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SUMMARY

Many regulatory genes appear to be utilized in at least view, in which the last common PDA had a less complex
superficially similar ways in the development of particular  body plan than is frequently conceived. This reconstruction
body parts in Drosophila and in chordates. These alters expectations for Neoproterozoic fossil remains that
similarities have been widely interpreted as functional could illustrate the pathways of bilaterian evolution.
homologies, producing the conventional view of the last

common protostome-deuterostome ancestor (PDA) as a

complex organism that possessed some of the same bodykey words: Protostome-deuterostome ancestor, Metazoan phyla,
parts as modern bilaterians. Here we discuss an alternative Developmental evolution, Gene regulation, Conserved sequences

INTRODUCTION patterning have all been proposed as conserved developmental
mechanisms that were already being utilized in the PDA. But
The Bilateria are divided into two great clades, the protostomesd| of these proposed homologies necessitate a PDA of very
and deuterostomes. The nature of the last common ancestorcoimplex morphology, an animal equipped with head, eyes,
protostomes and deuterostomes is a problem of enormobsart, segmentation, appendages, anteroposterior (AP) and DV
interest, not only for understanding where we came from, budifferentiation and a host of other advanced characteristics.
also because it affects our views of the developmental There are two primary difficulties with this view, one having
regulatory systems of modern animals. Arguments fronto do with developmental regulatory principles and the other
paleontology, gene regulation molecular biology andwith paleontological evidence. First, for many developmental
phylogenetics intersect at this problem. But the strikingegulatory systems there is no convincing evidence that it is
advances in all of these areas the last few years require that @pecific morphogenetic pathways per se that are conserved,
image of the last common protostome-deuterostome ancest@ather than cell-type specification and differentiation processes.
(PDA) evolve as well. Second, to put the matter in a nutshell, the paleontological
Many recent discussions adopt the view that the lagtroblem is that a morphologically complex PDA would very
common PDA was an animal essentially similar in complexitylikely have left traces of its presence in the relatively well-
to modern bilaterians (e.g. De Robertis and Sasai, 1996; Coatasidied fossil record of the Neoproterozoic. A complex variety
and Cohn, 1998; Holland, 2000; Holland, 2002; Carroll ebf bilaterian forms is present in the Cambrian, which begins at
al., 2001; Kimmel, 1996). This view reflects the amazings43 Mya (million years ago) (Grotzinger et al., 1995), but there
conservation of genetic apparatus that has been discoversdan enigmatic absence of fossil evidence that can be related
across the Bilateria, particularly of genes encodingo a likely PDA in older rocks. The oldest convincing remains
transcription factors and signaling molecules. The apparentlyf bilaterians are fossils of an already well-developed animal,
homologous expression of these genes in both insects aKimberella, which we discuss below, and of various bilaterian
vertebrates has generated the view that the morphogenetiace fossils. These date back only to about 555 Mya (Martin
developmental programs generated by these regulatoet al., 2000), i.e., the latest Neoproterozoic. Furthermore,
molecules are conserved characters, and that the relevant badglecular clock estimates of bilaterian divergence indicate
parts of insects and vertebrates may therefore be considenedich older dates. Despite various potential problems with
homologous. This reasoning has recently been applied tormolecular clock estimates (Smith and Peterson, 2002), most of
number of patterning and morphological features. Parnthese suggest that the age of the latest PDA must lie much
bilaterian processes of anterior differentiation, dorsoventraleeper in time than the latest Neoproterozoic. Depending on
(DV) patterning, eye development, peripheral and centrahe proteins, calibration points and rate substitution models
nervous system development, cardiac development, gused, these estimates range from 600 to 1200 Mya (Wray et
regionalization, segmentation and appendage formation arad., 1996; Ayala et al., 1998; Bromham et al., 1998; Gu, 1998;
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Cutler, 2000). The most general argument, independent

—Hemichordata

molecular clock extrapolations, is that given the diversity o A__Chordata ST
crown group bilaterians already present in the Early Cambrial
bilaterian stem group ancestors, including the PDA, must b — Echinodermata
significantly more ancient than the Cambrian boundary; an —Phoronida
they should also predate Kimberella. ©1Bryozoa

Here we discuss the PDA from two perspectives: the ,
paleontological and geological data; and the growing evidenc — Brachiopoda
from comparative developmental studies. We propose & —Annelida I
alternative view of t_he PDA, an anlr_nal much more simply 1 U volusca S ——
constructed than is customary in current treatments
Fossilization of this animal might require rare special —Arthropoda
circumstances, and unless prior expectations are suitak —Kinorhyncha
adjusted, its fossils might not be recognized as such even L1 Rotifera beeudocoslomates
found. —Nematoda J

CHANGING VIEWS OF THE PDA

The distribution of shared anatomical characters acros
Bilateria determined views of the PDA in the period prior

Cnidaria
Porifera

B ——chordata

~ =

to the introduction of phylogenetics. In many traditional

topologies, various acoelomate and pseudocoelomate grou [ {Hemichordata Deuterostomia
were placed as stem group bilaterians basal to the remaini B

Bilateria. In such topologies the origin of the Bilateria predate Arthronod - 3
the PDA, as illustrated in Fig. 1A. Four distinct speculations —|: TS

on the plesiomorphic condition of the Bilateria were advancec S Onychophora

the common ancestor was a microscopic, acoelomat B ik

turbellarian-like worm (i.e., like a simple flatworm), with N . Ecdysozoa »
ciliary locomotion and direct development (Boaden, 1989 SIS =
Platt, 1980), perhaps similar to modern, millimeter-sizec Priapulida %
bilaterian meiofauna (for example rotifers); or it was a Kinorthyncha g

microscopic, acoelomate or pseudocoelomate, pelagic for
(Cohen and Massey, 1983; Nielsen, 1985; Nielsen an
Ngrrevang, 1985); or it was a coelomate, macroscopic forr m

|
Brachiopoda

that lived on the sea floor (benthic), perhaps with a larval stag
and perhaps segmented (Clark, 1979; Bergstrém, 1989; Collii

and Valentine, 2001); or it was a bilaterian that possessed bc

larval and adult stages (see Jagersten, 1972), with cilial

locomotion in the microscopic larva and a macroscopic
coelomate, filter-feeding adult (Rieger et al., 1991).

