example, and in an overview of developmental evolution in the
echinoderms Wray and Lowe (2000) have an absorbing discussion
of potential examples of molecular convergence. Of equal importance is the report by Wittkopp et al. (2003) concerning similar
pigmentation patterns in Drosophila that emerge by at least two
distinct regulatory mechanisms (see also Hoekstra and Nachman,
2003).
These examples of molecular co-option and convergence (see
also, for example, Bull et al., 1997 and Cooper et al., 2003) should
give us pause for thought for at least two reasons. First, it reinvigorates the discussion of homology and what biological similarity
really means. For example, are the tripartite brains of insects and
vertebrates (Hirth et al., 2003) similar because of the ancestral
condition in some sort of ur-bilaterian (as these authors argue), or
is it because the pathways of evolution are far more constrained,
if not pre-ordained, than is generally supposed? This second
possibility is, I suspect, an uncomfortable thought for many evolutionary biologists, yet in the immediate context of tripartite brains
some support for this may come from the polychaete annelids. As
lophotrochozoans this group is, of course, far removed from either
insects or vertebrates. Yet, in the polychaetes, as Rouse and
Pleijel (2001, p. 26) note, the brain structure varies widely, with the
most complex arrangements being found in the mobile and active
groups, notably the eunicids and nereidids. Here the brain is again
tripartite, sometimes with mushroom-like bodies, yet annelid phylogeny suggests that at least here the tripartite brain must have
arisen independently.
The second reason is that despite all the talk of constraints and
conservation, the evidence for dynamic and evolving systems
suggests that not only can very specific areas of the phenotype be
precisely tailored (e.g. Stern, 2003), but in addition the relevant
target and number of cells involved can be remarkably small (e.g.
Weber, 1992). In the final analysis we are what we are because of
the process of natural selection rather than any internal specific
and over-riding constraint (e.g. Beldade et al., 2002). Process,
however, can only operate on a substrate, and I would argue that
far from evolution being chaotically contingent in fact the way in
which biological “hyperspaces” are navigated points to a deeper,
and to date largely unrecognized, structure.
And so to answer the subtitle of this paper, “Would Darwin be
satisfied?”: fascinated, certainly; but satisfied?, not yet.
Acknowledgements
I am grateful for the many insights gained from my close collaboration
in recent years with a number of colleagues, especially Graham Budd, John
Peel and Degan Shu. I also thank Huilin Luo and Shixue Hu for allowing me
access to their collections of Chengjiang material in Kunming. I am very

511

grateful to Sandra Last for technical assistance, and to St John’s College,
Cambridge, and the Royal Society for financial support. This is Cambridge
Earth Sciences Publication ES 7550.

References
ADKINS, R.M., GELKE, E.L., ROWE, D. and HONEYCUTT, R.L. (2001). Molecular
phylogeny and divergence time estimates for major rodent groups: Evidence from
multiple genes. Mol. Biol. Evol. 18: 777-791.
ARIS-BROSOU, S. and YANG, Z. (2002). Effects of models of rate evolution on
estimation of divergence dates with special reference to the metazoan 18S
ribosomal RNA phylogeny. Syst. Biol. 51: 703-714.
ARMSTRONG, H.A. and SMITH, C.J. (2001). Growth patterns in euconodont crown
enamel: implications for life history and mode-of-life reconstruction in the earliest
vertebrates. Proc. Roy. Soc. Lond. B 268: 815-820.
ATKINS, M.S., McARTHUR, A.G. and TESKE, A.P. (2000). Ancyromonadida: A new
phylogenetic lineage among the Protozoa closely related to the common ancestor
of metazoans, fungi, and choanoflagellates (Opisthokonta). J. Mol. Evol. 51: 278285.
AYALA, F.J. (1999). Molecular clock mirages. BioEssays 21: 71-75.
AYALA, F.J., RZHETSKY, A. and AYALA, F.J. (1998). Origin of the metazoan phyla:
Molecular clocks confirm paleontological estimates. Proc. Natl. Acad. Sci. USA
95: 606-611.
BALDAUF, S.L. (1999). A search for the origins of animals and fungi: Comparing and
combining molecular data. Amer. Nat. 154: S178-S188.
BENTON, M.J. and AYALA, F.J. (2003). Dating the tree of life. Science 300: 16981700.
BELDADE, P., KOOPS, K. and BRAKEFIELD, P.M. (2002). Developmental constraints versus flexibility in morphological evolution. Nature 416: 844-847.
BLEIDORN, C., SCHMIDT-RHAESA, A. and GAREY, J.R. (2002). Systematic relationships of Nematomorpha based on molecular and morphological data. Invert.
Biol. 121: 357-364.
BORCHIELLINI, C., MANUEL, M., ALIVON, E., BOURY-ESNAULT, N., VACELET, J.
and LE PARCO, Y. (2001). Sponge paraphyly and the origin of Metazoa. J. Evol.
Biol. 14: 171-179.
BRASIER, M., GREEN, O. and SHIELDS, G. (1997). Ediacaran sponge spicule
clusters from southwestern Mongolia and the origins of the Cambrian fauna.
Geology 25: 303-306.
BREYER, J.A., BUSBEY, A.B., HANSON, R.E. and ROY, E.C. (1995). Possible new
evidence for the origin of metazoans prior to 1 Ga: Sediment-filled tubes from the
Mesoproterozoic Allamoore Formation, Trans-Pecos, Texas. Geology 23: 269272.
BRIDGE, D., CUNNINGHAM, C.W., DeSALLE, R. and BUSS, L.W. (1995). Classlevel relationships in the phylum Cnidaria: Molecular and morphological evidence.
Mol. Biol. Evol. 12: 679-689.
BROMHAM, L.D. and DEGNAN, B.M. (1999). Hemichordates and deuterostome
evolution: robust molecular phylogenetic support for a hemichordate + echinoderm clade. Evol. Dev. 1: 166-171.
BROMHAM, L., RAMBAUT, A., FORTEY, R., COOPER, A. and PENNY, D. (1998).
Testing the Cambrian explosion hypothesis by using a molecular dating technique. Proc. Natl. Acad. Sci. USA 95: 12386-12389.
BUDD, G.E. (1998). Arthropod body-plan evolution in the Cambrian with an example
from anomalocaridid muscle. Lethaia 31: 197-201.
BUDD, G.E. (2001). Why are arthropods segmented? Evol. Dev. 3: 332-342.
BUDD, G.E. (2002). A palaeontological solution to the arthropod head problem.
Nature 417: 271-275.
BUDD, G.E. and JENSEN, S. (2000). A critical reappraisal of the fossil record of the
bilaterian phyla. Biol. Rev. 75: 253-295.
BULL, J.J., BADGETT, M.R., WICHMAN, H.A., HUELSENBECK, J.P., HILLIS, D.M.,
GULATI, A., HO, C. and MOLINEUX, I.J. (1997). Exceptional convergent evolution in a virus. Genetics 147: 1497-1507.
CAMERON, C.B., GAREY, J.R. and SWALLA, B.J. (2000). Evolution of the chordate
body plan: New insights from phylogenetic analyses of deuterostome phyla. Proc.
Natl. Acad. Sci. USA 97: 4469-4474.

