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Origin of Bilaterian Body Plans: Evolution of
Developmental Regulatory Mechanisms

Eric H. Davidson, Kevin J. Peterson, R. Andrew Cameron

An argument is proposed to explain the origin of large metazoans, based on the regulatory
processes that underlie the morphogenetic organization of pattern in modern animals.
Genetic regulatory systems similar to those used in modern, indirectly developing marine
invertebrates are considered to indicate the Precambrian regulatory platform on which
were erected innovations that underlie the development of macroscopic body plans.
Those systains are genetic regulatory programs that produce groups of unspecified
“set-aside cells” and hierarchical regulatory programs that initially define regions of
morphogenetic space in terms of domains of transcription factor expression. These ideas
affect interpretation of the development of arthropods and chordates as well as inter-
pretation of the role of the genes of the homeotic complex in embryogenesis.

the relatively slim library of macroscopic
Precambrian fossils. Among these are prob-
able cnidarians, such as Charniodiscus (7-9);
probable bilaterians, such as Dickinsonia and
Spriggina (4, 7, 9); and unequivocally bila-
terian trace fossils (10). If just one adult
bilaterian body plan existed, then the type
of genetic mechanism responsible for its
development must have evolved before the
first appearance of that organism in the

Vendian.

Large animals may first have existed during
the latest Precambrian (Vendian) period,
and fossils dated to the initial period of the
Cambrian (1) indicate the de novo appear-
ance at this time of a diverse assemblage of
3

bilaterian forms. By bilaterian we mean all
deuterostome and protostome metazoans,
including flatworms. An interpretation of
the mechanism of the evolutionary process
that caused the appearance of large and
complex animals continues to be a major
challenge. It was already evident a quarter of
a century ago that novel morphological
forms in animal evolution result from
changes in genetically encoded programs of
developmental gene regulation (2).

In this article, we discuss the higher level
regulatory processes that program the mor-
phogenesis of modern bilaterians. The adult
body plans of many bilaterian phyla are first
represented in fossils dated at or near the
Precambrian-Cambrian boundary (3, 4)
(Fig. 1). The sudden advent of remains of
such great morphological diversity is suffi-
ciently dramatic, possibly occurring within
25 million years (1), that the remarkable
evolutionary event they reflect has become
known as the “Cambrian explosion” (3—6).
Only taxa that have a low fossilization po-
tential, such as nematodes, seem to be lack-
ing from the Cambrian assemblages.

In interpreting the paleontological data
we must consider whether the Cambrian
explosion of fossils actually represents a sud-
den explosion of altogether new animal
forms (5). The absence of Precambrian re-
mains related to most modern taxa could
reflect the fact that Precambrian animals
lacked the shells and exoskeletons that are
so prominent in the Cambrian fossil assem-
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We propose a period when Metazoa were
represented only by microscopic forms sim-
ilar to modern marine larvae. This would
constitute a cryptic, pre-Ediacaran evolu-
tionary phase that left no fossil record (or at
least none so far recovered). These putative
micrometazoan ancestors would not have
left a fossil record because of their small size
and probable lack of skeletonization (4).
Even the very recent fossil record includes
no remains of marine larvae that lack exo-

blages; or these animals might have existed
only as microscopic organisms; or both. In
either case, the Cambrian explosion would
have to be regarded at least partly as an
explosion not of novel metazoan phyla but
of fossils. The consequence would be that at
least some metazoan phyla may have origi-
nated before the Cambrian boundary. The
only direct evidence for this derives from

Fig. 1. The origin and diversification
of metazoan phyla. The time scale
at the left side of the figure (7) ends
at the Cambrian-Ordovician bound-
ary. Ma, million years ago. Above
this boundary, geologic periods are
indicated symbolically, without ref-
erence to a time scale, by the single-
letter code given below. A tentative
phylogenetic scheme of most major
phyla is presented, with the known
stratigraphic range (4, 39, 50) based
on fossil recovery (solid bars). The
range includes all fossils that are
more closely related to one of the
taxonomic groups shown at the top
of the chart than to any other of
these taxa; for example, hyoliths are
considered to be allied to the sipun-
culans (4). The inferred depth of di-
vergences among the phyla is also
shown (thin lines). The solid bar 544 -
leading up to annelids and arthro-

pods represents the Ediacaran taxa
mentioned in the text. The depths of
the divergences shown are minimal;
the split between cnidarians and bi-
laterians, for example, could have
occurred well before 600 Ma. The —l—-J