The metazoan relationships demonstrated by molecul:
phylogenetics are very different, as shown in Fig. 1B
(Aguinaldo et al., 1997; de Rosa et al., 1999; Adoutte et alkig. 1. New and old views of metazoan phylogeny. (A) A
2000; Peterson and Eernisse, 2001). Among the mostpresentative metazoan phylogeny pre-1995 showing the division of
important changes are the transfer of the acoelomates amgtazoa into the diploblasts, acoelomates and pseudocoelomates,
pseudocoelomates to within the protostomes; the recognitigid the coelomate protostomes and deuterostomes; note the
of two great protostome subclades, the ecdysozoa arffermediate position of the lophophorate phyla. (B) A more recent

. . . etazoan phylogeny with the acoelomate and pseudocoelomate taxa
lophotrochozoa, and the alliance of annelids with monuscg;stributed%rr{or?g tr)(e riiindnnamilionte sugclades the

and other lophotrochozoans rather than with arthropod

(ecdysozoa). The position of the acoel flatworms within theI% photrochozoa and the ecdysozoa.

lophotrochozoa was challenged based on a 18S rDNA analysis

(Ruiz-Trilllo et al., 1999). However, much further analysis of

rDNA phylogeny as well as of Hox gene sequences and afevelopmental programs. For this discussion the most

morphological characters clearly places the flatworms withisignificant change is that the last common PDA is now also the

the lophotrochozoa, and the acoels within the flatworm&st common bilaterian ancestor. This in turn has generated

(Adoutte, 2000; Berney et al., 2000; Littlewood et al., 2001renewed speculation as to the nature of the PDA (e.g. Scott,

Peterson and Eernisse, 2001). 1994; Schenk and Steele, 1994; Davidson et al., 1995; De
The revised topology of Fig. 1B has fundamentally alteredRobertis and Sasai, 1996; Erwin, 1999; Valentine et al., 1999;

inferred morphological homologies among the Bilateria, andCarroll et al., 2001; Hausdorf, 2000; Holland, 2000; Peterson

in consequence has affected interpretations of conserved al., 2000; Peterson and Eernisse, 2001).

Cnidaria
Porifera

jPre-BiIaterians




The last common bilaterian ancestor 3023

THE ‘MISSING’ FOSSIL RECORD unrecorded by the fossil record. Diagnostic, unequivocally
bilaterian trace fossils are associated only with the latest
What can paleontological evidence of the period before thBeoproterozoic and younger faunas. The typical horizontal
Lower Cambrian boundary tell us about the last common PDAaminations of late Neoproterozoic sediments are rapidly
or at least what possibilities might it permit us to exclude?eplaced after 575 Mya by a growing diversity and complexity
Paleontologists have extensively explored vast areas of tld trace fossils, beginning with surface traces 1-5 mm in
Neoproterozoic (1000-543 Mya) fossil record, including adiameter and followed by penetrating burrows near the
variety of marine environments and styles of preservationrCambrian boundary (Crimes, 1994; Jensen, 1997;
Particular types of fossils are restricted to particulaMacNaughton and Narbonne, 1999). Reports of faecal strings
environments of fossilization. The Neoproterozoic fossilin trace fossils of this age are intriguing, as confirmation would
record includes abundant microfossils, trace fossils (tracks arastablish the presence of a complete gut. Associated with this
burrows), and a variety of algal remains. The absence dfiversification of traces is increased sediment mixing by
bilaterian fossils prior to the very end of the Neoproterozoicburrowing, and destruction of microbial mats that helped
at least so far, does not mean that bilaterians did not exist thestabilize the sediment through the latest Neoproterozoic
but it does place meaningful constraints on their possibl@Droser et al., 1999; Seilacher, 1999; Bottjer et al., 2000). The
nature. lack of any evidence of horizontal burrowing in rocks older

