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SUMMARY

An early set of blastomere specifications occurs during
cleavage in the sea urchin embryo, the result of both
conditional and autonomous processes, as proposed in the
model for this embryo set forth in 1989. Recent
experimental results have greatly illuminated the
mechanisms of specification in some early embryonic
territories, though others remain obscure. We review the
progressive process of specification within given lineage
elements, and with reference to the early axial organization
of the embryo. Evidence for the conditional specification of
the veg lineage subelement of the endoderm and other
potential interblastomere signaling interactions in the
cleavage-stage embryo are summarized. Definitive
boundaries between mesoderm and endoderm territories of

events depend on regional mobilization of maternal
regulatory factors resulting at once in the zygotic
expression of genes encoding transcription factors, as well
as downstream genes encoding proteins characteristic of
the cell types that will much later arise from the progeny
of the specified blastomeres. This embryo displays a
maximal form of indirect development. The gene
regulatory network underlying the embryonic development
reflects the relative simplicity of the completed larva and of
the processes required for its formation. The requirements
for postembryonic adult body plan formation in the larval
rudiment include engagement of a new level of genetic
regulatory apparatus, exemplified by the Hox gene
complex.

the vegetal plate, and between endoderm and overlying

ectoderm, are not established until later in development.

These processes have been clarified by numerous key words: Lineage, Conditional specification, Autonomous
observations on spatial expression of various genes, and by specification, Endomesoderm, Marker gene, Gene regulator,
elegant lineage labeling studies. The early specification Rudiment, Larva, Echinoderm

INTRODUCTION is now a major system for studies on the mechanisms of gene
regulation in early development. A separate intellectual
The sea urchin embryo has lent itself to the study of the rolgadition, first developed by Boveri (1901a), established
of the genome in embryonic development ever since thportions of the early cell lineage of the sea urchin embryo and
discovery of pronuclear fusion in these eggs by Fol (1877¢culminated in the spectacular blastomere recombination
Boveri's experiments on the developmental fate of polyspermiexperiments of Horstadius (reviewed 1939, 1973). Horstadius’
eggs and of aneuploid blastomeres isolated from thennterpretations were devoid of any form of genetic causality
following earlier leads from O. Hertwig and Driesch, provedand, instead, he and his school favored explanations couched
that expression of the complete chromosome set is required fior terms of intersecting ‘gradients’ of ‘animalizing’ and
the process of embryogenesis (Boveri, 1902, 1904, 190Wegetalizing’ potential. However, his experiments in
reviewed by Baltzer, 1967; Sander, 1993). In more recerthemselves provided impressive (though usually preliminary)
times, maternal MRNA was discovered in sea urchin eggs ®vidence for a widespread role of interblastomere interactions
A. Monroy, A. Tyler, P. Gross and others (reviewed byin establishing blastomere fate in the sea urchin embryo. A
Davidson, 1968, 1986); and the first measurements of thmodel for blastomere specification in this embryo (Davidson,
complexity of gene expression in an embryo were carried out,989) reinterpreted Horstadius’' data, proposing that short-
showing that many thousands of genes are represented in tlamge, cleavage-stage signaling interactions cause activation of
polysomal message population throughout early developmespecific sets of territory-specific genes in the various lineage
(reviewed by Davidson, 1976, 1986). The sea urchin embryfmunder cells of the embryo (see also Davidson, 1986, Chapter
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6 and Wilt, 1987 for prior discussions). Almost a decade latethe topological relations of the territories, but such a map
it seems clear that this view is in essence correct. cannot actually be drawn to a cellular level of resolution until
Compelling and incisive new technologies have had athe late blastula stage. It is only then that each cell of the
enormous impact on sea urchin embryology, as everywhemmbryo can be allocated to one or another of the territorial fates
throughout the molecular biology of early development. Thehat will be manifest morphologically in the immediately
initial intent of this essay is to provide a current image of howsucceeding stage, the gastrula. At late blastula stage the
cleavage stage specification occurs in the sea urchin embryo.
based on the large amount of new experimental evidence tt
has now accumulated. We then take up development Animal
specification processes that are not completed until th
blastula-early gastrula stage of development, in particular, tt
late phase of endoderm specification and mesoder
specification within the vegetal plate. Finally we consider the Aboral
sea urchin embryo as the product of a process of indire
development, and briefly compare the level of genetic
regulatory programming required for embryogenesis to the
utilized in the very different process by which the adult body
plan is formed in the postembryonic development of the larve
rudiment.

EARLY TERRITORIES OF THE SEA URCHIN
EMBRYO: LINEAGE AND SPECIFICATION

An important concept of the 1989 model is that the late
cleavage- and blastula-stage sea urchin embryo can
considered to be composed of ‘territories.’ These are conceive ‘—’
as polyclonal assemblages of contiguous blastomeres, each

which will produce progeny that express a particular set ¢ Vegetal
genes. The transcription of these genes would constitute tl
outcome of the initial processes of territorial specification. Ir Oral ectoderm
embryos such as the sea urchin, such processes undoubte B Aboral ectoderm Small micromeres
occur soon after fertilization, since by the end of cleavag B Endod -

various territorial marker genes are indeed already bein Endoderm Ciliated band
differentially expressed (many examples are referred to in tt B skeletogenic mesoderm

following). Because the orientation of the cleavage planes |
invariant through the 6th cleavage (Cameron et al., 1987, 1990, L .
1991), in the 1989 model and subsequent discussio 0. 1. Fate map of territories in tt& purpuratug€mbryo, projected

; ; . an external image of the hatched blastula-stage embryo of about
(Davidson, 1989; Cameron and Davidson, 1991) we assumedg cells (~20 hours postfertilisation). Territories are indicated by the

that the lineage ancestry of each territory is also invariankey at the bottom. The black lines show major lineage domains: No,
Subsequent lineage tracing experiments carried out in severdl Na indicate the clonal descendants of these 8-cell blastomeres,
laboratories, including ours, have shown that this assumptiamhich give rise to oral and aboral ectoderm (Cameron et al., 1987).
requires modification, as discussed below. It is true that son¥e positions offeg andveg lineage elements are shown explicitly
territories are indeed composed of invariant lineage elements, Fig. 2A at the 60-cell stage; in that figure Na and No domains
and some portions of all territories have the same lineage in &fcupy the central regions of the green and yellow portions of the
embryos of the species. However, this is not the case for théawmg,_respectlvely. The_yellow-green strlp_e in this figure indicates
regions within which the boundary between endoderm anﬁ‘e p()josmonI of the futglrle C|I|a_tlt)ed band, to which bloth oral and aboral
ectoderm forms, nor for the regions separating oral and abor% toderm elements will contribute (Cameron et al, 1983).

d Th b dari f lated v | icates the clonal descendants of the 6th cleavage ring of eight
ectoaerm. ese bounadaries are formulated only later IBlastomeres, the upper granddaughters of the 4th cleavage

development by processes that are independent of lineage. macromeres, so named by Horstadius (1939). At gastrulation, some
. veg progeny will contribute to the hindgut and midgut, more on the
Fate map of the sea urchin embryo oral than the aboral side in this species (Ransick and Davidson,
The following discussion necessarily relies at certain junction$998), and the remainder will contribute aboral ectoderm, except for
on details of cell lineage allocation which in some details aréhe small ciliated band contribution on the oral s\d& indicates
species specific. The diagrams in this paper refer t#e descendants of Horstadius’ 6th cleavage ring of eight vegetal
Strongylocentrotus purpuratughe species studied in our blastomeres of that name, the lower granddaughters of the 4th

laboratory. Except where otherwise noted, however, we hafi€avage macromeres. On gastrular invaginatioryegedomain
’ ’ nerates foregut, part of the midgut and all mesodermal elements

attempted to proylde COHC|USIQHS that ShOl.JId pertain to m(.)gﬁcept for the coelomic pouch constituents, that derive in part from
of the regular mdweptly developing sea urchins usgd fpr studlqﬁe small micromeres, and the skeletogenic mesenchyme. The
of embryology (which belong largely to the euechinoid ordergyeletogenic mesenchyme cells will soon ingress into the blastocoel

Temnopleuroida and Camarodonta; Smith, 1984). and the small micromeres will be carried inward on invagination of
A fate map of the embryo is shown in Fig. 1. This indicateshe archenteron.