512

S. Conway-Morris

CANFIELD, D.E. and TESKE, A. (1996). Late Proterozoic rise in atmospheric oxygen
concentration inferred from phylogenetic and stable-isotope studies. Nature 382:
127-132.
CATANIA, K.C., NORTHCUTT, R.G. and KAAS, J.H. (1999). The development of a
biological novelty: a different way to make appendages as revealed in the snout
of the star-nosed mole Condylura cristata. J. Exp. Biol. 202: 2719-2726.
CAVALIER-SMITH, T. and CHAO, E.E.-Y. (2003). Phylogeny of Choanozoa, Apusozoa
and other Protozoa and early eukaryote megaevolution. J. Mol. Evol. 56: 540-563.
CHEN, J.-Y. and HUANG, D.-Y. (2003). A possible Lower Cambrian chaetognath
(arrow worm). Science 298: 187.
CHEN, J.-Y., HUANG, D. and LI, S. (1999). An early Cambrian craniate-like chordate.
Nature 402: 518-522.
CHEN, J.-Y., OLIVERI, P., GAO, F., DORNBOS, Q., LI, C.-W., BOTTJER, D.J. and
DAVIDSON, E.H. (2002). Precambrian animal life: probable developmental and
adult cnidarian forms from southwest China. Dev. Biol. 248: 182-196.
CHEN, J.-Y., OLIVERI, P., LI, C.-W., ZHOU, G.-Q., GAO, F., HAGADORN, J.W.,
PETERSON, K.J. and DAVIDSON, E.H. (2000). Precambrian animal diversity:
Putative phosphatized embryos from the Doushantuo Formation of China. Proc.
Natl. Acad. Sci. USA 97: 4457-4462.
CHEN, J.-Y. and ZHOU, G.-Q. (1997). Biology of the Chengjiang fauna. Bull. Natl.
Mus. Nat. Sci. (Taiwan) 10: 11-105.
CLOUD, P.E. (1986). Reflections on the beginnings of metazoan evolution. Precambrian Res. 31: 405-408.
COHEN, B.L., HOLMER, L.E. and LÜTER, C. (2003). The brachiopod fold: a
neglected body plan hypothesis. Palaeontology 46: 59-65.
COLLAZO, A. (2000). Developmental variation, homology, and the pharyngula stage.
Syst. Biol. 49: 3-18.
CONWAY MORRIS, S. (1993). Ediacaran-like fossils in Cambrian Burgess Shaletype faunas of North America. Palaeontology 36: 593-635.
CONWAY MORRIS, S. (1998a). Early metazoan evolution: Reconciling paleontology
and molecular biology. Amer. Zool. 38: 867-877.
CONWAY MORRIS, S. (1998b). The question of metazoan monophyly and the fossil
record. Prog. Mol. Subcell. Biol. 21: 1-19.
CONWAY MORRIS, S. (1998c). The Crucible of Creation: The Burgess Shale and the
Rise of Animals. Oxford University Press.
CONWAY MORRIS, S. (2000a). Nipping the Cambrian “explosion” in the bud?
BioEssays 22: 1053-1056.
CONWAY MORRIS, S. (2000b). Evolution: Bringing molecules into the fold. Cell 100:
1-11.
CONWAY MORRIS, S. (2003). Life’s solution: Inevitable humans in a lonely universe.
Cambridge University Press.
CONWAY MORRIS, S. (in press). Fossil embryos. In Gastrulation (ed. C. Stern). Cold
Spring Harbor Press.
CONWAY MORRIS, S. and COLLINS, D. (1996). Middle Cambrian ctenophores from
the Stephen Formation, British Columbia. Phil. Trans. R. Soc. Lond. B 351: 279308.
CONWAY MORRIS, S. and PEEL, J.S. (1995). Articulated halkieriids from the Lower
Cambrian of North Greenland and their role in early protostome evolution. Phil.
Trans. Roy. Soc. London. B 347: 305-358.
COOPER, T.F., ROZEN, D.E. and LENSKI, R.E. (2003). Parallel changes in gene
expression after 20,000 generations of evolution. Proc. Natl. Acad. Sci. USA 100:
1072-1077.
CORSETTI, F.A., AWRAMIK, S.M. and PIERCE, D. (2003). A complex microbiota
from snowball Earth times: Microfossils from the Neoproterozoic Kingston Peak
Formation, Death Valley, USA. Proc. Natl. Acad. Sci. USA 100: 4399-4404.
CRIMES, T.P. and FEDONKIN, M.A. (1996). Biotic changes in platform communities
across the Precambrian Phanerozoic boundary. Riv. Ital. Paleont. Strat. 102: 317332.
DAMEN, W.G.M. (2002). fushi tarazu: a Hox gene changes its role. BioEssays 24:
992-995.
DAVIDSON, E.H., PETERSON, K.J. and CAMERON, R.A. (1995). Origin of bilaterian
body plans: Evolution of developmental regulatory mechanisms. Science 270:
1319-1325.