Body fossils and evidence from molecular biomarkers hathan about 575 Mya and of vertical burrowing in rocks older
established the presence of numerous crown-group eukarydtean 543 Mya is a strong argument that there existed no
lineages between 1200 Mya and 740 Mya, including green arghimals about 1 cm or longer that were capable of disturbing
red algae, dinoflagellates, ciliates and testate amoebae (whisédimentary layers before this time. When they do appeatr,
form fossilizable chambers) (Butterfield, 2000; Porter andhese bilaterian traces indicate the presence of animals that had
Knoll, 2000). The most diverse and heterogeneous fossils frodP differentiation, but there is no evidence of limbs.
this interval are resistant, organic-walled microfossils known A new assemblage of organisms, known as Ediacaran fauna,
as acritarchs, which increased greatly in diversity during thappears in the latest Neoproterozoic (¢ 575-543 Mya), with a
Neoproterozoic (Knoll, 1996; Vidal and Moczgeliska-Vidal, few extending into the earliest Cambrian. It is known from
1997; Xiao and Knoll, 1999; Zhou et al., 2001). Many newa variety of settings and consists largely of enigmatic
acritarch groups appeared during the earliest Cambrian (Vidahpressions of soft-bodied organisms. In addition to disks,
and Moczydbwska-Vidal, 1997), perhaps linked to the fronds and superficially bilateral forms of body fossils have
origination of zooplankton (Butterfield, 1997). However, been recovered and at least one demonstrable adult bilaterian
‘acritarch’ denotes a polyphyetic assemblage that includes farm, Kimberella (Fig. 2). This is interpreted as a benthic
variety of different eukaryotes, and it is impossible toanimal, most likely of protostome affinity, and possibly a
meaningfully interpret their significance. There are also anollusk (Fedonkin and Waggoner, 1997). Numerous
variety of claims for pre-600 Mya metazoan fossils, but thesspecimens of Kimberellaave been well dated at 555.3 Mya
have not achieved general acceptance among paleontologists.northern Russia (Martin et al., 2000). Trace fossils of
Fedonkin et al. (Fedonkin et al., 1994) described microbigbrobable Bilateria are found in rocks of the same age. Other
mats and some unusual bedding plane markings in rocks of teeements of the Ediacaran fauna have been assigned to the
Appekunny Formation (c. 1400 Mya) in Montana; some ofannelids, echinoderms and arthropods, but none display
these are probably algal but none are demonstrably metazo@haracters convincingly supporting such phylogenetic
Seilacher et al. (Seilacher et al., 1998) described branchiragsignments. Most Ediacaran fossils lack clearly identifiable
traces from 1200 (?) Mya rocks from India, but their squar@appendages, mouth, indications of a digestive system or other
cross-section and peculiar branching structure raises doultbaracters supporting assignment to the Bilateria. But most can
about their metazoan affinities. Sun (Sun, 1994) describelde comfortably interpreted as cnidarian-grade organisms, and
some narrow, seemingly annulated filaments from Chinesedeed there is clear evidence for the prevalence of sponges
rocks tentatively dated to 700-800 Ma, but the lack of welland cnidarians from both the Doushantuo and Ediacaran
preserved structures again makes assignment to metazoaassemblages (Gehling and Rigby, 1996; Brasier et al., 1997,
algae problematic. Chen et al., 2000; Xiao et al., 2000; Chen et al., 2002).

The earliest fossil bilaterians may be some remarkable After 550 Mya there is an accelerating increase in metazoan
microfossils from the Doushantuo Formation of China thatliversity and complexity, beginning with simple skeletonized
closely resemble the embryos of modern bilaterians, estimatédbes and more complex trace fossils, followed at about
to date from near 570 Mya ago (Xiao et al., 1998; Xiao an®30 Mya by the first brachiopods, molluscs and arthropods.
Knoll, 1999; Chen et al., 2000), although a diagenetic origiThe first appearance and diversification of crown group
for some of these microfossils cannot yet be ruled out (Xiao diilaterian clades occurs during the Early Cambrian. The record
al., 2000). Such unusual phosphatic preservation has beehbody fossils has recently been enriched by the recovery of
described from elsewhere in the Phanerozoic, but this complexceptional fossils from the Early Cambrian Chengjiang
preservational environment (Xiao and Knoll, 1999) appeardeposits in Yunnan, China. These findings supplement the
restricted to a relatively narrow interval of the Neoproterozoi@ssemblage of bilaterian and other forms known from the
(Cook and Shergold, 1984). While phosphorites may represeitiddle Cambrian Burgess Shale of British Columbia, Canada.
an ideal preservational setting for small and delicate organismS&ambrian deposits include an array of sponges, arthropods,
the same opportunity may not occur in older rocks. priapulid and annelid worms and many other groups, including

Trace fossils provide critical information on the architecturathe earliest chordates (Briggs et al., 1994; Chen and Zhou,
and behavioral complexity of animals that may otherwise b&997; Chen et al., 1999; Shu et al., 1999; Shu et al., 2001).
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surface for a period of several million years, the so-called
‘snowball earth’. Alternative models have now been proposed
(e.g. Hyde et al., 2000), and these models all generate sufficient
open-water refuges to have allowed the survival of a variety of
organisms. Although the extent of glaciation remains uncertain,
if the protostome-deuterostome divergence occurred before

Fig. 2.Kimb9re|la, the oldest generally accept'ed bilaterian fossil _these world-wide glaciations, they are likely to have imposed a
from the Ediacaran assemblage. From the Winter Coast of the Wh'tgevere ecological constraint on the forms that could have

Sea, Russia. The adjacent parallel lines are trace fossils associated . .
with Kimberella, and are believed to represent infilled feeding survived. Runnegar (Runnegar, 2000) argued that conditions

scratches through a microbial mat. The presence of these feeding €V€N Within the refugia would have allowed survival only of

traces suggests that Kimbergiassessed feeding structure similar to Small, simply constructed, pelagic bilaterian stem group forms
the molluscan radula. [such as proposed for the remote ancestors of the Bilateria by

Davidson et al. (Davidson et al., 1995)]. Evolution of adult body
plans in the bilaterian stem group would have had to await the

Other recent discoveries include the oldest true crustaceamore favorable late Neoproterozoic environments.
arthropod from the Early Cambrian in England (Siveter et al., Three alternate temporal scenarios for the origin of the last
2001). The fossil record reveals a clear pattern of progressismmmon PDA are shown in Fig. 3. In the first, the PDA appears
appearance of more complex bilaterian lineages through tlanly following the last of the worldwide glaciations. In
Early and Middle Cambrian. scenarios 2 and 3 the protostome-deuterostome divergence

With respect to the firm fossil evidence at present availableccurred much earlier, in scenario 3 before the onset of the
for late Neoproterozoic metazoans, the only strong conclusiongorldwide glaciations. Survival of any of these lineages would
that can be drawn regarding times of divergence are as followsequire that there numerous protostome and deuterostome
first, if Kimberellais indeed an advanced protostomial animalforms must have existed in the evolutionary period between the
(Fedonkin and Waggoner, 1997), then the last common PDAppearance of the PDA, whenever this occurred, and the
must significantly antedate 555 Mya; and second, since crowappearance of crown group protostomes and deuterostomes in
group cnidarians are already present in Duoshantuo depositee fossil record. This is because lineages are lost stochastically
(Chen et al., 2002), the prior cnidarian-bilaterian divergencduring evolution, and so the prior stem group bilaterian
must have occurred significantly before about 570-580 Mya.lineages had to be sufficiently abundant to persist ever since