Veg. plate mesoderm
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allocation of cells to the ciliated band is still indeterminatespecification prior to their inclusion in the coelomic sacs is thus
(indicated by the yellow-green area), as this structure forms abt really known. The small micromeres can be considered to

the boundary of the oral ectoderm only toward the end dfe precociously segregated mesodermal

embryogenesis.

Early specification of
embryonic territories and
lineage compartments

In Fig. 2A is shown a diagram
the 60-cell embryo, indicating
color five different polyclon:
lineage elements, which at t
stage have apparently alre:
undergone specification. Note t
commitment, or lockdown, of the
states of specification is manif
only much later. In Fig. 2A, tt
small micromere territory (purple
the skeletogenic mesenchy
territory (red) and the vegetal pli
territory (blue) each correspo
exactly with a definitive polyclon
lineage compartment that
segregated by 6th cleavage. Clc
at the aboral (green) and probe
the oral (yellow) poles of the 2
(oral-aboral) axis as well &
specified, while the remainil
regions, shown in white, &
specified only later. Comparison
Fig. 2A-C with Fig. 1 distinguish
the state of specification in et
region at the indicated stages fr
the ultimate fate that will
assigned to each region.

(1) The small micromere
territory

The four small micromere founc
cells arise at the unequal !
cleavage (Okazaki, 1975; Pehr
and Cohen, 1986; Cameron et
1991), and they will divide on
once more during embryogene
producing eight progeny whi
constitute about 40% of the ce
initially constituting the coelom
sacs, which ultimately constitt
much of the adult animal. They i
not primordial germ cells

reasonable but incorre
speculation), as we showed eal
(Ransick et al.,, 1996); in s
urchins, and also starfish (Inoue
al., 1992), the definitive germ ¢
precursor cells appear only dur
postembryonic development. |
genes have yet been found that
expressed specifically at cleav:
or blastula stages in the sn
micromeres and their state

set-aside cells
(Peterson et al., 1997), the postembryonic contribution of which

A B

"

vegz\

Oral ectoderm C
Aboral ectoderm
Vegetal plate/endoderm

. Skeletogenic mesoderm (@]
Veg. plate mesoderm
Small micromeres
Ciliated band

/ Larva spicules

Fig. 2. Proposed specification maps &rpurpuratust mid cleavage and blastula, and final disposition

of cell types of pluteus stage. (A) 60-cell stage, 6th cleavage (except that division of small micromeres
has not yet occurred). Eight large micromeres, descendants of the four founder cells of the skeletogenic
mesenchyme are present (shown in red). The skeletogenic founder cells are autonomously specified and
all descendants will begin to express skeletogenic genes by late cleavage. Beneath them are the four
small micromeres (shown in purple). Though their progeny will contribute exclusively to the coelomic
pouches, their actual state of specification at 6th cleavage is not known. The eight blastomeres of the
veg ring are also specified and their progeny will shortly express vegetal plate marker genes. As
discussed in text, theeg domain, here shown in white, is not yet specified, since its progeny will be
allocated by subsequent, lineage-independent specification processes, to three different fates (see Fig. 1)
Nor are the lateral ectodermal domains of NI origin on either side of the embryo (white) yet specified.
Some progeny of these blastomeres will form the boundary regions between oral and aboral ectodermal
territories. The polar clones of the aboral ectoderm territory, namely, the progeny of Na (green) are
already specified, and these clones will soon begin to express aboral markers. The polar clones of the
oral ectoderm territory deriving from the No blastomere (yellow) may also be specified (see text for
markers, genes and discussion). Some Na progeny contribute to the ciliated band, but these were earlier
aboral in specification, since they ret@iyilla mRNA even after incorporation in the band (Cameron et

al., 1993). (B) Mesenchyme blastula, about 500 cells, external lateral view. Lineage compartments and
territorial designations are as in Fig. 1. Regions where specifications have still not yet occurred are
shown in white. (C) Mesenchyme blastula, vegetal view. The central region of the vegetal plate is now
divided radially into a central mesodermal territory (shown in light purple), consisting of cells destined

to give rise to secondary mesenchyme and coelomic pouches and an endodermal territory that will
produce foregut and midgut (shown in blue). The skeletogenic cells have already ingressed and are not
shown. The small micromere descendants are located in the center (darker purple). The aboral ectoderm
territory has recruited components of teg lineage domain on the aboral and lateral faces of the

embryo (green). (D) Final state of specification in early pluteus-stage larva, about 1500 cells (65 hours
postfertilisation); shown in lateral view; (E) same stage, oral (‘facial’) view. Both D and E are shown as

if they were projections of a collapsed ‘Z-series’ of images, so that structures at several different planes
of focus are superimposed. Mesodermal cell types derived from the early territories include the
skeletogenic mesenchyme, shown secreting the bilaterally organized skeletal structure (red) and various
secondary mesenchyme cell types (see text). Coelomic pouches are depicted as circular arrays of purple
cells at the side of the foregut, pigment cells are shown embedded in the aboral ectoderm, and fusiform
blastocoelar cells are illustrated. Esophageal and duodenal sphincter muscles mark the divisions of the
archenteron. The ciliated band territory is indicated in yellow-green, since it is constructed of cells
previously belonging to both oral and aboral ectodermal components. Neurons (not shown) appear in
regions of both the oral ectoderm and the ciliated band.
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is to form mesodermal components of the future adult body plamecome specified. Furthermore, after 6th cleavage, the cleavage

(see below). pattern in this region loses its spatial regularity, and mechanisms
] ) not dependent on lineage are clearly required for the formation
(2) The skeletogenic territory of the oral/aboral boundary. Hence these lateral regions are

Extensive evidence demonstrates that the four 5th cleavaghown in white in the 60-cell specification map of Fig. 2A.
skeletogenic lineage founder cells are autonomously specified,

as discussed in some detail below. They provide a remarkatffe) The oral ectoderm territory

example of asymmetric distribution of fate in early No early embryo molecular markers for this territory have yet
development, in that they are the sister cells of the smalleen uncovered, and its state of specification early in
micromeres. All progeny of the skeletogenic micromereslevelopment remains speculative. Lineage labeling studies
execute exclusively skeletogenic  functions  duringsuggest that much the same may be stated about this territory as
embryogenesis. For this territory, there is perfecfor the aboral territory. The polar clones may be specified very
correspondence between the polyclonal lineage compartmeegarly, since all progeny of these clones invariably become part

and the ultimate embryonic fate. of the oral ectoderm, while this will not be true for the lateral
. clones, as indicated in Fig. 2A. The oral ectoderm territory is of
(3) The vegetal plate territory particular interest because of the complexity of its ultimate fate.