phylogenetic schemeis derived in

part from (40, 44, 51). Except for the

annelid-arthropod and enteropneust hemichordate-chordate sister groupings, the evolutionary mecha-
nisms discussed in the text are independent of the topology. Also indicated is the widespread distribution
of maximal indirect development among the phyla, as indicated by an asterisk after the phylum name. Note
that some cnidarians also develop indirectly, but their larvae are structured differently from those of
bilaterians. Abbreviations are as follows: Mz, Mesozoic; Cz, Cenozoic; O, Ordovician; S, Silurian; D,
Devonian; C, Carboniferous; P, Pérmian; Tr, Triassic; J, Jurassic; K, Cretaceous; T, Tertiary; and Q,
Quaternary.
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skeletons (11). Such larvae were undoubt-
edly present in recent deposits from which
larger fossils are abundantly recovered, but
their minute and delicate structures were
not preserved.

Indirect Development

In indirect development, the processes of
embryogenesis differ from those later mobi-
lized to generate the adult body plan. Our
thesis is that the embryos and larvae of
modern, indirectly developing marine taxa
provide specific insights into the evolution-
ary mechanism by which bilaterians might
have arisen. In organisms that display a
completely indirect process of development,
which we refer to below as “maximal indi-
rect development,” the embryo produces a
larva that bears no morphological resem-
blance to the adult, which arises through a
separate postembryonic developmental pro-
cess occurring during the larval period. The
primary larvae of marine invertebrates that
develop by maximally indirect processes are
usually of minute dimensions, typically =1
mm, and are composed of only a few thou-
sand cells or less. Such larvae consist of an
epithelial body wall one cell thick that
surrounds the original embryonic blasto-
coel, now expanded. The blastocoel is tra-
versed by a regionally differentiated gut
(Fig. 2A). In maximal indirect develop-
ment, the adult form arises from undiffer-
entiated cells, often referred to as the
“imaginal rudiment,” that are set aside from
participation in embryogenesis itself.
Maximal indirect development, as found
in many marine invertebrates, must be dis-
tinguished from indirect development as
this term is commonly applied to holo-
metabolous insects or to typical frogs. These
insects and frogs generate “secondary lar-
vae” (12), that display many fundamental
aspects of the adult body plan, such as
metamerism in holometabolous insects or
the dorsal central nervous system in am-
phibian tadpoles. Although further aspects
of the adult body plans of these animals,
such as appendages, are formed by postem-
bryonic processes, by this measure insect

and frog embryos develop directly, as do all .

terrestrial metazoans. Because most of the
embryos that have been intensively studied
are terrestrial (for example, Drosophila, am-
phibians, or Caenorhabditis elegans), it is
easy to forget or ignore the fact that maxi-
mal indirect development in its true form is
a widespread, general, and basic mode of
bilaterian development (Fig. 1). Maximal
indirect development is the rule rather than
the exception in many taxa (13), such as
echinoids, in which more than 80% of spe-
cies begin life as feeding larvae and produce
their adult forms indirectly (14). Maximal
indirect development is a property that is
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shared among organisms on almost all
branches of the bilaterian tree.

Direct development is a frequently ob-
served evolutionary derivative of maximal
indirect development. Loss of feeding capa-
bility, shortening of the larval phase, and
precocious development of the juvenile
form are features of direct development.
Both direct and indirect development are
often found even in marine species belong-
ing to the same genus, which have diverged
only recently. We are convinced that the
direction of the transition is from indirect
to direct development (15) and not the
reverse (16). Genetic changes toward direct
modes of development may happen rapidly
on an evolutionary scale (14, 15). To ap-
proach the problem of the evolutionary or-
igin of adult bilaterian forms, we focus on
maximal indirect development, on the
premise that this represents the ancestral
mode by which adult body plans are onto-
genically produced.

The sea urchin Strongylocentrotus purpu-
ratus undergoes a drastic metamorphic tran-
sition. The process by which the adult body
plan is formed is shown in Fig. 2, B and C.
The mesodermal set-aside cells from which
the juvenile body plan arises are the coelo-
mic ‘pouches, which derive from the arch-
enteron (17). At the end of the larval stage,
there are about 150,000 cells, or about 100
times more than at the end of embryogenesis
(18), but more than 90% of these are in-
cluded in the adult rudiment. After embry-

Fig. 2. Diagrammatic NC
representations of indi-
rect development in the OE
sea urchin S. purpura- LA
tus. (A) Larva at comple-
tion of embryogenesis.