The latest Neoproterozoic is immediately preceded byheir divergence from the cnidarian lineage (e.g. Raup, 1983).
multiple major continental glaciations that occurred betweein all the scenarios of Fig. 3 that divergence could have taken
about 760 and 580 Mya (Kaufman et al., 1997). At least onplace hundreds of millions of years earlier.
and possibly more of these events involved glaciation at seaSo, in summary, although the Neoproterozoic fossil record
level at near-equatorial latitudes, a highly unusual occurrencdoes not yet explicitly illuminate the PDA and its antecedents,
This and other geological evidence led to the proposal df leaves us with some valuable limits. One constraint is that if
Hoffmann et al. (Hoffmann et al., 1998) that at least some dhe last common PDA predates 555 Mya it is very unlikely to
these glaciations may indicate a complete freezing of the eartiiisve been constructed in a complex manner, or its remains
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would probably have been found. The most reasonableelective advantage, at each evolutionary stage, afforded by the
conclusion is that the Neoproterozoic PDA must have beerespective differentiated cell functions. As an example,
small and was probably constructed simply and delicately. Weonsider the famous case of pax6, a transcriptional regulator
take up these taphonomic issues again later, armed withugilized in the morphogenesis of eyes in both insects and
convergent conclusion about the likely nature of the PDA thatertebrates. The common view is that this morphogenetic
derives from considerations of bilaterian gene regulatoryunction of pax6is a pleisiomorphy descendant from the
systems. common PDA. The alternative is that what is actually
homologous in the role of thpax6 gene in the diversely
constructed eyes of various bilaterians is only its function in
MORPHOGENESIS OR DIFFERENTIATION FIRST? the control of genes encoding visual pigments. All eyes of
all kinds require visual pigment genes, and this is the
If the canonical body parts of all bilaterians are trulypleisiomorphic role of pax6; the gene was later coopted for use
homologous, as suggested by commonalties in thein the different morphogenetic programs that produce the
developmental regulatory programs, then the PDA should haifferent structures on which the pigment cells are mounted in
had all these same parts. But there is an alternative interpretatidifferent creatures (Sheng et al., 1997; Gehring and lkeo, 1999;
for the observations used to support morphogenetiDavidson, 2001). There are a number of other prominent
conservation, which may apply to many of the most prominergxamples that have been interpreted as cases of conservation
examples. This can be summarized as follows (Davidsomf morphogenetic regulatory pathways of body part formation
2001). Although the heads, hearts, eyes, etc., of insectspm flies to mammals. However, in each case the
vertebrates and other creatures carry out analogous functiotignscriptional regulator on which the argument is based is also
neither their developmental morphogenesis, nor their functiongstill) serving to control specific downstream differentiation
anatomies are actually very similar if considered in any detaiprograms at the terminus of the developmental process, just as
However, in each of the body parts, respectively, the sanis the case of pax6. Among the regulatory genes that display
differentiated cell types are employed across the Bilateria, arapparent conservation of morphogenetic function are
it is this fact that underlies their analogous functions: head$nman/nkx2.5n heart, otx/orthodenticlan the anterior CNS,
all require various types of neurons and their ganglionidachshundn eyes and CN@pterous/Lhxn limbs, caudal/cad
associations; hearts necessitate certain kinds of slow contractife posterior gut (see Table 1). The ‘bottom-up’ view of body
cells; eyes require photoreceptor cell types, guts requingart evolution considered here (Davidson, 2001) is one in
digestive and secretory cell types; and so forth. Differentiationyhich the function of controlling differentiation gene batteries
or cell-type specification, is due to expression of specifievas primitive for each body part, while the morphogenetic
batteries of structural genes that encode the proteins neededotograms are not conserved, but instead evolved independently
endow that cell type with its functional properties;and were added in later. A cartoon illustrating this kind of
differentiation is a property of individual cells. Morphogenesisevolutionary process is shown in Fig. 4. The strong prediction
is not: it is the production of multicellular structures, resultingis that the architecture of the gene networks controlling the
initially from the prior institution of regulatory states that lay formation of many analogous body parts in unrelated bilaterian
out the future pattern of the structure, and then the genetitades will turn out to be clade-specific (except for
programs that control cell matility, cell shape and cell divisionassemblages of genes that always work together whatever the
Sometimes the same differentiation routines are called into plajevelopmental context). However, the (much simpler)
in multiple morphogenetic episodes, such as the use of bone aagthitecture of the regulatory apparatus for differentiated cell
muscle cell differentiation in most of these diversetypes will turn out to be conserved across Bilateria. Though yet
morphological parts of our bodies; sometimes particular formfagmentary, there is already some convincing evidence on
of differentiation are earmarks of given morphogenetidoth scores (Davidson, 2001).
processes, as in all the examples just cited. The regulatoryPrimary differentiated cell types such as muscle cells,
processes that underlie development of specializedeurons of various sorts, photosensitive cells, etc., occur in all
differentiated cells are indeed very old, conservedbilaterians and it follows that the genome of the PDA must
plesiomorphic features. In contrast, the morphogenetic pattetrave included the respective differentiation gene batteries and
formation programs by which the body parts develop their forntheir controllers. Taking Drosophilaand vertebrates as
are clade-specific within phyla or classes. The evolution ofurrogates for Bilateria (this leaves aside Lophotrochozoa, for
given body parts probably began with the installation of celvhich there is as yet only relatively sparse molecular biological
differentiation programs to deploy specific cell types in a certaievidence), the Bilateria clearly share detailed regulatory
position in an organism, initially in a very simple morphologicalcontrol systems for many specific differentiated cell types.
context. Later in evolution the transcriptional regulators of thesAcross the Bilateria, for example, cell type-specific gene
differentiation gene batteries would have been coopted for usxpression in striated muscle cells is controlled by members of
in increasingly complex, clade-specific programs of gen¢he MyoD family of bHLH transcriptional regulators and by
regulation that control pattern formation processes. Thesegulators of the Mef2 class (Molkentin et al., 1995) (reviewed
morphogenetic programs have often continued to be utilized ay Zhang et al., 1999). Vertebrates and insects share contractile
the same location in the embryo. heart cell types that do not use MyoD, but in which certain
In development, morphogenetic regulatory programs fohomeodomain transcriptional regulators of the NK2 family
pattern formation precede the institution of cell differentiationplus the Mef2 factors are required for differentiation (Olson
programs, but it is likely to have been the reverse in thand Srivnastava, 1996) (reviewed by Bodmer and Venkatesh,
evolution of body parts. This would allow for the continuing1998); they use the same transcriptional regulators for the
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Fig. 4. Evolution of gene regulatory networks during early bilaterian evolution. Colored boxes are transcriptional domains where the state of the
domain is dependent upon the presence of the product of the gene of the same color. Stage 1. Initial pattern, similar to that in a Type 1
embryonic system (developmental process in which embryonic lineages proceed directly to expression of differentiatiomgeren) (D