This early embryonic territory is also synonymous with alt produces a variety of structures and cell types and in this it
polyclonal lineage component, the 6th cleavage, eightontrasts greatly with the aboral ectoderm. The larval mouth or
blastomere ring termedeg by Horstadius (1939; see Figs 1, stomodaeum derives from oral ectoderm (see Fig. 2D,E), as does
2). Certain transcription factors and a well-studied genéhe specialized oral epithelium and several neurogenic structures
encoding a terminal differentiation protein of the midgut,including the oral hood and ciliated band elements. In addition,
Endol6 are expressed in all the cells of this territory byas we discuss later in this essay, the oral ectoderm harbors cells,
blastula stage or earlier, as reviewed in a later section. Duringhich, after feeding begins, generate the ‘vestibule, a
late blastula stage, these cells form a particular morphologichindamental component of the adult rudiment. The aboral
structure, the vegetal plate. This consists of a disc of ta#ictoderm, in contrast, disintegrates at metamorphosis.
epithelial cells, which constitutes the vegetal wall of the

embryo and which initiates invagination as gastrulation begingN|TIAL STATE: ORGANIZATION OF THE EGG
Thus in terms both of expression of territory-specific moleculap] ONG THE A/V AXIS AND AUTONOMOUS

markers and of morphological disposition, thep lineage  SPECIEICATION IN EARLY CLEAVAGE
compartment constitutes a legitimate territory, the identity of

which is specified by late cleavage. But it is only a transierferimordial polarity of the egg

territory of the embryo and the later embryonic fate of its cell§he sea urchin egg is irrevocably polarized along the
is complex. As shown in Fig. 2B,C, by late blastula stage, animal/vegetal (A/V) axis at time of fertilization. This maternal
central mesodermal domain has arisen within the vegetal plateature was recognized clearly by Boveri (1901a,b) who used
and, during the gastrula stage, a variety of differentiated naturally occurring canal in the egg jelly at the animal pole
mesodermal cell types derives from this domain. Thdo mark the surface of the egg with ink (the animal pole is
peripheral region of the original vegetal plate becomeslassically that at which the polar bodies are extruded). The
endodermal, and from it derives the cells that constitute theark was always found at the opposite end of the egg from

foregut and most of the midgut. that where the micromeres arise. Working vtracentrotus
] lividus, Boveri also noted a subequatorial band of pigment
(4) The aboral ectoderm territory granules in the unfertilized egg, which at gastrular invagination

The aboral ectoderm founder cells arise at one pole of there carried inward, whereafter they can still be discerned lining
second, or oral/aboral (O/A) axis. The polar blastomeres of thike archenteron. These observations were extended using
territory produce progeny all of which transcribe aboralArbacia eggs by Schroeder (1980a,b) who also described in
ectoderm markers, a number of which are now known. Only ondetail a cortical contraction moving outward from the vegetal
cell type arises from the aboral ectoderm, a squamous epitheliygole following fertilization. This can be followed by observing
that forms the wall of the late embryo and the larva, except fahe upward movement of pigment granules, which are
the oral and ciliated band regions (see Fig. 2D). Thtla  distributed globally in the unfertilized egg. These cortical
cytoskeletal actin gene serves as an aboral ectoderm mark@aovements generate a vegetal-most region free of granules that
Sensitive run-on measurements show that this gene is transcribeifl be included in the skeletogenic and small micromere
as early as the 60- to 120-cell stage (Hickey et al., 1987; Lee teirritories, i.e., in the 4th cleavage micromeres (reviewed by
al., 1992); transcripts are detectable at 10 hours, and when thé&avidson, 1986, pp. 494-497).

transcripts can first be seen by in situ hybridization at 18 hours The distribution of pigment in these species is a manifestation
they are confined to the future aboral side of the embryo (Caf prelocalized differences that clearly affect the states of
et al., 1986; Lee et al., 1986). We infer that at least some of ttepecification that the animal and vegetal portions of the egg are
clones of cells constituting this territory are specified by the timable to support. The animal blastomeres (mesomeres) are
this gene turns on, as indicated in Fig. 2A. However, at 5thonveniently defined as those lying above the horizontal 3rd
cleavage, some blastomeres at the interface between oral anélavage plane. At 4th cleavage, the vegetal blastomeres below
aboral domains still produce progeny that will contribute to botlthis plane divide horizontally, producing four large blastomeres
oral and aboral domains (Cameron et al., 1993), and it is n@acromeres) and the four micromeres. The most simple and
clear exactly when the clones in these lateral ectodermal regiodsect test is to separate and culture mesomeres as opposed to
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macromeres and their progeny. This experiment was done idne of these, a set of genes expressed at the very early blastula
numerous experimentalists between the 1890’s and Horstadiugtage (‘VEB’ genes), is activated in all blastomeres that inherit
review of 1973. Complete mesomere tiers or isolate@gg cytoplasm above the vegetal-most region of the egg. Four
mesomeres were observed to produce only hollow ciliate®dEB genes have thus far been characterized, of which the two
epithelial balls, while the vegetal halves produce somewhdtest known encode metalloendoproteases. These atéEthe
deformed larvae that contain clearly visible archenteron angene, which encodes hatching enzyme (Lepage and Gache,
skeletal elements. These different outcomes directly reflect tHE990; Reynolds et al., 1992; Nasir et al., 1995) andpikeN
primordial A/V organization of the egg even before cleavaggene, which encodes a protein similar to BMP-1 and tolloid
begins. Thus Horstadius (1937) dissected unfertilixdzhcia  (Reynolds et al., 1992; Lepage et al., 1992a). At blastula stage,
eggs equatorially and obtained the same results: on fertilizatioaxpression of the VEB genes extends over the whole embryo,
animal half eggs formed only ciliated epithelial balls, whileexcepting only a variable region at the vegetal poleS.n
vegetal halves produced micromeres on time, eventuallpurpuratus the non-expressing domain at its smallest lies
gastrulated, and then generated archenteron and skeletdthin or near the margin of the skeletogenic territory and, at
elements. Similar experiments with similar results were carrieis largest, includes most of theg territory as well (Reynolds
out by Maruyama et al. (1985) ¢femicentrotuseggs, and by et al., 1992; see Figs 1, 2); i lividus the non-expressing
A. Ransick (unpublished) orS. purpuratus eggs. The domain extends up into thveg region (Lepage et al., 1992b).
prelocalized A/V differences revealed by all these experimentSxpression of these genes begins remarkably soon after
extend to two different euechinoid orders (Echinoidafertilization. Reynolds et al. (1992) found transcripts of the
Strongylocentrotus, Paracentrotuand Hemicentrotus and  SpHE and theSpANgenes as early as the 8-cell stage. No
PhysomatoidaArbacia phylogeny of Smith, 1984). However, maternal transcripts are present, but it would seem almost
maternal A/V polarity may be a much more broadly distributedgertain that the transcription factors activating these genes so
basal echinoderm character. For example, the same kind e#érly in cleavage are of maternal origin. TBpANgene is
primordial A/V organization has been demonstrated for starfistranscriptionally silenced at the end of cleavage, as measured
by fusing fragments of unfertilized egg cytoplasm with thewith intron probes (Kozlowski et al., 1996) and expression of
animal pole region of activated oocytes (Kiyomoto and Shiraipther VEB genes is similarly extinguished (Ghiglione et al.,
1993). Only egg fragments of vegetal origin confer the capacit¥993; Grimwade et al., 1991). The mRNAs encoded by these
to generate an archenteron (see also Zhang et al., 1990, ayjmhes have disappeared before the mesenchyme blastula stage.
other data reviewed by Kiyomoto and Shirai, 1993). Cisregulatory analyses of tf&pANgene (Kozlowski et al.,
Some modern sea urchin embryo blastomere isolatioh996) and theSpHE gene (Wei et al., 1995, 1997a,b) have
experiments are summarized in Table 1. These are distinguishexvealed control systems that are similar in architecture. For
from classical studies by use of molecular markers oboth genes, the necessary and sufficient regulatory elements
specification (as well as by more conscientious attention teequired for the spatial and temporal expression pattern are
reproducibility and quantitation). Isolated pairs of mesomeresionfined within compact domains a few hundred base pairs
or the whole 3rd or 4th cleavage mesomere tier, displapng. These control modules are densely packed with
relatively little ability, and sometimes none, to generatdranscription factor target sites, though the factors to which the
endomesodermal structures or cell types, or to express gmo genes respond are largely dissimilar. A significant aspect
markers such as alkaline phosphatase, or skeletal markers siglthat neithercis-regulatory system appears to contain any
as the spicule matrix protein ge®®50(Table 1, isolates 1 and negatively acting regulatory elements; these are apparently
2). As almost universally reported earlier, the great majority ofpositive-only’ systems, and this is indeed what might be
surviving embryoids that derived exclusively from mesomeresxpected of genes that are activated by autonomous processes
and all of those formed from intact mesomere tiers, develofArnone and Davidson, 1997).
only as hollow ciliated epithelial balls. In contrast, when The image that emerges is that the VEB genes are
isolated 4th cleavage macromeres are cultured together wittanscriptionally activated by maternal factors that are absent
their micromere sister cells (that is, the two daughters of oner rendered inactive in the vegetal-most region of the egg. The
vegetal 3rd cleavage blastomere), they express endomesoder@etivation of these genes is independent of the mid-late
markers with very high frequency (Table 1, isolate 3). Theleavage territorial specification processes summarized in Fig.
position of the 3rd cleavage plane is crucial for these results, 24\, since they are already being transcribed at 3rd cleavage in
that if mesomere pairs are obtained from embryos in which thislastomeres that will later give rise to elements of several
plane is unusually low on the A/V axis, much larger fractiongdissimilar territories (Reynolds et al., 1992). Furthermore,
of the isolates display endomesodermal markers (Henry et ablastomeres maintained in a disaggregated state express VEB
1989). Thus the relevant constituents of the egg are organizgdnes on schedule (Reynolds et al., 1992) and transcribe them
with respect to its A/V coordinates, not with respect to the 3rat just the normal rate (Ghiglione et al., 1993) though, in the