One-cell-thick ~ ciliated ‘
o CB

epithelia form the larval

skin surrounding the em- AR

bryonic blastocoel and
the gut derived from the CEM
original embryonic arch- cP
- enteron. (B) Schematic
diagram of the partially BC
developed larva. After
the onset of larval feed-
ing, the trimeric coeloms
arise. These are among
the set-aside cells that
give rise to most of the
adult form. The-: ventral
surface of the adult body

AE

ogenesis, the cells of the larva itself replicate
only two to three more times, on average,
during the whole of postembryonic larval
life. At metamorphosis, the remaining larval
structures are jettisoned and autolyzed. This
example illustrates the almost brutal inde-
pendence of the developmental process by
which the adult body plan is generated.

Indirect development in the polychaete
Polygordis neapolitanis produces the tro-
chophore (Fig. 3), a spheroid larva charac-
terized by a thick equatorial belt of ciliated
cells (the prototroch) (19). Within the lar-
val blastocoel are also the neuroectodermal
and mesodermal germ-band precursor cells
that generate the segmented body plan of
the adult. These set-aside cell populations
arise from fifth- and sixth-cleavage progeny
of one of the blastomeres of the four-cell
embryo (the D blastomere). In this exam-
ple, one of the embryonic axes is retained as
the anterior-posterior (A-P) axis of the ju-
venile, and there is a gradual rather than an
abrupt metamorphosis from larval to-adult
form. Nonetheless, the development of P.
neapolitanis clearly represents a case of max-
imal indirect development.

Type 1 Embryogenesis:
Characteristics and Evolutionary
Significance

In early development, the key mechanism is
the process by which the fates of cells in
different regions of the embryo are assigned.
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develops from the apposition of the oral epithelium and the left coelom (arrow) (52). (C) Diagram of a
portion of the mature imaginal rudiment. The pentameral symmetry of the adult body plan is first evident
as the coelom forms a torus and five outgrowths push into the vestibule from the wall of the torus, thus
forming the five primary tube feet. The characteristic sea urchin endoskeleton forms from test plates that
organize around the periphery of the adult primordium within the larval blastocoel. Abbreviations are as
follows: AE, aboral ectoderm; AR, skeletal rods; BC, embryonic blastocoel; CB, ciliated band; CEM,
esophageal muscles; CP, coelomic pouches; DS, tooth sacs; E, esophagus, HC, hydrocoel, or left
middle coelom; |, intestine; LA, larval arms; LE, larval epithelium; M, mouth; NC, serotinergic neurons; NR,
circumoral nerve ring; OE, oral ectoderm; S, stomach; TF, tube feet; and SC, somatocoel, or left posterior

coelom.
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This process is termed specification, and its
immediate consequence is the installation
of differential patterns of gene expression in
the cells whose progeny give rise to the
diverse structures of the embryo. Compara-
tive analysis of modes of embryonic speci-
fication across Metazoa (20) reveals that
almost all major taxa, with the exceptions
of insects and vertebrates, share essentially
common mechanisms of embryonic specifi-
cation. This general form of early develop-
ment is termed Type 1 embryogenesis; it

occurs primitively in all the taxa included.

in Fig. 1 apd underlies both direct and
indirect deVelopmental processes. There-
fore, the emergence of Type 1 embryogen-
esis must have preceded the divergence be-
tween cnidarians and bilaterians and hence
must long antedate the Cambrian radiation.
This implies the prior existence of animals
that used Type 1 specification processes for
their development but were not macroscop-
ic bilaterians. We now propose that these
metazoans provided the genetic platform on
which the bilaterian diversification ulti-
mately took place, and that their grade of
organization is that of the primary larvae
derived from Type 1 embryogenesis.

In Type 1 embryogenesis, cleavage be-
gins immediately after fertilization and pro-
ceeds for a species-specific set number of
divisions, often in the range 10 * 2. By the
end of cleavage, all the blastomeres have
been specified. The embryo is now divided
into a set of polyclonal lineages, each ele-
ment of which gives rise to a certain differ-
entiated cell type or types. The cell lineage
of each morphological structure in the com-
plete embryo is invariant within species.
The invariance of the lineage follows from
the canonical positions of the successive
cleavage planes with reference to each oth-
er. These planes separate the lineage
founder cells, which thus always appear in
certain mutual positional relations with re-
spect to the axes of the egg (20). Specifica-