1991; Davidson, 2001). (A) The genes in the box to left transduce spatial embryonic cues (thick green arrow) and activate an initial gene
(green), which in turn activates two additional genes (red and orange) all of which produce transcription factors; the orange gene also cross-
regulates the red gene. These transcription factors in turn regulate the gene battery to right. This gene battery encodes proteins used for a
differentiated cell type (a-d); each gene has at leastisme@gulatory inputs, indicated in orange and red with ‘x’ denoting other inputs which

may vary from gene to gene. (B) Stage 2. Later evolutionary stage: the cell differentiation battery shown in Stage 1 has now been incorporated
into a pattern formation system that controls an evolutionarily new morphogenetic process deriving from the state in Stage 1. The additional
boxes (Stage 2 and Stage 3) represent new multicellular spatial transcription domains. Only the red gene from Stage 1 is shown in this figure;
the red gene is still activated at its initial embryonic address via the green gene as in the ancestor of Stage 1. AargMinkggahas

appeared, so that the transcriptional activator from the red gene now controls the purple gene, generating the purple transcriptional domain.

A growth circuit has also been added. A secoiseregulatory module has been added to the red gene, allowing it to be activated by the purple
gene product or repressed by a signal (S) from the underlying spatial domain (Stage 3). The result at Stage 4 is to Merentidteodifene

battery on morphological structure of which the patterning and growth are dependent on the yellow and purple transcriptional domains.
Redrawn with permission from Fig. 5.7 of Davidson (Davidson, 2001).

differentiation of neuroblasts, motoneurons, pioneer neuronseceptors, mobilizing transcription factors of the rek{lf
and glial cells (reviewed by Chan and Jan, 1999; Arendt anclass, and thereby activating immune effector genes (Gonzélez-
Nubler-Jung, 1999); and they share light-sensitive cell type€respo and Levine, 1994; Lemaitre et al., 1996) (reviewed by
expressing visual pigments of the rhodopsin family (reviewedHoffman et al., 1999). The argument for the genomic
by Goldsmith, 1990). Vertebrates and insects also share cglleisiomorphy in Bilateria of differentiated cell types and the
types functioning in immune response by activating Toll-classinderlying gene batteries could be extended to digestive,

Table 1. Diverse interpretations of some examples of gene use across Bilateria

Gene(s) Proposed conservation of pathway for: Alternative proposal: conservation of cell type specification Refs*

tinman, nkx2.5, mef2 Heart Control of cardiac type muscle protein genes, other ¢TS2 (2-5)
cardiac genes

pax6and orthologues Eye Control of retinal visual pigment genes, other CTS2 eye genes (5-9)

orthodenticle and otx Anterior brain Differentiation of specific neuronal cell types, acoustic, ocular, (10-14)
olfactory sensory including neurons, neuroblast replication

dachshund Eyes, central nervous system, many other sites Control of CTS2 genes in retinal ceflaX@gbnes); (15-17)
CTS2 function in ganglionic neurons

apterousand Ihxgenes Role in brain, neural tube, olfactory tube CTS2 function in sensory neurons and in pathfinding activity (16-19)
of interneurons

caudalandcdx Gut Control of CTS2 intestinal cell function (20-24)

*Where possible only reviews are listed in which original references are collected.

TCTS, cell type specific.

References: (1) Tanaka et al., 1998; (2) Bodmer and Frasch, 1999; (3) Black and Olson, 1998; (4) Bodmer and Venkatesh, 1ii88n(5)(Dav
(Chapter 5); (6) Zucker, 1994); (7) Goldsmith, 1990; (8) Gehring and Ikeo, 1999; (9) Cvekl and Piatigorsky, 1996; (10) Hirth and Reichert, 1999; (11) Acampora
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excretory, respiratory, secretory, detoxification and otheTHE GENOMIC ‘TOOLKIT' OF THE PDA
pathways as well.