cleavage plane per se. absence of cell contact, they are not later downregulated. In
o addition, isolated animal and vegetal half embryos express
Autonomous activation of VEB genes VEB genes just as would be predicted from the normal

Autonomous specification processes in early development aexpression patterns in the intact embryo (Ghiglione et al.,
those in which the fate of the blastomere depends exclusive996). The latter work also showed that transplantation of
on the maternal cytoplasmic constituents that it inherits, asicromeres to the top of the 8-cell-stage embryo, which
discussed earlier (Davidson, 1990). Two autonomougduces a second vegetal plate (see below), does not affect the
specification systems have now been uncovered in theseitonomous expression of the hatching enzyme gene in the
embryos and have been analyzed atdiseegulatory level. respecified animal pole blastomeres.
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The strictly autonomous activation of the VEB genes thusnicromeres on transplantation to ectopic locations in the
provides very strong evidence of a specific difference irembryo or in any other blastomere recombination experiments.
transcriptional activity along the A/V axis. This almost Wherever they are placed, all skeletogenic micromere progeny
certainly depends on an A/V distribution of activity of maternalexpress skeletogenic genes on schedule and display the
transcription factors, reflecting the primordial polarization ofstereotypic behavior of their lineages: they divide a set number

the egg in this axis. of times to produce a total of 32 skeletogenic mesenchyme cells
o _ in StrongylocentrotugCameron et al., 1987; Arnone et al.,

Autonomous specification of the skeletogenic 1997) or 64 irLytechinugEttensohn, 1990), they ingress, they

territory attain mobility, they fuse and they carry out spiculogenesis.

Evidence for the autonomous specification of the skeletogenihile their specification and differentiation are clearly
lineage descendant from the four 5th cleavage micromeres hastonomous functions, the three-dimensional pattern in which
been reviewed extensively (Davidson, 1986, pp. 498-50Qhe skeleton is ultimately laid down during and after
Davidson, 1989; McClay et al., 1992; Ettensohn, 1992)gastrulation, and the timing with which this occurs, evidently
Essentially, this evidence consists of humerous experimentdepend on signals that the skeletogenic mesenchyme cells
demonstrations that (1) isolated micromeres give rise tencounter on the inner ectodermal wall of the blastocoel
skeletogenic cells in vitro, beginning with Okazaki's (1975)(Ettensohn, 1992; Ettensohn and Ingersoll, 1992; McClay et al.,
observation, and (2) no other fate is ever observed fak992; Armstrong et al., 1993; Armstrong and McClay, 1994).

Table 1. Developmental fates and marker gene expression for sea urchin blastomer e isolates and chimeric recombinantst

Structures formed and marker expression (%)
Embryonic domain: Aboral
Endomesoderm Oral ectoderm ectoderm
Pigment Ch2
Structure: Gut Spicules cells Stomodaeum
Endo 1 (1) EctoV (pattern)® Specific
Isolate Cleavage3 | Species? Marker: AP (2) SM50 (1) gene7
(1) Mesomere pair 3 Lp Henry et al., 1989 22 (2) 16 4 0 0
4 10 3 0 2 1
5 4 0 0 0 0
4 Lp Livingston and Wilt, 4 (2) 2 1 (uniform)
1990
4 $ Livingston and Wilt, 4(2) 6 (1)
1989
(2) Mesomere tier 3 Lp Henry et a, 1989 0 0 0 0 0
4 0 0 0 18 68
3 Lp Wikramanayake afew afew 0 (uniform) 0 0
et al., 1995
3 S afew afew 0 (uniform) 0 ~100
(3) Macromere + 4 Lp Henry et a., 1989 75 83
micromere pair
4 Lp Livingston and Wilt, 98 (2) 50 90 (polarized)
1990
4 S Livingston and Wilt, 85 83 (1)
1989
(4) Mesomeres + 4 Lp Khaner and Wilt, 1990 50 (1) 62 12 (partially
micromeres polarized)
4 $ 66 (2, 1) 85 62 (partially
polarized)
(5) Animal half 6 Lv Logan and McClay, 1998 >50% small (polarized)
embryo + veg, tier invagination;
expressing (1)
(6) Animal half 6 Lv 100% tripartite (polarized)
embryo + veg, tier gut (1)
(7) Mesomere tier + 3 Lp Wikramanayake normal normal normal normal normal normal
vegetal half et al., 1995 expression

INumerals in Table refer to morphological features listed at the top. Markers are indicated by numbers in parenthese® ifritleyled:

2Ciliated band is formed at the intersection of oral and aboral ectoderm and in cellular constitution is a product of bath é€Eame 993).

33rd cleavage isolated here refer to animal half blastomeres.

4Abbreviations.Lp, Lytechinus pictusBioEssaysLvlLytechinus variegatysSp Strongylocentrotus purpuratusb, ciliated band; AP, alkaline phosphatase.
5AP, expression of alkaline phosphatase, a gut-specific enzyme.

6Polarization, as opposed to uniform expression, of EctoV expression is an indication of oral/aboral ectoderm specification.