Fig. 3. Indirect development of the
polychaete worm P. neapolitanus.
(A) Trochophore larva, the product
of embryogenesis, with a thick
band of ciliated cells at the equator.
Within the blastocoel reside the me-
sodermal set-aside cells that give
rise to the germ band rudiment. AP,
apical plate; 1, intestine; M, mouth;
MS, mesodermal strand; NP,
nephridium; PT, prototroch; S,
stomach. (B) The larva beginning to
form the metameric segments of
the adult body plan. The portion of
the trochophore larva above the

tion of the founder cells involves both con-
ditional and autonomous mechanisms (21).
These mechanisms define the identity, po-
sitions, and differentiated fates of the prog-
eny of all the founder cells in situ, before
the embryonic cells acquire any capability
for cell motility.

This seems an efficient way to organize
spatially the differential cellular functions
of an embryo de novo, but it seems to work
only for building the morphological struc-
tures of small larvae, consisting of at most a
few thousand, sometimes just a few hun-
dred, cells. The restriction may follow from
the fact that both the number of cleavage
divisions and the relative orientations and
positions of the cleavage planes are impor-
tant in that signal-mediated specifications
continue to occur in place throughout
cleavage. In Type 1 embryos, the individual
structures of the larva consist only of the
relatively small number of cells that can be
generated during the remainder of cleavage
according to their founder cell specifica-
tions, plus those cells that arise in the few
subsequent divisions that some of these lin-
eages undergo later in embryogenesis. For
example, in completed embryos of S. pur-
puratus (22), the skeletogenic system con-
sists of 64 cells, the gut of ~120 cells, and
the muscle of 20 cells, and the embryo has
only eight neurons; in C. elegans (23) there
are 81 body muscle cells, 37 pharyngeal
muscle cells, and 69 gut cells;- and in the
gastropod Patella (24), the swimming organ
of the completed embryo contains 32 cells.

Type 1 larvae consist of many of the
same basic differentiated cell types of which
modern bilateral metazoans are composed.
Typical Type 1 embryos generate the spe-
cialized differentiated cell types that form,
for example, the larval gut, muscle, ganglia,
eyes, ectoderm, and skeleton. Thus, they
must use the large batteries of differentia-
tion structural genes that enable each of
these cell types to execute its particular

prototroch remains essentially unchanged, enabling the larva to continue its free-swimming habit. When
about 30 segments have formed, the structures of the adult head appear. (C) The larva at metamorpho-
sis; the anterior structures of the larva are being replaced by adult head structures [redrawn from (79)].
Many more segments rapidly form, the prototroch degenerates, and the organism metamorphoses into

a juvenile polychaete annelid.
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functions, including particular biochemical
functions and motility and structural func-
tions that involve specialized cytoskeletal
organization and intercellular interfaces.
This in itself probably requires several thou-
sand diverse genes (25). Furthermore, the
differentiation gene batteries must be con-
trolled, and Type 1 embryos also use regu-
latory genes that encode the transcription
factors that organize the coordinate expres-
sion of differentiation genes. A key distin-
guishing feature of Type 1 embryos is that

.cohorts of - downstream genes encoding

specified differentiation products begin to
be expressed during cleavage (20, 26). Thus
the Type 1 specification process leads at
once to the lineage-specific activation of
differentiation gene batteries.

The case of maximal indirect develop-
ment shows that by itself the Type 1 reper-
toire of developmental mechanisms does
not suffice to build a macroscopic adult
body plan. The adult organism is generated
from the larval imaginal rudiment by a pro-
cess that is distinct from that by which the
larva is generated from the early embryo.
Thus, in indirectly developing marine lar-
vae, the processes leading from embryo to
larva and from the imaginal rudiment to
adult are entirely separable. An illustration
of this is shown in Fig. 4. The photograph
in Fig. 4A shows a sea urchin larva of a
strain that was recovered in an inbreeding
experiment (27). The larva displays a nor-
mal advanced morphology (compare Fig.
4B), but it has entirely failed to embark on
rudiment development. In no apparent way
has this compromised its own embryonic or
larval developmental process.