Many of the highly conserved developmental control geneBrom the standpoint of morphogenetic gene networks,
are also present in Cnidaria, as are some of these saumi#erentiation gene batteries are relatively simple regulatory
differentiated cell types, and thus at least some of thesbelements that consist of a highly conserved set of ‘linkages’
differentiation gene batteries date to the last common ancestoetween a few genes encoding transcription factors and the cis-
of cnidarians and bilaterians. Galliot (Galliot, 2000) catalogedegulatory elements of many genes encoding differentiation
a set of genes that could be involved in apical celproteins. Other classes of network subelement are also
differentiation in  cnidarians, including ANTP-class, common to all bilaterians, and hence are part of the shared
Hox/ParaHox, Paired-like and Pax-type PRD homeobox genegnomic regulatory heritage from the last common bilaterian
and other transcription factor genes includiogkheadand ancestor. For example, the signal transduction pathways
brachyury, as well as WNT pathway and kinase genes. Aeading from intercellular ligands and cell surface receptors to
number of these families are already diversified. Anterior anttanscription factors are orthologous, despite the variety of
posterior class Hox genes are present in cnidarians, but nmimes, and are conserved across Bilateria. The Wnt/TCF, Dpp
central clas®ioxgenes, and agven-skippedrtholog is linked or TGFEMADS, TollR/Rel Factor, Hedgehog/Ci, Nuclear
to these hoxgenes as in bilaterians (Finnerty, 2001). ParaHoReceptor, Jack/Stat and several other pathways by which cells
genes also appear to predate the cnidarian divergenaffect their states of transcriptional activity in response to
(Finnerty, 2001). Not so much is known about cnidariarspecific signals from other cells are similar in ecdysozoans and
developmental molecular biology, but some examples suggedéuterostomes (see Ruvkun and Hobert, 1998; Rubin et al.,
that cnidarians use transcription factors, which in bilaterian2000; International Human Sequencing Consortium, 2001). So
execute pattern formation functions, instead to control ceklso, for example, are the systems of transcriptional co-
type-specific gene expression. Two genes that displagepression such as those that depend either on Groucho or
prominent pattern formation functions in bilaterian CtBP, and that allow a variety of exquisitely specific
development, viz oband twist, provide examples. otg  transcriptional repressors to utilize the same machinery for
expressed in differentiated striated muscle cells in a coralirning off their diverse target genes (Torchia et al., 1998;
(Maller et al., 1999). IHydra, otxexpression is correlated Zhang and Levine, 1999). Many examples of such conserved
with cell mobility (Smith et al., 1999), ardiist is expressed genetic devices can be found.
in the proliferating precursors of these cells (Spring et al., The regulatory ‘toolkit’ of the Bilateria contains elements
2000). that can be used to construct all sorts of body plans, as amply

An example of the differentiated cell types present inshown by their diverse current usage. Furthermore, we know
cnidarians is striated muscle cells, which, just as in théom those bilaterians that are relatively well studied that
equivalent cells in bilaterians, express genes encoding myosinany items in the toolkit are used multiple times in the
heavy chains and tropomyosin (Schuchert et al., 1993; Grogdevelopmental construction of different parts of the same body
et al., 1999; Yanze et al., 1999). Cnidarians also have neuropkn. For instance, iBrosophila,spatially defined patterns of
that display physiological, cytological and histochemicaltranscriptional activity that depend on receptors of Dpp signals
characteristics of bilaterian neurons (reviewed by Mackieemanating from nearby sources are required in specification of
1990), as well as smooth muscle cells, light sensitive cellglorsal embryonic mesoderm, of midgut, of germaria, of
digestive cells and so forth. In general, it may be concludettacheal branches, and of wings, legs and eyes among other
from the pleisiomorphy of conserved genes and celbody parts (Podos and Ferguson, 1999; Davidson, 2001; Xie
differentiation states that genomic regulatory programs for ceind Spradling, 2000); and there are dozens of specific
differentiation predate any clade-specific bilaterian programdevelopmental requirements for many of the 42 F@Enes
for morphogenetic pattern formation. This is an importanin mammals (Kingsley, 1994; Hogan, 1996; International
point in considering the polarity of body part evolution. Human Genome Sequencing Consortium, 2001). To single out

In summary, we conclude that a variety of bilaterianany particular one of these uses and regard it as evidence
differentiation gene batteries are also shared with cnidarianfyr a conserved dedication of Dpp/TGRP a particular
while others occur only among bilaterians. But differentiationrmorphogenetic process cannot be convincing. To a large degree
gene batteries and body parts are not the same thing, andhie same argument applies to transcription factors, most of
cannot safely be assumed that the PDA possessed a full rangeich play multiple roles during development.
of complex body parts homologous to those of extant Bilateria. In somewhat more abstract terms, the bilaterian toolkit for
These views must also influence recent discussions of homologyorphogenesis consists essentially of devices whose function
that reflect the apparent conservation of developmental patterissto establish spatial domains of transcriptional expression.
across widely divergent morphologies (e.g. Abouheif et al.The programmed and progressive division of morphological
1997; Abouheif, 1999; Wray and Abouheif, 1998). In order taspace into diverse transcriptional states is the fundamental
correctly recognize homology of cell-type specification it ismechanism by which bilaterians organize the morphogenesis
necessary to determine whether orthologous gene batteries afell of their major body parts and thus their body plans during
being expressed. But we think the true homologies in som#evelopment. The toolkit includes a number of generally useful
of these cases lie at the level of cell-specification processespatial patterning devices, beyond its basic repertoire of genes
not morphogenesis. Thus cell types within protostome andncoding transcription factors and cofactors, and signaling
deuterostome eyes may be homologous, while theystems. Animportant class of these devices can be considered
morphogenetic processes by which they develop are clad&s have a ‘vectorial’ patterning function. That is, they act to set
specific, just as their distant morphologies suggest. up a series of transcriptional states that extend in a spatial
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sequence from one place to another in the developindpat the morphogenesis of several of the other basal pan-
organism. Receptor-signal transduction systems that respobdaterian features noted here also seems to involve ancient
differentially to diffusible ligands, such as those of thegene clusters. The conservation of these clusters over such
Dpp/TGFpB family, according to ligand concentration are immense evolutionary periods indicates that their cis-
vectorial patterning systems [for vertebrates see e.g., Shimizuganization has some functional meaning. Genes encoding
and Gurdon (Shimizu and Gurdon, 1999); for flies see e.gcertain of the Nkx homeodomain regulators are clustered in
Jiang and Struhl (Jiang and Struhl, 1996; Teleman and Coherertebrates, flies and sea urchins, and these genes appear to be
2000)]. In this general sense the same is true of thetilized in patterning mesodermal structures as well as for
chromosomal Hox gene cluster, which produces, as a readouagntrolling differentiation gene batteries in mesodermal cell
a nested or sequential spatial series of transcription&ypes (Jagala et al., 2001) (references in Table 1). The Parahox
boundaries. In tetrapods this vectorial system is used both fgene cluster includes the caudehne and other genes encoding
the specification of the AP axis and, in an orthogonal directiorg separate class of homeodomain regulators that are expressed
for the specification of the terminal axes of the appendaged different positions along the developing gut (Brooke et al.,
(Nelson et al., 1996; Davidson, 2001). 1998; Beck et al., 2000; Kourakis and Martindale, 2000). We
Examples of other kinds of morphogenetic function thatan also infer that the PDA utilized the same set of