DEHAL, P. [and 86 other authors]. (2002). The draft genome of Ciona intestinalis:
Insights into chordate and vertebrate origins. Science 298: 2157-2167.
DOMINGUEZ, P., JACOBSEN, A.G. and JEFFERIES, R.P.S. (2002). Paired gill slits
in a fossil with a calcite skeleton. Nature 417: 841-844.
DONOGHUE, P.C.J., FOREY, P.L. and ALDRIDGE, R.J. (2000). Conodont affinity
and chordate phylogeny. Biol. Rev. 75: 191-251.
DZIK, J. and IVANTSOV, A. Yu. (1999). An asymmetric segmented organism from the
Vendian of Russia and the status of the Dipleurozoa. Hist. Biol. 13: 255-268.
DZIK, J. and IVANTSOV, A. Yu. (2002). Internal anatomy of a new Precambrian
dickinsoniid dipleurozoan from northern Russia. Neues Jb. Geol. Paläont. Mh.
2002(7): 385-396.
DZIK, J. and KRUMBIEGEL, G. (1989). The oldest “onychophoran” Xenusion: a link
connecting phyla. Lethaia 22: 169-182.
EBNER, B., BURMESTER, T. and HANKELN, T. (2003). Globin genes are present
in Ciona intestinalis. Mol. Biol. Evol. 20: 1521-1523.
EECKHAUT, I., McHUGH, D., MARDULYN, P., TIEDEMANN, R., MONTEYNE, D.,
JANGOUX, M. and MILINKOVITCH, M.C. (2000). Myzostomida: a link between
trochozoans and flatworms? Proc. Roy. Soc. Lond. B 267: 1383-1392.
EIZINGER, A., JUNGBLUT, B. and SOMMER, R.J. (1999). Evolutionary change in the
functional specificity of genes. Trends Genet. 15: 197-202.
ENDER, A. and SCHIERWATER, B. (2003). Placozoa are not derived cnidarians:
evidence from molecular morphology. Mol. Biol. Evol. 20: 130-134.
ERWIN, D.H. and DAVIDSON, E.H. (2002). The last common bilaterian ancestor.
Development 129: 3021-3032.
EVANS, D.A.D. (2000). Stratigraphic, geochronological, and paleomagnetic constraints upon the Neoproterozoic climatic paradox. Amer. J. Sci. 300: 347-433.
FABRIZIO, J.J., BOYLE, M. and Di NARDO, S. (2003). A somatic role for eyes absent
(eya) and sine oculis (so) in Drosophila spermatocyte development. Dev. Biol.
258: 117-128.
FEDONKIN, M.A. (2003). The origin of the Metazoa in the light of the Proterozoic fossil
record. Paleont. Res. (Japan) 7: 9-41.
FEDONKIN, M.A. and WAGGONER, B.M. (1997). The late Precambrian fossil
Kimberella is a mollusc-like bilaterian organism. Nature 388: 869-871.
FOOTE, M., HUNTER, J.P., JANIS, C.M. and SEPKOSKI, J.J. (1999). Evolutionary
and preservational constraints on origins of biologic groups: Divergence times of
eutherian mammals. Science 283: 1310-1314.
FORTEY, R.A., BRIGGS, D.E.G. and WILLS, M.A. (1996). The Cambrian evolutionary “explosion”: decoupling cladogenesis from morphological disparity. Biol. J.
Linn. Soc. 57: 13-32.
GAUNT, M.W. and MILES, M.A. (2002). An insect molecular clock dates the origin of
the insect and accords with palaeontological and biogeographic landmarks. Mol.
Biol. Evol. 19: 748-761.
GEHLING, J.G. and RIGBY, J.K. (1996). Long expected sponges from the
Neoproterozoic Ediacaran fauna of South Australia. J. Paleont. 70: 185-195.
GIBERT, J.M. (2002). The evolution of engrailed genes after duplication and speciation events. Dev. Genes Evol. 212: 307-318.
GILMOUR, T.H.J. (1979). Feeding in pterobranch hemichordates and the evolution of
gill slits. Can. J. Zool. 57: 1136-1142.
GIRIBET, G. (2002). Current advances on the phylogenetic reconstruction of metazoan evolution. A new paradigm for the Cambrian explosion? Mol. Phyl. Evol. 24:
345-357.
GIRIBET, G., EDGECOMBE, G.D. and WHEELER, W.C. (2001). Arthropod phylogeny
based on eight molecular loci and morphology. Nature 413: 157-161.
GLAESSNER, M.F. (1984). The dawn of animal life: A biohistorical study. Cambridge
University Press.
GRAZHDANKIN, D. (2000). The Ediacaran genus Inaria : a taphonomic/
morphodynamic analysis. Neues Jb. Geol. Paläont. Abh. 216: 1-34.
GRAZHDANKIN, D. and SEILACHER, A. (2002). Underground Vendobionta from
Namibia. Palaeontology 45: 57-78.
GRENIER, J.K. and CARROLL, S.B. (2000). Functional evolution of the Ultrabithorax
protein. Proc. Natl. Acad. Sci. USA 97: 704-709.
GRIMMELIKHUIJZEN, C.J.P., WILLIAMSON, M. and HANSEN, G.N. (2002). Neuropeptides in cnidarians. Can. J. Zool. 80: 1690-1702.