5Specl inS. purpuratusLpS1 and LpCz2 iLytechinus pictus
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Table 2. Some genes expressed in endodermal and mesodermal compartments of the sea urchin embryo

Gené Detection Pattern of expression Reference
Endoderm Initial (stagé) Final (stage}
Hphnf-33 mMRNA Whole vegetal plate (h. blastula) Blastopore lip (gastrula ) Harada et al., 1996
Spfkh1 mMRNA Archenteron (early gastrula) Blastopore lip (late gastrula) Luke et al., 1997
SpKrox1 mRNA Macromeres (16-cell stage) Blastopore lip (prism) Wang et al., 1996
Whole vegetal plate (h. blastula)
Notch (apical) Ab Endodermal domain of the vegetal Archenteron, not 2° Sherwood and McClay, 1997
plate but not 2° mesenchyme mesenchyme (gastrula)
(m. blastula)
Endol6 mMRNA Whole vegetal plate (h. blastula) Midgut (pluteus) Nocente-McGrath et al., 1989;
Ransick et al., 1993
Cylla actin mMRNA Skeletogenic mesenchyme (h. blastula) Hindgut/midgut (pluteus) Arnone et al., 1998
secondary mesenchyme (early
gastrula)
Mesoderrf
Brachyury mMRNA Whole vegetal plate (m. blastula) Archenteron tip and 2° Harada et al., 1995
mesenchyme (late gastrula)
SpHMX mMRNA Archenteron (gastrula) Pigment cells (pluteus) Martinez and Davidson, 1997
Snail mRNA Archenteron tip (early gastrula) Arm tips (prism) Hardin, 1995
SUM-1 (MyoD) mRNA Archenteron tip (prism) Esophageal muscles (pluteus) Venuti et al., 1991
Spl Ab 8 cells of the vegetal plate (blastula) Pigment cells (pluteus) Gibson and Burke, 1985
S9 mMRNA Whole vegetal plate (m. blastula) Pigment cells (pluteus) Miller et al., 1996
Spl2 Ab Mesenchyme cells (blastula) Mesenchyme cells (pluteus) Tamboline and Burke, 1989
profilin mMRNA Archenteron tip (early gastrula) Pigment cells and gut-associated Smith et al., 1994
mesenchyme (pluteus)
SM50 mMRNA Skeletogenic mesenchyme (blastula) Skeletogenic mesenchyme (pluteus) Sucov et al., 1987
Benson et al., 1987
SM30 mMRNA Skeletogenic mesenchyme (blastula) Skeletogenic mesenchyme (pluteus) George et al., 1991
MSp130 Ab Skeletogenic mesenchyme (blastula) Skeletogenic mesenchyme (pluteus) Anstrom et al., 1987
Pm27 mMRNA Skeletogenic mesenchyme (blastula) Skeletogenic mesenchyme (pluteus) Harkey et al., 1995
SM40 mRNA Skeletogenic mesenchyme (blastula) Skeletogenic mesenchyme (pluteus) Lee and Davidson, 1998

ITranscription factors are shown in bold face.

2h. blastula, hatching blastula; m. blastula, mesenchyme blastula.

3When final stage is not pluteus, expression disappears by pluteus stage.
4Mesodermal assignment refers to final locus of expression.

Genes encoding proteins later found in the spiculd&ttensohn, 1997)SM50 expression takes place in isolated
biomineral begin to be transcribed in skeletogenic lineageskeletogenic mesenchyme cells in culture whether or not
long before skeletogenesis begins, while the embryo is yetfasion, which is required for spiculogenesis, has been allowed
ball of morphologically undifferentiated cells. The cardinalto occur (Kitajima et al., 1996), but this is not trueSéf30
example is th&&M50gene (Benson et al., 1987; Sucov et al.In summary, activation of thte@M50gene serves as an excellent
1987; Katoh-Fukui et al., 1991). The expression and regulationdex of skeletogenic mesenchyme specification: it is cell
of this gene has been studied in several species in some detitonomous, it is an exclusive and uniform early character of
(Killian and Wilt, 1989; Livingston et al., 1991; Makabe et al.,the cells of all the skeletogenic lineage elements, and it begins
1995; Guss and Ettensohn, 1997). Three other skeletogeniery shortly after definitive segregation of these lineages.
genes that behave similarly are known, MSp130(Anstrom The cisregulatory system controllingsM50 expression
et al., 1987)Pm27(Harkey et al., 1995) an8M37(Y.-H. Lee  (Sucov et al., 1988) was analyzed in detail by Makabe et al.
and E. H. Davidson, unpublished data). In the caseMi7, (1995). Like those controlling expression of the VEB genes,
skeletogenic regulation appears to depend on interactions withe necessary and sufficier8M50 regulatory system is
the same transcription factors as motivatd50 expression. confined to a single cluster of target sites only a few hundred
Sensitive measurements show t88M50transcripts appear as base pairs in extent. The key spatial regulator is a member of
early as 10 hours postfertilization, i.e., in late cleavage (Killiarthe cut homeodomain transcription factor family (K. Makabe
and Wilt, 1989), not long after sequestration of the lineagand E. Davidson, unpublished data), which interacts at a site
founder cells. Expression &Mv50and of MSp130continues also present upstream of tB&137gene. An oligonucleotide
at equal levels in all skeletogenic mesenchyme cells until theopy of this target site suffices to confer exclusively
climax period of skeletogenesis in late development, when gkeletogenic expression on injected reporter constructs. Again,
is modulated according to the spiculogenic activity of theno negative regulatory elements are present (in contrast to the
individual cells at each moment (Guss and Ettensohn, 19973M30 control system; Frudakis and Wilt, 1995). These
Some other skeletogenic genes are expressed differently. Avarallels with the organization of the VEB gengregulatory
example is theSM30 gene, which encodes a major matrix elements begin to define the characteristics of genomic control
protein constituent (George et al., 1991; Frudakis and Wilsystems which mediate autonomous specification processes at
1995). SM30is activated much afteeM3, and its activity the outset of embryonic development.
shows more dependence on extrinsic factors (Guss andThe most elemental view of the mechanism underlying the
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autonomous specification of the skeletogenic territory is that such prelocalizations exist (cf. Vlahou et al., 1996), but if so
set of key transcription factors, including 8150 cudomain  they are subject to immediate and complete revision, entirely
factor, is precisely localized at the vegetal pole of the egg andhlike the primordial A/V axis.

is thus uniquely inherited by the skeletogenic micromeres. The Direct developing species such addeliocidaris
prediction, not yet tested, would be that such factors will berythrogrammamay, however, define both axes ab initio
found physically confined to the polar region of the A/V axis.(Henry et al., 1990). But here there is a crucial difference: the
However, it seems more likely that the cortical contraction andecond axis of a directly developing form is the dorsoventral
consequent cytoarchitectural reorganization defining théD/V) axis of the adult body plan, the construction of which is
domain occupied by the skeletogenic founder cells actuallinitiated immediately; while, in indirectly developing forms,
constitutes part of the mechanism by which the micromeres atlke O/A axis has nothing whatsoever to do with the adult D/V
made distinct from the remainder of the embryo. That is, thiaxis. The O/A axis of indirectly developing forms such as the
reorganization could mediate key upstream steps in th®trongylocentrotus, Paracentrotus, Lytechiansl many other
specification process, causing the regionally confined releaspecies commonly used in research on embryogenesis are in
or activation of the relevant maternal transcription factors (ofact orthogonal to the adult D/V axis, which in the advanced
their cofactors). In this case, these factors might initially havéarva arises in the imaginal rudiment (as described in a
a less precise, though still vegetal, localization (Table 1). It magubsequent section). There is no homology and no simple
be relevant that interference with the integrity of the corticalevelopmental relationship between the structures of the
cytoskeletal reorganization by application of mild detergenembryo which are formed along the O/A axis and the structures
solutions prevents skeletogenesis famicentrotus Tanaka, of the adult body plan formed along its D/V axis. It is therefore
1976; Dan, 1979), though the argument is weak becausedh inappropriate usage to apply the terms ‘dorsal’ and ‘ventral’
consists of negative evidence. to the O/A axis of indirectly developing echinoid forms.