Pattern Formation

In order to produce the body plans of mac-
roscopic animals, a qualitatively different de-
velopmental regulatory mechanism than
that used in Type 1 embryogenesis is needed.
We refer to a fundamental initial aspect of
this mechanism as “pattern formation”; we
use this term in a precise sense (28) to
denote regulatory mechanisms that are re-
quired to partition undifferentiated regions
of an embryo into areas of specific morpho-
genetic fate. For example, a sheet of undif-
ferentiated embryonic cells may be pro-
grammed in a given species to give rise dur-
ing development to some structure, such as
an appendage. The pattern formation pro-
cess to which we refer is that which initially
defines the area of cells whose progeny pro-
duces the appendage (the “progenitor field”)
(29), and then within this field defines the
subregions that give rise to each part of the
structure. This usage focuses on the upstream
regulatory processes of morphogenesis rather
than on the subsequent morphogenetic
mechanisms by which the three-dimensional
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structure is built and its terminal differenti-
ations are installed. We think that a com-
mon upstream pattern formation mechanism
underlies the development of the major mor-
phological parts of all bilaterian body plans.

The initial mechanism in pattern forma-
tion is the installation of transient spatial
territories of transcription factor expression.
These foreshadow the various parts of the
structure to be formed. The sole function of
this process seems to be to establish different
gene regulatory states in the sets of cells
whose progeny generate different morpho-
logical components. The initial pattern-
forming transcriptional regulators do not di-
rectly control the differentiation gene bat-
teries that eventually will be expressed as the
morphogenesis of the structure nears com-
pletion (20, 28, 29), although some of the
same regulators may be in operation during
later stages. Thus, whereas the specification

of blastomeres in Type 1 embryos leads di-
rectly to differentiation, specification of the
pattern elements of the adult body plan ini-
tially produces only a set of regional regula-
tory definitions. This is a more abstract, but
also a far more powerful, process because an
inextricable component of these pattern for-
mation processes is growth. The initial tran-
sient pattern of transcription factor expres-
sion is typically imposed on the field of
progenitor cells, whose far more numerous
progeny will actually generate the structure.
Regional control of cell multiplication as the
structure is patterned is an essential function
that is intimately linked to the morphologi-
cal realization of the initial design (30).
The patterned expression of certain tran-
scription factors has been shown to constitute
an initial necessary step in diverse morphoge-
netic processes (Table 1). Transcription fac-
tors of many different biochemical families

Fig. 4. Identical sea urchin larvae with and without an imaginal rudiment. (A) Genetically defective S.
purpuratus larva of a strain discovered during a screen of inbred lines (27). No imaginal rudiment can be
seen. However, all structures of the larva itself appear normal and the larva is feeding successfully, as can
be seen from the appearance of its stomach. (B) Normal control larva, including the rudiment (arrow).

Table 1. Upstream pattern formation. Examples of transcription factors (TXF) that demarcate the
progenitor fields for morphological elements of the organism.

Structure Progenitor field and TXF* Subregions and TXF
Drosophila
Wing Wing imaginal disc (37, 32); Dorsal-ventral boundary; vg
vg Distal; dif

Posterior; en
Dorsal; ap, vg
Ventral; sd, vg

Leg Leg imaginal disc (32); dif Distal; al, dif

Larval stomach Midgut (53); hkb, srp

Mouse hindbrain

Chicken wing Limb bud field (34, 36);

HoxC6

Region of neural tube (33); ?

Posterior; en

Gastric caeca; scr

Midgut constrictions; AbdA, lab, Ubx,
Antp

Rhombomeres 3 to 8; nested
combinations of HoxAT to -A5 and
HoxB, -C, and -D paralogues define
each rhombomere

Rhombomeres 3 and 5; Krox20

Individual digits; nested combinations of
HoxD9 to -D13 define each digit

*TXF abbreviations: vg, vestigial; dl, distalless, homeodomain; sd, scalloped, TEA domain; ap, apterous, LIM home-
odomain; al, aristaless, paired homeodomain; en, engrailed, homeodomain; AbdA, HOM-C, homeodomain; Ubx,
HOM-C, homeodomain; Antp, HOM-C, homeodomain; fab, HOM-C, homeodomain; scr, HOM-C, homeodomain;

Krox20, zinc finger; srp, serpent; hkb, huckebein, zinc finger.
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may be involved in such processes, although
in the particular examples shown in Table 1,
homeodomain proteins predominate. The
first two cases concern Drosophila imaginal
discs, which are small patches of 25 to 30 cells
set aside during early embryogenesis, from the
progeny of which the adult wings and legs are
formed (31, 32). As the wing disc grows from
about 10? to 10? cells, transcriptional regula-
tory processes occur that define the region of
the disc epithelium that will give rise to the
distal, dorsal, ventral, anterior, and posterior
portions of the final structure. Differentiation
begins only later when the discs contain about
5 % 10* cells. The vertebrate examples (Table
1) are in essence similar. The subregions of
the respective embryonic domains that give
rise to the parts of the hindbrain of the mouse
and of the wing of the chicken are develop-
mentally defined by the spatial expression of
specific sets of transcription factors. The ex-
pression of these vertebrate pattern formation
regulators occurs transiently, long in advance
of downstream morphological features, but it
is essential: Gene knockouts, or spatial misex-
pressions, result in duplications, homeotic
transformations, or deletions of the structures
formed from the domains where normally
these regulatory factors are transiently present
(33, 35).