Cambrian “Explosion” of Metazoans
HEANUE, T.A., RESHEF, R., DAVIS, R.J., MARDON, G., OLIVER, G., TOMAREV,
S., LASSAR, A.B. and TABIN, C.J. (1999). Synergistic regulation of vertebrate
muscle development by Dach2, Eya2, and Six1, homologs of genes required by
Drosophila eye formation. Genes Dev. 13: 3231-3243.
HIRTH, F., KAMMERMEIER, L., FREI, E., WALLDORF, U., NOLL, M. and REICHERT,
H. (2003). An urbilaterian origin of the tripartite brain: developmental genetic
insights from Drosophila. Development 130: 2365-2373.

513

KEMP, A. and NICOLL, R.S. (1997). A histochemical analysis of biological residues
in conodont elements. Modern Geology 21: 197-213.
KING, N. and CARROLL, S.B. (2001). A receptor tyrosine kinase from choanoflagellates:
Molecular insights into early animal evolution. Proc. Natl. Acad. Sci. USA 98:
15032-15037.

HOEKSTRA, H.E. and NACHMAN, M.W. (2003). Different genes underline adaptive
mechanism in different populations of rock pocket mice. Mol. Ecol. 12: 1185-1194.

KIRST, M., JOHNSON, A.F., BAUCOM, C., ULRICH, E., HUBBARD, K., STAGGS,
R., PAULE, C., RETZEL, E., WHETTEN, R. and SEDEROFF, R. (2003). Apparent
homology of expressed genes from wood-forming tissues of lobolly pine (Pinus
taeda L.) with Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 100, 7383-7388.

HOFFMAN, P.F. and SCHRAG, D.P. (2002). The Snowball Earth hypothesis: testing
the limits of global change. Terra Nova 14: 129-155.

KNOLL, A.H. and BAMBACH, R.K. (2000). Directionality in the history of life: diffusion
from the left wall or repeated scaling of the right? Paleobiology 26: S1-S14.

HOLLAND, L.Z., SCHUBERT, M., HOLLAND, N.D. and NEUMAN, T. (2000). Evolutionary conservation of the presumptive neural plate markers Amphisox 1/2/3 and
AmphiNeurogenin in the invertebrate chordate amphioxus. Dev. Biol. 226: 18-33.

KOIZUMI, O. (2002). Developmental neurobiology of hydra, a model animal of
cnidarians. Can. J. Zool. 80: 1678-1689.

HOLLAND, N.D., VENKATESH, T.V., HOLLAND, L.Z., JACOBS, D.K. and BODMER,
R. (2003). AmphiNk2-tin, an amphioxus homeobox gene expressed in myocardial
progenitors: insights into evolution of the vertebrate heart. Dev. Biol. 255: 128-137.

KRUSE, M., LEYS, S.P., MÜLLER, I.M. and MÜLLER, W.E.G. (1998). Phylogenetic
position of the Hexactinellida within the phylum Porifera based on the amino acid
sequence of the protein kinase C from Rhabdocalyptus dawsoni. J. Mol. Evol. 46:
721-728.

HOLMER, L.E., SKOVSTED, C.B. and WILLIAMS, A. (2002). A stem group brachiopod from the Lower Cambrian: support for a Micrina (halkieriid) ancestry.
Palaeontology 45: 875-882.

KÜBLER, B. and BARTHEL, D. (1999). A carnivorous sponge, Chondrocladia
gigantea (Porifera: Demospongiae: Cladorhizidae), the giant deep-sea clubsponge
from the Norwegian trench. Mem. Queensland Mus. 44: 289-298.

HOU, X-G., ALDRIDGE, R.J., SIVETER, D.J., SIVETER, D.J. and FENG, X-H. (2002).
New evidence on the anatomy and phylogeny of the earliest vertebrates. Proc.
Roy. Soc. Lond. B 269: 1865-1869.

LEFEBVRE, B. (2003). Functional morphology of stylophoran echinoderms.
Palaeontology 46: 511-555.