It is worth noting that the precocious early ingression of a In S. purpuratuspecification of the O/A axis must have begun
specifically skeletogenic mesenchyme is probably a speciddy 3rd cleavage at the latest. Evidence for this assertion includes the
recently evolved mechanism, added during the divergence of tfi@lowing. (1) By the 8-cell stage B. purpuratusthere have arisen
euechinoid sea urchins. The sister group of the euechinoids, thelar blastomeres all of the progeny of which contribute either to
cidaroids or ‘pencil urchins,’ lack this feature. Their embryonicoral or to aboral lineages, i.e., the Na and No blastomeres (Fig. 2;
skeleton is formed instead by mesenchyme cells delaminatir@ameron et al., 1987). (2) As indicated aboveCti#ia actin gene
only at gastrulation (Wray and McClay, 1989). In euechinoidss transcriptionally activated by 6-7th cleavage and, when first
such asStrongylocentrotusthe secondary mesenchyme thatobserved by in situ hybridization in late cleavage, the transcripts are
delaminates at gastrulation in fact also retains skeletogen@onfined to aboral blastomeres (Cox et al., 1986; Lee et al., 1986,
capacity, which is normally repressed, but which can be eliciteti992; Hickey et al., 1987). Other aboral ectoderm-specific markers,
by depletion of the primary skeletogenic cells descendant fromarticularly theSpec1Spec2Aandarylsulfatasegenes achieve this
the micromeres (reviewed by Ettensohn, 1992). definitive pattern of expression following initial expression

In summary, there is solid experimental evidence for théhroughout the prospective ectoderm (Kingsley et al., 1993; Yang
primordial developmental polarization of the sea urchin eggt al., 1993). (3) A gene encoding a homeodomain transcriptional
along the A/V axis. Two sets afs-regulatory spatial control regulator has been discoveredParacentrotusembryos which is
systems of maternal origin; those activating the VEB genes araygotically activated in about half of the blastomeres located on one
those activating skeletogenic mesenchyme genes have besde of the embryo, presumably the oral or aboral side, parallel to
described. These both reflect and illuminate the autonomotise A/V axis. This polarized zygotic expression pattern begins as
specification processes that result from the primordiaéarly as the 4-cell stage (Di Bernardo et al., 1995).
polarization of the egg. A remaining mystery is the mechanism How the initial asymmetry in blastomere fate along the
by which the adjacent small micromeres are protected from duture O/A axis is initially established remains a mystery. By
deprived of the endogenous components required fdrd cleavage, the blastomeres at the future oral pole display

skeletogenic specification. enhanced cytochrome oxidase (Czihak, 1963), suggesting a
differential distribution of mitochondria across the future O/A

THE ORAL/ABORAL AXIS OF THE EMBRYO axis. A second suggestive observation is that, in several sea
- o urchin species, the position of the future O/A axis can be
Initial specification predicted from the orientation of the vertical plane of 1st

Many classical as well as recent experiments demonstrate tt@d¢avage. Thus is. purpuratughe O/A axis normally arises
each blastomere of a 2- or 4-cell-stage sea urchin embryo 46° clockwise with respect to this plane, as viewed from the
competent to produce a pluteus larva that manifests a clear Odhimal pole (Cameron et al., 1989a; Henry et al., 1992) while,
axis (Horstadius, 1973; Davidson, 1989; Henry et al., 1992n Lytechinus pictus Heliocidaris tuberculata and
Cameron et al., 1996). Therefore this axis cannot b&trongylocentrotus droebrachienstise plane of 1st cleavage
prelocalized in the egg before fertilization as is the A/V axisgcorresponds with the plane of bilateral symmetry (Henry et al.,
since were there a specific oral or aboral pole primordialllt992). InParacentrotus lividugHorstadius and Wolsky, 1936),
positioned at a given spot on the equatorial circumference éfemicentrotus  pulcherrimus (Kominami, 1988) and

the egg, at least two and probably three of four 2nd cleavadstechinus variegatuSummers et al., 1996), no fixed relation
blastomeres would lack it. Nor is there any convincingbetween early (1st-3rd) cleavage planes and the future O/A axis
experimental evidence of even a tendency toward O/Aan be discerned. However, the positive correlations observed
polarization in the unfertilized eggs of indirectly developingfor some species imply that the cytoskeletal reorganization that
sea urchins, such as are treated here. It cannot be excluded #atompanies the initial spindle formation could be utilized as
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a source of asymmetry in the formulation of the O/A axis, aSpecification of the veg:lineage compartment, the

discussed earlier (Cameron et al., 1989a). definitive vegetal plate, by signals from the

. . . . micromeres
From axial specification to differential gene Among the functions that the autonomously specified
expression on the O/A axis skeletogenic micromere lineages execute is signaling to the

The cis-regulatory architecture of the aboral ectoderm-specifiadjacent macromeres and their daughters and granddaughters,
Cyllla gene indicates at least one mechanism by which axiaheveg blastomeres. This interaction is required for the normal
specification is translated into a spatially confined pattern afpecification of the prospective vegetal plate, and it is at present
gene expression. The blastular phaseCyifila expression is  the best known of all such interactions occurring in the
determined by a proximal regulatory module that mediates boifleavage-stage sea urchin embryo. Modern evidence was
positive and negative regulatory interactions (Kirchhamer aneébtained by Khaner and Wilt (1991), who combined mesomeres
Davidson, 1996). Positive regulators binding within this moduleyith skeletogenic micromeres, and showed with the aid of
promote expression in the progeny of both oral and aborgharkers that the mesomeres in these recombinants generate gut
blastomeres, so that correct spatial expression requirgfements that express alkaline phosphatase, as well as pigment
repression of transcription on the oral side. This is the functiogg|is, a secondary mesenchyme cell type (Table 1, isolate 4).
of a negatively acting transcription factor called SpP3A2, whiclye showed that 4th cleavage micromeres emit signals that
also binds at specific sites within the proximal mo.dule (Houghgyffice for the ectopic induction of a complete and normally
Evans et al., 1988, 1990; Calzone et al., 1991; Kirchhamer afgnctional vegetal plate even in the context of the whole embryo
Davidson, 1996). Deletion of either of two Sp_P3A2 target sitefransick and Davidson, 1993). Sets of micromeres were
from the proximal module causes ectopic expression Qfansplanted to the animal poles of intact recipient embryos, at
CylllasCAT expression constructs _in the oral ectoderm.y cleavage stage, causing the formation of a second vegetal
(Kirchhamer and Davidson, 1996). The same result 0ccurs Qfjae from descendants of the mesomere directly apposed to the
inactivation of the P3A2 factor in vivo, and such inactivation o ngpianted micromeres. The ectopic vegetal plates express the
causes ectopic oral expression of the endoge@glia gene o qqderm specification markEndol6and, at the appropriate
as vyell (L. D. quarad, M. I. Arnone, .C'.Qh'eh and E. H. ime, they invaginate, ultimately creating a complete second
gac¥é?s(%rgl|grng?g|||3h1%d95d:)takt ?eprfi)l:inga%iolfl Img?(la?/n; g]aé%r,zz ut. This fuses with the endogenous gut in the foregut region.
N : ' P Examples of these remarkable results are illustrated in Fig. 3A-

must be present and potentially active everywhere, since a . The transplanted micromeres, which in these experiments
point on the circumference of the egg may become the oral po, e labeled with a lineage tracer, can be seen to ingress and
of the embryonic ectoderm. It follows that a direct consequenc '

of the initial specification of the O/A axis must be activation 01‘.8 articipate in the formation of a second skeletal apparatus that

the SpP3A2 repressor in the future oral blastomeres. In thig apparently positioned by the interface between the ectopic
v?getal plate and the oral ectoderm. In a second set of

case, the O/A axis is translated into a differential spatial readou . : o=
at the gene level by means of transcriptional repression. xperiments, results from which are reproduced in Fig. 3E-I, the
icromeres were removed after 4th, 5th or 6th cleavage

prediction is that the axial polarization results in covalen . . )
modification of SpP3A2 on the future oral side of the embryo Ransick a.“d Dawdson, 1995)' These experiments a.d'dre'ssed
the necessity of micromere signaling for normal specification