Two of these same examples can be used
to illustrate another point, one of evolution-
ary importance. The primordia from which
the forelimb buds derive are initially demar-
cated in the lateral plate mesoderm by the
expression of the Hox C-6 gene, as shown for
the wing of the chicken (Table 1), the te-
leost pectoral fin, and the mouse and frog
forelimbs (36). The development of these
structures differs obviously among fish, birds,
and mammals in their downstream morpho-
logical outcomes. Yet they all begin with the
same molecular pattern formation process.
This regulatory expression pattern thus cor-
relates with a higher level clade, namely the
teleosts plus the tetrapods. The forelimb bud
progenitor field can be thought of as defining
a morphological space, that is, a set of pos-
sible morphologies that can be generated
from this particular precursor field.

A similar implication derives from com-
parative studies of pattern formation pro-
cesses in insect imaginal discs. The region
of the disc epithelium that is to give rise to
the distal portion of the Drosophila leg is
that where the homeodomain regulator dis-
talless (dll) is expressed (Table 1); but in
certain butterfly wings, the same patterning
mechanism is used instead to determine the
location of the “eyespots” that are a prom-
inent feature of the scale design in this
species (37). Furthermore, although the
large wing of the butterfly is morphological-
ly different from the tiny Drosophila wing,
many of the other pattern-forming regula-
tory functions operating in the Drosophila
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wing disc are also used in the butterfly wing
disc (37). The morphological space is de-
fined by these upstream transcription factor
patterns, and it is filled in various ways that
have lower level taxonomic significance.
Evolutionary change in the regulatory
DNA sequences controlling the spatial ex-
pression of pattern formation transcription
factors that control development could re-
sult in changes that affect body plans. Pa-
leontological evidence indicates several ep-
isodes of dramatically fast organismal diver-
sification, for example, in bilaterian body
plans before and during the Early Cambrian
(1) or in tetrapod forms later in the Paleo-
zoic (38). This evidence suggests that once
the basic mechanism exists, both the ap-
pearance of new genetic pattern formation
systems, and the genetic changes in pattern
formation processes needed to fill the mor-
phological space created when these new
systems appear, can occur,very rapidly in
evolutionary time. This argument is not
concordant with microevolutionary, or
gradual, change in adult body plans, and
- means that intermediate or transitional fos-
- sil forms of body plan are unlikely to be
found (39, 40).

Evolutionarily Novel Regulatory
Mechanisms

We have concluded from the paleontolog-
ical evidence that the origin of bilaterian
body plans and hence the pattern formation
mechanisms used in their developmental
construction must predate the Ediacaran
fossils. The mechanisms of Type 1 embryo-
genesis and the small larvalike metazoans
that are its outcome must then have origi-
nated even earlier. This, in turn, implies an
enormously greater antiquity for the struc-
tural gene batteries and genetic regulatory
control systems that program the differen-
tiated cell states common to all muiticellu-
lar animals than for any higher metazoan
morphological feature. ’
We conceive the most important evolu-
tionary novelty to have been the develop-
mental use of yet undifferentiated set-aside
cells, which retain indefinite division po-
tential, as a substrate for the morphogenesis
of large structures. Thus we must under-
stand origin of cellular domains in organ-
isms similar to Type 1 larvae, domains that
function similarly to imaginal discs, limb
bud progenitor fields, or the imaginal anla-
gen from which adult echinoderms derive.
Among the genetic regulatory changes re-
quired to produce set-aside cells are the
disconnection of the cell division controls
that are a prominent feature of Type.1
embryos and the disconnection of whatever
differentiation gene batteries the lineages
giving rise to the imaginal cell sheets earlier
expressed. Many observations of mammali-
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an cells show that these kinds of change
occur relatively easily. Thus genetic misex-
pression of various oncogenes may result in
release from cell replication controls and
loss of differentiated phenotypes, as in ret-
roviral tissue culture transformation. What-
ever their origin, the evolutionary “inven-
tion” of developmental programs for the
generation of set-aside cells was among the
primary causes of the appearance of the
higher Metazoa.