have been coopted to multiple uses in bilaterian patterhomeodomain regulatory genes in the initial embryonic
formation processes include the creation of borders or spatifdrmulation of its central nervous system as do both insects and
boundaries in which theengrailed gene and downstream vertebrates. The nervous systems of members of both these
signaling systems collaborate; and the distinction of distatlades develop initially from bilateral sets of three longitudinal
versus proximal domains by expression ofdistal-lessgene  rows of neuroblasts, in the most medial of whidt?/nk2.2
in a variety of (entirely non-homologous) morphologicalgenes are expressed; in the intermediateimd¥gshgenes are
projections from the surface (e.g. Lowe and Wray, 1997). Wexpressed; and in the outer rovwsh/ms)genes are expressed
may think of these spatial control elements (and many othe(érendt and Nubler-Jung, 1999). Our point is that convincing,
that could be mentioned) as ‘chips’ in the toolkit, that can band non-controversial, arguments for conservation of genetic
used to build a great variety of developmental patterningegulatory programs for features of the adult body plan that are
apparatuses. The point is that what biological structures theshared between deuterostomes and protostomes pertain only to
are used to build depends on where they are plugged into tgeneral features, such as AP organization, presence of
regulatory gene network; that is, on the architecture of thmmesodermal structures, two-ended gut, and central nervous
networks in which they are deployed, and not on their owisystem. These shared properties must have been attributes of
identity. Therefore it is particularly dangerous to assumehe last common PDA.
that such chips have a hard, pan-bilaterian morphogenetic A strong argument has been made that the PDA must have
assignmentthat has been conserved from an ancestral form.had appendages becald@®sophilaand vertebrates use some

of the same patterning devices in the morphogenesis of their

limbs (Shubin et al., 1997; Mercader et al., 1999; Rincon-
A DEVELOPMENTAL GENE REGULATORY VIEW OF Limas et al., 1999; Carroll et al., 2001). The similarities are
THE PDA indeed detailed and impressive: they include specification of

anterior/posterior domains of the limb instituted by expression
If the devices in the genetic toolkit for bilaterian of a Hedgehog ligand on the posterior side of the future
morphogenesis are useful for a variety of spatial patterappendage, with the consequential establishment of an
formation processes, then the actual morphological form of therganizer that secretes a diffusible signaling factor of the TGF[3
PDA is to some extent unpredictable. Nevertheless some of itamily (Dpp and BMP2, respectively); the presence of growth
likely properties are implied by the most general class ofontrol centers in the distal region of the respective
synapomorphies of all major bilaterian clades, i.e., thosappendages; use of the distal-lessgulatory gene for
characters that are clearly homologous between protostomsgecification of the distal domain of the future appendage;
and deuterostomes. The most important of these are a twdersal-ventral specification of limbs by Lim class transcription
ended gut with mouth and anus; the major use of mesodernfactors in Drosophilaand mice (i.e., the apterous/Imx1
layers and structures in building the body plan; and a centrgkenes, which, however, are not orthologous); and of other
nervous system. None of these features are present in themologous transcription factors to specify proximal regions
cnidarian outgroup. Anterior/posterior organization mediatedmeis1/2 and pbxl in vertebrates, and homothoraand
developmentally by overlapping vectoral patterns of Hox genextradenticlein Drosophila). But what these observations
expression is a unique bilaterian character. Nor do any of thegaply is just that the PDA could divide a field of cells into
features, except for the two-ended gut, exist in the primargranscriptional domains which specify (with respect to the body
larvae of any bilaterian that develops by maximal indirecexis) anterior and posterior, and dorsal and ventral regions, and
processes (Davidson et al., 1995; Arenas-Mena et al., 1998iat it also possessed the mechanism for defining concentric
Peterson et al., 2000). We may assume that the PDA had a#éntral-to-peripheral domains. That is to say, it had the capacity
these general features, and that it utilized some of the genet@ set up a complete spatial coordinate system in a defined
control apparatus which modern Bilateria display in thepatch of epithelium (as in a modern Drosoplnifeaginal disc).
development of these basal aspects of their body plans. This does not mean that it grew legs or antennae! It could have