HUCHON, D., MADSEN, O., SIBBALD, M.J.J.B., AMENT, K., STANHOPE, M.J.,
CATZEFLIS, F., de JONG, W.W. and DOUZERY, E.J.P. (2002). Rodent phylogeny and a timescale for the evolution of glires: Evidence from an extensive taxon
sampling using three nuclear genes. Mol. Biol. Evol. 19: 1053-1065.
HUGHES, N.C. (2003). Trilobite body patterning and the evolution of arthropod
tagmosis. BioEssays 25: 386-395.
HWANG, U.W., FRIEDRICH, M., TAUTZ, D., PARK, C.J. and KIM, W. (2001).
Mitochondrial protein phylogeny joins myriapods with chelicerates. Nature 413:
154-157.
HYDE, W.T., CROWLEY, T.J., BAUM, S.K. and PELTIER, W.R. (2000). Neoproterozoic
“snowball Earth” simulations with a coupled climate/ice-sheet model. Nature 405:
425-429.
IVANTSOV, A.Yu. (1999). A new dickinsoniid from the Upper Vendian of the White
Sea Winter Coast (Russia, Arkhangelsk Region). Paleont. J. 33: 211-221.
IVANTSOV, A. Yu. (2001). Vendian and other Precambrian “arthropods”. Paleont. Zh.
2001 (4): 1-10. [in Russian].
IVANTSOV, A. Yu. and GRAZHDANKIN, D.V. (1997). A new representative of the
Petalonamae from the Upper Vendian of the Arkhangelsk Region. Paleont. J. 31:
1-16.
IVANTSOV, A. Yu. and MALAKHOVSKAYA, Ya. E. (2002). Giant trails of Vendian
animals. Doklady Akad. Nauk 385: 383-386. [in Russian].
JACOBSEN, S.B. and KAUFMAN, A.J. (1999). The Sr, C and O isotopic evolution of
Neoproterozoic seawater. Chem. Geol. 161: 37-57.

LEYS, S.P. and DEGNAN, B.M. (2002). Embryogenesis and metamorphosis in a
haplosclerid demosponge: gastrulation and transdifferentiation of larval ciliated
cells to choanocytes. Invert. Biol. 121: 171-189.
LOCASCIO, A., MANZANARES, M., BLANCO, M.J. and NIETO, M.A. (2002).
Modularity and reshuffling of Snail and Slug expression during vertebrate evolution. Proc. Natl. Acad. Sci. USA 99: 16841-16846.
LOGAN, G.A., SUMMONS, R.E. and HAYES, J.M. (1997). An isotopic biogeochemical study of Neoproterozoic and Early Cambrian sediments from the Centralian
Superbasin, Australia. Geochim. Cosmochim. Acta 61: 5391-5409.
LOWE, C.J., ISSEL-TARVER, L. and WRAY, G.A. (2002). Gene expression and larval
evolution: changing roles of distal-less and orthodenticle in echinoderm larvae.
Evol. Dev. 4: 111-123.
LOWE, C.J., WU, M., SALIC, A., EVANS, L., LANDER, E., STANGE-THOMANN, N.,
GRUBER, C.E., GERHART, J. and KIRSCHNER, M. (2003). Anteroposterior
patterning in hemichordates and the origins of the chordate nervous system. Cell
113: 853-865.
LUO, H.-L., HU, S.-X., CHEN, L.-Z., ZHANG, S.-H. and TAO, Y.-H. (1999). Early
Cambrian Chengjiang fauna from Kunming region, China. Yunnan Science and
Technology Press. [in Chinese].
LUND, K., ALEINKOFF, J.N., EVANS, K.V. and FANNING, C.M. (2003). SHRIMP UPb geochronology of Neoproterozoic Windemere Supergroup, central Idaho:
Implications for rifting of western Laurentia and synchroneity of Sturtian glacial
deposits. Bull. Geol. Soc. Amer. 115: 349-372.

JEFFERIES, R.P.S. (1986). The ancestry of the vertebrates. British Museum (Natural
History).

McCAFFREY, M.A., MOLDOWAN, J.M., LIPTON, P.A., SUMMONS, R.E., PETERS,
K.E., JEGANATHAN, A. and WATT, D.S. (1994). Paleoenvironmental implications of novel C30 steranes in Precambrian to Cenozoic age petroleum and
bitumen. Geochim. Cosmochim. Acta 58: 529-532.

JENKINS, R.J.F. and GEHLING, J.G. (1978). A review of the frond-like fossils of the
Ediacaran assemblage. Rec. South Australian Mus. (Adelaide) 17: 347-359.

McKAY, C.P. (2000). Thickness of tropical ice and photosynthesis on a snowball
Earth. Geophys. Res. Letts 27: 2153-2156.

JENSEN, S., GEHLING, J.G. and DROSER, M.L. (1998). Ediacaran type fossils in
Cambrian sediments. Nature 393: 567-569.

MALLATT, J. and CHEN, J-Y. (2003). Fossil sister group of craniates: Predicted and
found. J. Morph. 258: 1-31.

JONDELIUS, U., RUIZ-TRILLO, I., BAGUÑÀ, J. and RIUTORT, M. (2002). The
Nemertodermatida are basal bilaterians and not members of the Platyhelminthes.
Zool. Scripta 31: 201-215.

MANNI, L., LANE, N.J., BURIGHEL, P. and ZANIOLO, G. (2001). Are neural crest and
placodes exclusive to vertebrates? Evol. Dev. 3: 297-298.

KELLERHALS, P. and MATTER, A. (2003). Facies analysis of a glaciomarine
sequence, the Neoproterozoic Mirbat Sandstone Formation, Sultanate of Oman.
Eclogae geol. Helv. 96: 49-70.
KEMP, A. (2002a). Amino acid residues in conodont elements. J. Paleont. 76: 518528.
KEMP, A. (2002b). Hyaline tissue of thermally unaltered conodont elements and the
enamel of vertebrates. Alcheringa 26: 23-36.
KEMP, A. and NICOLL, R.S. (1995). Protochordate affinities of conodonts. Courier
Forschungsinstitut Senckenberg 182: 235-245.

MANUEL, M., BORCHIELLINI, C., ALIVON, R., LE PARCO, Y., VACELET, J. and
BOURY-ESNAULT, N. (2003). Phylogeny and evolution of calcareous sponges:
Monophyly of Calcinea and Calcaronea, high level of morphological homoplasy,
and the primitive nature of axial symmetry. Syst. Biol. 52, 311-333.
MANUEL, M., KRUSE, M., MÜLLER, W.E.G. and LE PARCO, Y. (2000). The
comparison of β-thymosin homologues among Metazoan supports an arthropodnematode clade. J. Mol. Biol. 51: 378-381.
MARTIN, D., BRIGGS, D.E.G. and PARKER, R.J. (2003). Experimental mineralization of invertebrate eggs and the preservation of Neoproterozoic embryos.
Geology 31: 39-42.