The appearance of pattern formation
processes would have required a hierarchi-
cal regulatory network reorganization. Ab-
stract upstream pattern formation functions
would have to precede activation of regula-
tors controlling differentiation. A new mor-
phogenetic world was then created, one
that was freed of the developmental con-
straints of quantal cell lineage, immediate
embryonic specification, and intrinsic size
limitations; and as history shows, one that is
capable of great variety in the use of mor-
phological space. Eventually, as in modern
indirectly developing bilaterians, the new
adult structures came to supplant entirely
what we now consider larval structures, in
each life cycle.

The HOM-C gene cluster may well be
used in A-P pattern formation processes in
all bilaterians (41). However, there is no
reason to suppose that the origin of the
HOM-C cluster was the single event that
potentiated higher metazoan developmen-
tal processes. This event could indeed have
been important for organizing these pro-
cesses into the bilateral form that is the
shared primitive character of the adult body
plans of most modem metazoan groups. But
many different biochemical classes of tran-
scription factor beside those encoded by the
HOM-C genes, including a large number of
other, unlinked homeodomain proteins,
participate in upstream pattern formation
processes in the development of modern
animals. It is the use of regionalized up-
stream transcription factors that is the key
event, irrespective of their class.

Phyletic Origins and the Cambrian
Explosion and Implications

Not all modern bilaterian phyla can reason-
ably be regarded as having arisen directly by
the diversification of pattern formation pro-
cesses, superimposed on a platform of pre-
existent micrometazoans. A test for such
phyla is to ask whether they share specific
larval rather than adult, characters with
phylogenetically related groups. A clear ex-
ample is afforded by the echinoderms and
the hemichordates (Fig. 1). These taxa
have remarkably similar embryonic and lar-
val forms, although their definitive adult
body plans are indeed different. Similarly,
sipunculan worms and molluscs share the
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“molluscan cross,” a particular arrangement
of animal blastomeres of certain lineages.
Yet, sipunculan worms and molluscs share
few, if any, adult morphological characters.
There are additional examples that are not
so obvious because often what appear to be
adult characters shared between sister taxa
are in fact larval in origin, although they are
carried through metamorphosis (42). In
contrast, by the same test, other phyletic
sister groups certainly share adult charac-
ters, rather than larval characters. We con-
sider below the origins of the most impor-
tant of such phyla, the chordates and the
arthropods.

The advent of developmental processes
capable of generating diverse assemblages of
macrometazoan morphologies clearly must
have sharpened selective pressures. With
the extinction of most micrometazoan plat-
forms except the “winners” in the pattern
formation competition, the possible range
of large metazoan morphologies may have
been limited. These winners probably in-
cluded all of the current phyletic body plans
plus some others that did not survive to the
present (“Problematica”) (43). Enhanced
selective pressure drove the rapid exploita-
tion of the morphological space blocked out
by the patterns of upstream transcription
factor expression in the winning phyloge-
netic lineages. This is what we see as the
Cambrian explosion of phylotypic body
plans.

Maximal indirect development is a rath-
er peculiar process. Our scheme renders the
prevalence of indirect development no
longer inexplicable; the many species devel-
oping by this means are simply continuing
to use the original mechanism by which
large metazoans first arose. Direct develop-
ment is a derivative, and almost all bilat-
erian taxa begin life with Type 1 embryo-
genesis, with the important exceptions of
vertebrates and insects (21). In the indirect
development of modern animals, the larva
serves only as a life support system for the
imaginal set-aside anlagen within which
the adult body plan develops.

The foregoing concepts lead to specific
interpretations of the developmental evolu-
tion of both chordates and arthropods. Ar-
thropods share adult body plan characters
with their sister group, the annelids, such as
metamerism (44, 45). Yet basic annelid
groups such as the polychaetes develop in-
directly by way of trochophore larvae,
whereas arthropods develop directly and do
not produce trochophore larvae. Arthro-
pods then generate their characteristic ap-
pendages by means of imaginal discs or the
equivalent. Within some arthropod clades,
new already-metameric forms of secondary
larvae (such as the nauplius larva) were
generated. Arthropods, in our terms, use
set-aside cells twice in their development:
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once when they form metameric structures
from teloblast progeny and again in the
specification of their imaginal anlagen.