The primary example is of course the Hox gene clusteysed such a system to position sensory neurons of various kinds

and its conserved role in developmental formation ofon some portion of its surface, or to array cilia or tentacles, or
transcriptional arrangements along the AP axis. It is interesting attach muscle fibers, or anything else one might imagine (a
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remarkable reminder of the multiple uses to which moder®rsten deposits from the Cambrian of Sweden demonstrate
appendage patterning systems can be put is their cooption iow well-preserved such minute forms can be (Walossek and
the role of setting up colored scale patterns in butterfly wingdyliller, 1990; Walossek and Miller, 1994), and the same is true
(Brakefield et al., 1996). Insect and vertebrate legs aref microscopic Lower Cambrian arthropod fossils (Siveter et
constructed entirely differently and it is difficult to imagine aal., 2001). However Conway Morris (Conway Morris, 1998)
morphogenetic process that would produce a version ancestratonsidered Boaden’s (Boaden, 1989) anoxic meiofaunal
to both, i.e., beyond the initial patterning stage. hypothesis and its more recent derivatives (e.g. Fortey et al.,
An argument has also been made for the regulator¥997), concluding that modern meiofaunal organisms are
homology of insect and vertebrate trunk segments, and variogsifficiently highly derived to be of limited applicability to
authors have concluded that the PDA must have beamderstanding the origin of bilateria. The recent intensive
segmented (e.g. Holland et al., 1997). But here even tha&udies of the Duoshantuo phosphorites demonstrate that much
apparent similarities in gene use have not borne up so well temains to be discovered in the late Neoproterozoic, and
continued examination. As concluded in a perspicaciouurther application of thin sections combined with maceration
review of Davis and Patel (Davis and Patel, 1999), there is anhalyses may yet reveal more of the complexity of late
present no compelling reason to assume common ancestryNeoproterozoic animal life. But, for what it's worth, no sign of
the evolution of the morphogenetic processes leading tminiaturized, morphologically complex adult bilaterian body
the very different segmentation processes in thosplans as intricate as modern meiofaunal animals has yet been
lophotrochozoans, ecdysozoans and deuterostomes that dispse@en in these fossil assemblages.
metamerism; and in each group, many clades do not. More compelling is the absence of any evidence for
In conclusion, the PDA possessed the essential bilaterianacroscopic benthic adult bilaterian forms prior to 555 Mya.
toolkit for morphogenetic pattern formation, and it deployedn contrast to meiofaunal or pelagic forms, a complex, benthic,
many of the differentiation gene batteries that its modermermiform PDA equipped with appendages and segments
descendants continue to rely on. But the comparativerould almost certainly have been detected, either as a trace or
developmental data do not require a morphologically complekody fossil in Neoproterozoic deposits, as emphasized by
PDA. The complexity of the PDA may have been a greamany paleontologists (e.g. Conway Morris, 1998; Erwin, 1999;
advance on its predecessors, but the safest assumption is talentine et al., 1999)
its morphology was unprepossessing. It had an AP axis, a two-If the PDA indeed existed long before the end of the
ended gut, mesodermal layers and a central and periphefoproterozic, this would significantly change interpretations
nervous system with sensory cell types. There are nof the Cambrian radiation. Since the PDA already possessed
constraints on size or architectural complexity in theseéhe toolkit used by all Cambrian and later bilaterians to develop
arguments, and so this animal may well have been very smalieir adult body plans, why was the appearance of crown group
as well as very simply constructed, compared to most modebilaterian clades delayed until after 543 Mya? At least part of
bilaterians. the explanation must lie in changes in the physical environment
(Erwin, 1992; Erwin, 1999; Valentine et al., 1999; Knoll and
Carroll, 1999), and many different environmental and
CONCLUSIONS ecological triggers have been advanced. However, although
response to climactic or geochemical changes, or increased
What is the likelihood of preserving and recovering a fossilizedxygen levels could indeed facilitate the growth of larger
organism similar to the PDA that we envision? The fossianimals, this does not explain the breadth of morphologic
record provides no constraints on when such an animal couidnovation (Knoll and Carroll, 1999): innovation in genetic
have appeared because it will be hard to find palentologicatgulatory programs is of course not caused directly by simple
evidence of it. ecological change. However, species interactions can fuel
A small, pelagic PDA might easily have escaped detectiodiversification of yet more species through ecological
in the fossil record. While such forms could potentially befeedback; that is, as new forms appear they themselves cause
preserved and recovered in association with acritarchs, tltiversification of ecological opportunities and pressures that
latter have a fairly tough coating, compared, for example, toan be exploited by diverse morphological forms. One thing
those of delicate swimming marine larvae. Both acritarchs anthat is clear from post-Cambrian evolution is that the
algal remains are frequently recovered by acid maceratiomorphogenetic gene networks used in the Bilateria are
techniques that are likely to destroy fossils with less resistamtvolutionarily very flexible. This is because the bilaterian
coatings. The exquisitely preserved Doushantuo embrydmeage utilizes developmental pattern formation processes that
demonstrate the atypical conditions required for preservatioan easily be used as a platform for further evolutionary
of material lacking a durable coating. Minute, meiofaunalariation when conditions permit. The occurrence of explosive
forms (miniaturized animals that live between the grains of amvolutionary radiation throughout Phaneroizoic time shows
aquatic sediment) can more easily be discussed from that this flexibility has been deployed rapidly when the
taphonomic point of view. The modern meiofaunal bilaterian®ccasion arises, as for example, following the invasion of land
include rotifers, gastrotrichs, and kinorhynchs, which are alby arthropods and chordates. To build the adult body plan of
millimeter-sized triploblastic animals with moderately resistaneven the simple PDA that we discuss here would have required
coatings. Although they have no Phanerozoic fossil record, thtee same toolkit that has proved sufficient for the whole
settings searched for microfossils in the Neoproterozoic ardiversification of the bilaterians. Whatever the environmental
ideal for the preservation and discovery of such meiofaundrigger(s), the main point is that since the PDA already owned
which tend to have complex morphologies. The magnificenthe toolkit, its descendants possessed what they needed to
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take over the world when confronted with the complex ParaHox gene cluster is an evolutionary sister of the Hox gene cluster.

opportunities that arose at the end of the Neoproterozoic.
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