Late specification of the interface between oral and of the overlyingveg blastomeres. Ablation at 4th cleavage
aboral territories causes a sharp attenuatiorcoflo16expression, which in some

As Fig. 2A indicates, the lateral boundary between oral an@lf these embryos fails aimost completely (Fig. 3E). However,
aboral domains remains unspecified until after 6th cleavag@Plation at 6th cleavage, i.e., after 2-3 hours of contact between
and this may be true even at blastula stage (Fig. 2Bjnicromeres and macromeres permits almost noénalo16
Furthermore, the state of specification remains labile for a longXPression (Fig. 3G). The low level of residughdol6

time in that the whole of the ectoderm can be converted to or&kPression observed even after 4th cleavage ablation could
fate if the embryos are treated with NiChs indicated by indicate that only the few minutes of micromesgp
greatly expanded expression of the oral-specific antigen Ectol@stomere contact prior to ablation suffices, or it could reveal
(Coffman and McClay, 1990). The sensitive period for thist marginal level of autonomous capacity for activation, which
treatment is the blastula stage. After gastrulation is complet normal embryos is greatly stepped up by the micromere
the ciliated band arises at the border between the oral aginal. Micromere ablation at 4th-6th cleavage severely delayed
aboral ectoderm. Not until this has occurred is the O/fgastrulation and in some embryos gastrulation fails completely.
boundary entirely fixed, since oral and aboral ectoderm cell@n @ much delayed schedule, an archenteron is generated by a
both contribute to it in a process that is dependent on positidate regulative event and these embryos are eventually capable

rather than lineage (Cameron et al., 1993). of producing complete feeding larvae, which in turn can give
rise to normal adults (Ransick and Davidson, 1995; Ransick et

CONDITIONAL SPECIFICATION OF TERRITORIAL al., 1996). Remarkably, a single micromere left in place

FOUNDER CELLS DURING CLEAVAGE significantly rescues vegetal plate specification including

timely gastrular invagination (Fig. 3H). These experiments
The effect of micromeres on vegetal plate specification afforddemonstrate clearly that micromerevies signals beginning at
the clearest example of conditional specification in the seaid-cleavage are required for the normal specification of the
urchin embryo. We begin with a description of this case, andeg lineages, and hence for the process by which the vegetal
then proceed to other less-well-defined interactions. plate is normally formed in the embryo.
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Current model for signaling interactions in the mid- the veg blastomeres, they all respond. Therefore they must
cleavage to mid-blastula-stage embryo communicate with one another. By a similar argument, there
Most of the blastomeres of the embryo are specifiethdy also existveg to veg signaling within the veg
conditionally. Fig. 4 indicates the minimum diversity of endodermal domain, after this is specified (not shown). Thus,
signaling interactions required by present data, up to about tfie the experiments of Logan and McClay (1998), a siugte
hatching blastula stage. Modern evidence summarized in thidastomere combined with ®eg tier in veg-mesomere
diagram is in many respects consistent with predictions baségcombinants suffices, in some embryos, for the formation
on Horstadius’ early blastomere recombination experiment§om theveg cells of a complete archenteron. Trey cells
(Davidson, 1989). The rationale for each of the signalingnust thus communicate amongst themselves.

interactions represented by the sets of arrows in Fig. 4 i

S L .
follows. ﬁegatlve interactions across the future endoderm-

ectoderm boundary

These interactions would contribute to the ectodermal state of
specification above the endoderm boundary. The evidence
) derives from experiments on tB@do16 cisregulatory system
vegz-to-lower-vegs signal (Yuh and Davidson, 1996; Yuh et al., 1996; unpublished data).
The function of this signal is specification of endodervegl  Endol6expression constructs are transcribed only within the
components, a matter that we take up in detail below. The lategetal plate and later the endoderm proper. Repressive
specification of theseeg endoderm precursors may occur by interactions that occur within certain elements of Emelo16
veg-to-veq signaling, though the necessity of such a signatis-regulatory system prevent ectopic ectoderm expression
has not been directly demonstrated. However, a petemt (Yuh and Davidson, 1996; Yuh et al., 1996). Two observations
signaling capacity has been shown to exist by Logan aneveal that this repression system lies downstream of a signal

Micromere-to-vegz signal
See previous section.

McClay
experiments summarized
isolates 5 and 6 in Table
(compare isolate 2). The
experiments show thateg +
mesomere combinatio
generate a complete tripar
gut, which includes mesome
progeny that have been indu
to express endodermal fates
contrast,veg cannot similarh
recruit mesomeres and, wt
combined with mesomeres, it
best produces a sm
invagination rather than
complete gut. Even a sing
veg blastomere combined wi
the mesomere tier generate
complete gut in a fraction
embryos (Logan and McCle
1998).

vegz-to-vegz signal

We believe that the function
this signal is to promo
endoderm gene express
within the veg domain. Thit
interaction is directly indicate
by the experiment illustrated
Fig. 3H, in which a singl
micromere suffices to endc
75-100% ofveg progeny witt
the capacity to expre€ndolé
at a normal level and to forn
normal, functional veget
plate. That is, although tl
remaining micromere is of
size such that it can ma
contact with only one or two

(1998) in the

Fig. 3. Conditional specification ofeg cells by signals from micromeres. (A-D) Development of
experimental embryos with induced vegetal plates. (A) Processed video image of a 40-hour gastrula of
S. purpuratusvith two archenterons, which developed after transplantation of a second set of labeled
micromeres (red) to the animal pole region. The primary mesenchyme cells are arranged in rings
around the base of each invagination. Most labeled mesenchyme cells remain around the induced
archenteron (top), but a few have incorporated into the endogenous population around the true
archenteron (bottom). (B) Photograph of the same embryo as shown in A after whole-mount in situ
hybridization with an antisense probe Enmdo16 Both archenterons are expressimglo16(purple

stain) along their entire length at this stage. (C-D) Two photographs of théSsaugpuratug 2-hour
pluteus stage equivalent. (C) The living specimen with mirror image symmetry for gut and spicule
development. (D) Same embryo after whole-mount in situ hybridization with an antisense probe for
Endo16 Both archenterons have become regionalized and the expresEiotodf6is restricted to the
stomach regions (from Ransick and Davidson, 1993). (E-l) Effect of micromere deletion on
expression oEndo16in 28 hourS. purpuratugmbryos. All of the embryos shown are the same age
and derived from the same fertilization. They differ only in the number of micromeres that they retain.
Either all four micromeres were deleted after 4th (E), 5th (F), or 6th (G) cleavages, or three
micromeres were deleted after 4th cleavage (H), or no micromeres were deleted (i.e., control; 1). All
embryos are oriented similarly, with the vegetal plate down and have been processed by whole-mount
in situ hybridization foEndol16(blue/black stain). Weak staining in the fewest cells is visible after

early micromere deletions, while stronger staining in more cells is visible after the later deletions.
Allowing one micromere to remain (H) gives consistently strong staining in even more cells and
dramatically rescues gastrulation (from Ransick and Davidson, 1995).
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that suggest its existence, but it could continue to emanate from
the endodermal domain below the prospective
endodermal/ectodermal boundary.