Chordates are also primitively a directly
developing phylum (46). They share only
adult characters with their indirectly devel-
oping sister group, the enteropneust hemi-
chordates (Fig. 1). For example, the noto-
chord of adult larvaceans, the primitive uro-
chordate class (47), and of all other chor-
dates, is homologous with the stomochord
of adult hemichordates (40, 48). Another
example is provided by the U-shaped pha-
ryngeal slits, a character shared by enter-
opneusts ahd chordates; although this is a
feature of larval and adult chordates, it ap-
pears in enteropneusts only after metamor-
phosis (49). No living chordate displays a
larva of the “original” deuterostome type
(the dipleurula larva), such as is still used in
most modern indirectly developing echino-
derms and hemichordates. Therefore, chor-
dates arose through the imposition of their
particular phyletic pattern formation func-
tions on what were essentially directly de-
veloping hemichordates.

Deuterostomes and protostomes share
specific pattern formation processes, of
which the most prominent example is re-
gional A-P specification by homologous
genes of the HOM-C—-Hox gene cluster, but
there are many other examples. We argue
that homologous pattern formation process-
es that have been discovered in insects and
chordates (28) are processes involved in the
formation of the adult body plans of these
organisms. Because both insects and chor-
dates develop directly, this is a difficult

inference. However, an indirectly develop-

ing sea urchin larva, for instance, has no
A-P or dorsal-ventral axis homologous with
that of the adult body plan. Furthermore,
pattern formation processes, in the sense
used here, do not seem to be used in Type 1
embryonic processes. If the shared pattern
formation processes of deuterostomes and
protostomes are indeed aspects of adult
body plan formation, this would require
that the set-aside progenitor cells and the
hierarchical regulatory systems required for
the ontogeny of adult bilaterian body plans
antedate the protostome-deuterostome di-
vergence. Protostome and deuterostome
embryos are in certain ways very different.
For example, they organize the blastomere
lineages that give rise to their embryonic
mesodermal derivatives differently and they
form their embryonic guts by different
mechanisms. Furthermore, the imaginal ru-
diments that give rise to the adult forms of
indirectly developing deuterostomes and
protostomes arise by entirely different em-
bryonic pathways (Figs. 3 and 4). Thus we
need to ask how the ancestral forms from
which modern deuterostome and proto-
stome taxa evolved could have shared spe-
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cific mechanisms used in the formation of
the adult body plan. What was inherited
from the latest common ancestor were the
genetic programs specifying essentially ab-
stract, upstream, regionalization mecha-
nisms assigned to the generator of given
aspects of the adult body plan, such as the
A-P axis. These mechanisms could be so
abstract that their function is simply to
distinguish relative positions along an axis
(the HOM-C genes) or to distinguish the
center from the circumference of a progen-
itor field (the dll gene). Such regulatory
program elements could be applied to em-
bryonic fields of set-aside cells, however
these might be generated in the develop-
ment of the larva and wherever they might
be situated. In conclusion, the lineages
leading to deuterostomes and protostomes
must have shared the genetic programs re-
quired to specify set-aside cells. The latest
common ancestor of deuterostomes and
protostomes used these genetic programs to
generate some form of adult body plan,
although this is unlikely to resemble -any
modern bilaterian form.

Some predictions that follow from our
premises include: (i) Differentiation gene
batteries, and their immediate regulatory
apparatus, should be found to be essentially
pan-metazoan. This should be true for a
variety of canonical differentiated cell
states. (ii) Individual HOM-C-Hox genes
should be found to be used in Type 1 em-
bryos as cell type—specific or lineage-specif-
ic regulators that directly control cell dif-
ferentiation, but should not function during
the process of Type 1 embryogenesis in the
same way as do transcription factors that
control regionally expressed upstream pat-
tern formation (20). However, HOM-C-
Hox genes should be required for the orga-
nization of the adult body plans that are
ultimately generated by the larvae of organ-
isms using Type 1 embryogenesis. (iii) Spe-
cific genetic regulatory systems should exist,
the function of which is to define develop-
mental set-aside cells, that is, the imaginal
cell sheets from which adult phylotypic
structures develop. Such mechanisms would
account for two obvious properties of these
cells: their undifferentiated states and their
growth potential that persists in advanced
larval stages or the equivalent. These regu-
latory systems can be studied in the set-
aside cells of modern animals. The regula-
tory programs specifying set-aside cells may
have been one of the revolutionary Precam-
brian genetic inventions that potentiated
the appearance of the higher metazoans.
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