514

S. Conway-Morris

MARTIN, V.J. (2002). Photoreceptors of cnidarians. Can. J. Zool. 80: 1703-1722.
MARTINDALE, M.Q., FINNERTY, J.R. and HENRY, J.Q. (2002). The Radiata and the
evolutionary origins of the bilaterian body plan. Mol. Phyl. Evol. 24: 358-363.
MARTINDALE, M.Q. and HENRY, J.Q. (1999). Intracellular fate mapping in a basal
metazoan, the ctenophore Mnemiopsis leidyi, reveals the origin of mesoderm and
the existence of indeterminate cell lineages. Dev. Biol. 214: 243-257.
MEDINA, M., COLLINS, A.G., SILBERMAN, J.D. and SOGIN, M.L. (2001). Evaluating
hypotheses of basal animal phylogeny using complete sequences of large and
small subunit rRNA. Proc. Natl. Acad. Sci. USA 98: 9707-9712.
MERLO, G.R., ZEREGA, B., PALEARI, L., TROMBINO, S., MANTERO, S. and LEVI,
G. (2000). Multiple functions of Dlx genes. Int. J. Dev. Biol. 44: 619-626.
MILLER, S.W., HAYWARD, D.C., BUNCH, T.A., MILLER, D.J., BALL, E.E.,
BARDWELL, V.J., ZARKOWER, D. and BROWER, D.L. (2003). A DM domain
protein from a coral, Acropora millepora, homologous to proteins important for sex
determination. Evol. Dev. 5: 251-258.

RONSHAUGEN, M., McGINNIS, N. and McGINNIS, W. (2002). Hox protein mutation
and macroevolution of the insect body plan. Nature 415: 914-917.
ROUSE, G.W. and PLEIJEL, F. (2001). Polychaetes. Oxford University Press.
RUIZ-TRILLO, F., PAPS, J., LOUKOTA, M., RIBERA, C., JONDELIUS, U., BAGUÑÀ,
J. and RIUTORT, M. (2002). A phylogenetic analysis of myosin heavy chain type
II sequences corroborates that Acoela and Nemertodermatida are basal bilaterians.
Proc. Natl. Acad. Sci. USA 99: 11246-11251.
RUNNEGAR, B. (1995). Vendobionta or Metazoa? Developments in understanding
the Ediacara “fauna”. Neues Jb. Geol. Paläont. Abh. 195: 303-318.
RUSSELL, B.D., DEGNAN, B.M., GARSON, M.J. and SKILLETER, G.A. (2003).
Distribution of a nematocyst-bearing sponge in relation to potential coral
donors. Coral Reefs 22: 11-16.
RYOO, H.D., MARTY, T., CASARES, F., AFFOLTER, M. and MANN, R.S. (1999).
Regulation of Hox target genes by a DNA bound Homothorax/Hox/Extradenticle
complex. Development 126: 5137-5148.

MINETA, K., NAHAZAWA, M., CEBRIA, F., IKEO, K., AGATA, K. and GOJOBORI, T.
(2003). Origin and evolutionary process of the CNS elucidated by comparative
genomics analysis of planarian ESTs. Proc. Natl. Acad. Sci. USA 100: 7666-7671.

SANSOM, I.J., SMITH, M.P., ARMSTRONG, H.A. and SMITH, M.M. (1992).
Presence of earliest vertebrate hard tissues in conodonts. Science 256: 13081311.

MIYATA, T. and SUGA, H. (2001). Divergence pattern of animal gene families and
relationship with the Cambrian explosion. BioEssays 23: 1018-1027.

SATOU, Y. and SATOH, N. (2003). Genomewide surveys of developmentally
relevant genes in Ciona intestinalis. Dev. Genes Evol. 213: 211-212.

MORRIS, P.J. (1993). The developmental role of the extracellular matrix suggests a
monophyletic origin of the kingdom Animalia. Evolution 47: 152-165.

SCHIERWATER, B., DELLAPORTA, A. and DeSALLE, R. (2002). Is the evolution
of Cnox-2 Hox/ParaHox genes “multicolored“ and “polygenealogical?“ Mol.
Phyl. Evol. 24: 374-378.

MÜLLER, P., SEIPEL, K., YANZE, N., REBER-MÜLLER, S., STREIT-ENGEL, R.,
STIERWALD, M., SPRING, J. and SCHMID, V. (2003). Evolutionary aspects of
developmentally regulated helix-loop-helix transcription factors in striated muscle
of jellyfish. Dev. Biol. 255: 216-229.
MÜLLER, P., YANZE, N., SCHMID, V. and SPRING, J. (1999). The homeobox gene
Otx of the jellyfish Podocoryne carnea: Role of a head gene in striated muscle and
evolution. Dev. Biol. 216: 582-594.
NARBONNE, G.M. and GEHLING, J.G. (2003). Life after snowball: The oldest
complex Ediacaran fossils. Geology 31: 27-30.
NIELSEN, M.G., POPODI, E., MINSUK, S. and RAFF, R.A. (2003). Evolutionary
convergence in otx expression in the pentameral adult rudiment in direct-developing sea urchins. Dev. Genes Evol. 213: 73-82.
ODORICO, D.M. and MILLER, D.J. (1997). Internal and external relationships of the
Cnidaria: implications of primary and predicted secondary structure of the 5’-end
of the 23S-like rDNA. Proc. Roy. Soc. Lond. B 264: 77-82.
PAPILLON, D., PEREZ, Y., FASANO, L., LE PARCO, Y. and CAUBIT, X. (2003). Hox
gene survey in the chaetognath Spadella cephaloptera: evolutionary implications.
Dev. Genes Evol. 213: 142-148.
PARKHAEV, P. Yu. (1998). Siphonconcha – A new class of early Cambrian bivalved
organisms. Paleont. J. 32(1): 1-15.
PEREGRIN-ALVAREZ, J.M., TSOKA, S. and OUZOUNIS, C.A. (2003). The phylogenetic extent of metabolic enzymes and pathways. Genome Res. 13: 422-427.
PEROVIC, S., KRASKO, A., PROKIC, I., MÜLLER, I.M. and MÜLLER, W.E.G. (1999).
Origin of neuronal-like receptors in Metazoa: Cloning of a metabotrophic glutamate/
GABA-like receptor from the marine sponge Geodia cydonium. Cell Tissue Res.
296: 395-404.
POULSEN, C.J. (2003). Absence of a runaway ice-albedo feedback in the
Neoproterozoic. Geology 31: 473-476.

SCHOLZ, C.B. and TECHNAU, U. (2003). The ancestral role of Brachyury:
expression of NemBra1 in the basal cnidarian Nematostella vectensis (Anthozoa).
Dev. Genes Evoln. 212: 563-570.
SCHULTZE, H.-P. (1996). Conodont histology: an indicator of vertebrate relationship? Modern Geol. 20: 275-285.
SCHÜTZE, J., SKOROKHOD, A., MÜLLER, I.M. and MÜLLER, W.E.G. (2001).
Molecular evolution of the metazoan extracellular matrix: Cloning and expression of structural proteins from the demosponge Suberites domuncula and
Geodia cydonium. J. Mol. Biol. 53: 402-415.
SEILACHER, A. (1989). Vendozoa: Organismic construction in the Proterozoic
biosphere. Lethaia 22: 229-239.
SEILACHER, A., BOSE, P.K. and PFLÜGER, F. (1998). Triploblastic animals more
than 1 billion years ago: Trace fossil evidence from India. Science 282: 80-83.
SEILACHER, A., GRAZHDANKIN, D. and LEGOUTA, A. (2003). Ediacaran biota: The
dawn of animal life in the shadow of giant protists. Paleont. Res. (Japan) 7: 43-54.
SHEN, Y., KNOLL, A.H. and WALTER, M.R. (2003). Evidence for low sulphate and
anoxia in a mid-Proterozoic marine basin. Nature 423: 632-634.
SHIGA, Y., YASUMOTO, R., YAMAGATA, H. and HAYASHI, S. (2002). Evolving
role of Antennapedia protein in arthropod limb patterning. Development 129:
3555-3561.
SHU, D-G. (2003). A palaeontological perspective of vertebrate origins. Chinese
Sci. Bull. 48: 725-735.
SHU, D-G., CONWAY MORRIS, S., HAN, J., CHEN, L., ZHANG, X-L., ZHANG, ZF., LIU, H-Q., LI, Y. and LIU, J-N. (2001). Primitive deuterostomes from the
Chengjiang Lagerstätte (Lower Cambrian, China). Nature 414: 419-424.

PURNELL, M.A. (1995). Large eyes and vision in conodonts. Lethaia 28: 187-188.

SHU, D.-G., CONWAY MORRIS, S., HAN, J., ZHANG, Z.-F., YASUI, K., JANVIER, P.,
CHEN, L., ZHANG, X.-L., LIU, J.-N., LI, Y. and LIU, H.-Q. (2003). Head and
backbone of the early Cambrian vertebrate Haikouichthys. Nature 421: 526-529.

RASMUSSEN, B., BENGTSON, S., FLETCHER, I.R. and McNAUGHTON, N.J.
(2002). Discoidal impressions and trace-like fossils more than 1200 million years
ago. Science 296: 1112-1115.

SHU, D.-G., CONWAY MORRIS, S., ZHANG, Z.-F., LIU, J.N., HAN, J., CHEN, L.,
ZHANG, X-L., YASUI, K. and LI, Y. (2003). A new species of yunnanozoan with
implications for deuterostome evolution. Science 299: 1380-1384.

REGIER, J.C. and SHULTZ, J.W. (1997). Molecular phylogeny of the major arthropod
groups indicate polyphyly of crustaceans and a new hypothesis for the origin of
hexapods. Mol. Biol. Evol. 14: 902-913.

SHU, D-G., LUO, H-L., CONWAY MORRIS, S., ZHANG, X-L., HU, S-X., CHEN, L.,
HAN, J., ZHU, M., LI, Y. and CHEN, L-Z. (1999). Lower Cambrian vertebrates
from South China, Nature 402: 42-46.

RELAIX, F. and BUCKINGHAM, M. (1999). From insect eye to vertebrate muscle:
redeployment of a regulatory network. Genes Dev. 13: 3171-3178.

SNELL, E.A., FURLONG, R.F. and HOLLAND, P.W.H. (2001). Hsp70 sequences
indicate that choanoflagellates are closely related to animals. Curr. Biol. 11:
967-970.

RODRÍGUEZ-TRELLES, F., TARRIO, R. and AYALA, F.J. (2001). Xanthine dehydrogenase (XDH): Episodic evolution of a “neutral” protein. J. Mol. Evol. 53: 485-495.
RODRÍGUEZ-TRELLES, F., TARRIO, R. and AYALA, F.J. (2002). A methodological
bias toward overestimation of molecular evolutionary time scales. Proc. Natl.
Acad. Sci. USA 99: 8112-8115.

SOLTIS, P.S., SOLTIS, D.E., SAVOLAINEN, V., CRANE, P.R. and BARRACLOUGH,
T.G. (2002). Rate heterogeneity among lineages of tracheophytes: Integration
of molecular and fossil data and evidence for molecular living fossils. Proc. Natl.
Acad. Sci. USA 99: 4430-4435.

Cambrian “Explosion” of Metazoans
STACH, T. and TURBEVILLE, J.M. (2002). Phylogeny of Tunicata inferred from
molecular and morphological characters. Mol. Phyl. Evol. 25: 408-428.
STERN, D.L. (2003). The Hox gene Ultrabithorax modulates the shape and size of the
third leg of Drosophila by influencing diverse mechanisms. Dev. Biol. 256: 355-366.
SYED, T. and SCHIEWATER, B. (2002). Trichoplax adhaerens: discovered as a
missing link, forgotten as a hydrozoan, re-discovered as a key to metazoan
evolution. Vie Milieu 52: 177-187.

515

WITTKOPP, P.J., WILLIAMS, B.L., SELEGUE, J.E. and CARROLL, S.B. (2003).
Drosophila pigmentation evolution: Divergent genotypes underlying convergent phenotypes. Proc. Natl. Acad. Sci. USA 100: 1808-1813.
WRAY, G.A. and LOWE, C.J. (2000). Developmental regulatory genes and echinoderm evolution. Syst. Biol. 49: 28-51.
WRAY, G.A., LEVINTON, J.S., and SHAPIRO, L.H. (1996). Molecular evidence for
deep Precambrian divergences among metazoan phyla. Science 274: 568-573.

SZANIAWSKI, H. (1982). Chaetognath grasping spines recognized among Cambrian
protoconodonts. J. Paleont. 56: 806-810.

XIAO, S.-H. (2002). Mitotic topologies and mechanics of Neoproterozoic algae and
animal embryos. Paleobiology 28: 244-250.

TELFORD, M.J., LOCKYER, A.E., CARTWRIGHT-FINCH, C. and LITTLEWOOD,
D.T.J. (2003). Combined large and small subunit ribosomal RNA phylogenies
support a basal position of the acoelomorph flatworms. Proc. Roy. Soc. Lond. B 270:
1077-1083.

XIAO, S.-H. and KNOLL, A.H. (2000). Phosphatized animal embryos from the
Neoproterozoic Doushantuo Formation at Weng’an, Guizhou, South China. J.
Paleont. 74: 767-788.

USHATINSKAYA, G.T. (2002). Genus Micrina (small shelly problematics) from the
Lower Cambrian of South Australia: Morphology, microstructures, and possible
relation to halkieriids. Paleont. Zh. 2002 (1): 11-21. [in Russian].
VERVOORT, M. (2002). Functional evolution of Hox proteins in arthropods. BioEssays
24: 775-779.

XIAO, S-H., YUAN, X-L. and KNOLL, A.H. (2000). Eumetazoan fossils in terminal
Proterozoic phosphorites? Proc. Natl. Acad. Sci. USA 97: 13684-13689.
XIAO, S-H., YUAN, X-L., STEUER, M. and KNOLL, A.H. (2002). Macroscopic
carbonaceous compressions in a terminal Proterozoic shale: A systematic
reassessment of the Miahoe biota, South China. J. Paleont. 76: 347-376.

WEBER, K.F. (1992). How small are the smallest selectable domains of form? Genetics
130: 345-353.

YAMADA, A. and MARTINDALE, M.Q. (2002). Expression of the ctenophore Brain
Factor 1 forkhead gene ortholog (ctenoBF-1) mRNA is restricted to the presumptive mouth and feeding apparatus: implications for axial organization in the
Metazoa. Dev. Genes Evol. 212: 338-348.

WEILL, R. (1946). Ctenoctophrys chattoni n.g., n. sp., infusoire planctonique octoradié
à caractère de méduse et de cténophore. C.R. Acad. Sci. Paris 222: 683-685.

YUE, Z. and BENGTSON, S. (1999). Embryonic and post-embryonic development
of the early Cambrian cnidarian Olivooides. Lethaia 32: 181-195.

WILLIAMS, G.C. (1997). Preliminary assessment of the phylogeny of Pennatulacea
(Anthozoa: Octocorallia), with a re-evaluation of Ediacaran frond-like fossils, and a
synopsis of the history of evolutionary thought regarding seapens. Proc. 6th Int.
Conf. Coelenterate Biol. 1995: 497-509.

ZHANG, J., LEONTOVICH, A. and SARRAS, M.P. (2001). Molecular and functional
evidence for early divergence of an endothelin-like system during metazoan
evolution: analysis of the cnidarian Hydra. Development 128: 1607-1615.

WAGGONER, B.M. (1996). Phylogenetic hypotheses of the relationships of arthropods
to Precambrian and Cambrian problematic taxa. Syst. Biol. 45: 190-222.

WINNEPENNINCKX, B.M.H., BACKELJAU, T. and KRISTENSEN, R.M. (1998).
Relations of the new phylum Cycliophora. Nature 393: 636-638.

ZHANG, X-L., HAN, J., ZHANG, Z-F., LIU, H-Q. and SHU, D-G. (2003). Reconsideration of the supposed naraoiid larva from the early Cambrian Chengjiang
Lagerstätte, South China. Palaeontology 46: 447-465.