Possible signals from the aboral and oral polar
blastomeres to the lateral ectoderm

By the hatching blastula stage (18 hougsjllla expression is
detectable in about half the blastomeres on one side of the
embryo (Cox et al., 1986), i.e., the prospective aboral side but,
at mid-cleavage, individual blastomeres in the lateral regions
still give rise to both oral and aboral clones (Cameron et al.,
1993). This is not true of the polar blastomeres, which generate
either all oral or all aboral clones (Cameron et al., 1987), as
illustrated in Fig. 2A. We infer that specification across the O/A
axis may be progressive. This raises the possibility that
additional signals emanate from the polar oral and aboral
blastomeres.

Interactions among ectoderm cells

Fig. 4. Model for signaling interactions in the late cleavage-mid These interactions are implied by the results of Hurley et al.

blastula-stage embryo. The color coding is as in Figs 1 and 2. Arrow9989) and Stephens et al. (1989), which show that some aboral

indicate signaling interactions. Each presumed interaction is ectoderm-specific genes, i.€yllla, SpeclandSpec2aare not

discussed in text. The —and + signs denote presence and absence.expressed at normal levels in disaggregated cells. Similarly,

respectively, of negatively acting regulators Esdo16(and PIHbox12 expression (see above) is also extinguished in

grnzsoudrgfrgl_%gttgg ér%]%%%%g}ip(%%gg gﬁﬂg)s_) above the future disaggrggqted cells (Di Bernardo et al., 1995). Interaf:tiqns may
occur within both the oral and aboral ectoderm territories but
no oral ectoderm markers are available for this stage.

Many new interactions are set up later in development, but
transduction pathway: (1) the terminal transcription factothese lie beyond the scope of this paper, except for those noted
required for the function of the ectoderm repression module isn passant in the following discussion of endomesoderm
of the CREB family (Montminy, 1997; Brindle et al., 1995), specification. For example, there is excellent evidence for
and (2) the spatial repression that it mediates is abrogated byeractions required for skeletogenic patterning that occur
introduction of a construct encoding an activated Ras proteinetween the skeletogenic mesenchyme and the ectodermal
(C.-H. Yuh and E. H. Davidson, unpublished data). It is notvall, and for other interactions between the skeletogenic
known whether the signal emanates from above, below anesenchyme and secondary mesenchyme cells at the gastrula
within theveg ectodermal blastomeres [the view we favor andstage (Ettensohn, 1990, 1992; Ettensohn and Ingersoll, 1992;

that is indicated in Fig. 4 by + and — signs]. McClay et al.,, 1992; Armstrong et al., 1993; Guss and
_ Ettensohn, 1997; Ettensohn et al., 1997). There is also a
Vegetal-to-ectoderm signal complex set of interactions within the forming archenteron that

This interaction is apparently required for differentiation ofis responsible for its differentiation into a tripartite gut
oral ectoderm, and possibly aboral ectoderm as well. ThgMcClay and Logan, 1996). A feature of all of these later
evidence derives from experiments summarized in Table dignaling events is that they involve some cells that are
(isolates 2, 3 and 7). Thus cultured mesomere tiers fail to formigratory or to some extent motile. In contrast, all the
stomodaeum or ciliated band, while addition of macromeremteractions presented in Fig. 4, and those that occur within the
yields normal oral morphology with a polarized pattern ofvegetal plate at the blastula stage, take place between stationary
EctoV expression. Two items of evidence (see Table 1, isolatlls, in situ. Therefore they occur with respect to the initial
2) indicate that a very early signal may indeed pass across thpatial coordinates of the egg and, in some cases, with respect
3rd cleavage plane: (1) Henry et al. (1989) found_(ipictug  to specific cleavage planes. This is a characteristic of
that oral differentiation could occur in mesomere tiers removegregastrular conditional specification in sea urchin embryos as
from the embryo as late as 4th cleavage, but not if they aie most other invertebrate embryos. The signaling that
removed at 3rd cleavage and (2) Wikramanayake et al. (199B)ediates these specification processes most likely requires
found (in L. pictug that the aboral ectoderm-specific genesmmediate cell-to-cell contact, implying tethered ligands or at
(LpS1 LpC2 are not expressed in mesomeres separated at Amhst a very high degree of restriction in diffusion.

cleavage unless macromeres are recombined with them.

However, this requirement was not observe&.ipurpuratus  speCIFICATION OF ENDOMESODERMAL

in which isolated 3rd cleavage mesomere tiers are competesbhMPONENTS IN BLASTULA-EARLY GASTRULA
to express these aboral ectoderm markers at normal levels. THgaGES

difference may be one of timing of the signal, or of the

appearance of a sufficient amount of it, relative to the cleavadgeollowing the cleavage and early blastula stage specification
clock. The signal is shown traversing the plane of 3rd cleavagevents summarized in Fig. 4, and the foregoing discussion, a
in Fig. 4 because that is the interface tested in the experimemtsjor developmental process of the mid-late blastula stage is



3280 E. H. Davidson, R. A. Cameron and A. Ransick

the specification of endodermal versus mesodermal territorie€omparative considerations: primitive and derived

The vegetal domain of the embryo includes the progenitors @fspects of endoderm specification

all embryonic and adult mesoderm (see Fig. 1). This domai@®f living echinoderm classes, the echinoids (sea urchins) are
now consists oleg progeny, the skeletogenic mesenchymemost closely related to the holothuroids (sea cucumbers), while
lineages and the eight small micromere descendants. the asteroids (starfish) belong to a different evolutionary branch
euechinoids, the skeletogenic mesenchyme ingresses duritigt also includes the ophiuroids (brittle stars) (Smith et al.,
the blastula stage and this is the initial mesodermal componet®93; Littlewood et al., 1997). It is therefore particularly
of the embryo to delaminate. The remaining blastomeres forinteresting to compare some recent results on endoderm
what is sometimes called the ‘definitive vegetal plate’specification in starfish to those discussed in the foregoing;
(mesenchyme blastula stage). Its mesodermal componersisared mechanisms are likely to represent basal aspects of the
arise from a disc-like field of cells in the central region of theechinoderm way of doing business. No micromeres are
definitive vegetal plate, as we discuss in detail below, while thproduced in starfish embryos, nor are there any skeletal
peripheral region produces foregut and midgut endoderm (Figlements in the embryo. As noted earlier, the starfish egg is
2C). Only recently it has been found they components polarized in the A/V axis and the ability to produce an
abutting theveg lineage boundary also contribute to thearchenteron in starfish eggs is an autonomous, localized
endoderm (Logan and McClay, 1997; Ransick and Davidsomproperty of the vegetal blastomeres. Specification of the
1998). Late in gastrular invagination tiwveg components endodermal constituents has been examined experimentally, in
move in to form the hindgut and portions of the midgut. ButAsterina pectiniferaby Kuraishi and Osanai (1992, 1994). A
gastrulation is initiated entirely by theegp descendants, and brief summary of results relevant to the present argument is as
indeed depends on their early conditional specification, a®llows. (1) ‘Maternal factors responsible for gut formation’ are

reviewed above (cf. Fig. 3E-I). present at the vegetal pole of the egg, and786>of the
o cytoplasmic volume is cut off the vegetal pole of the oocyte,
Specification of veg 1 endoderm gastrulation does not occur, archenteron formation fails to take

After the 7th cleavage, the positions of cleavage planes withiplace, and a gut marker, alkaline phosphatase, is not expressed.
thevegldomain become variable (Logan and McClay, 1997)(2) The macromere lineage Asterinais like that of echinoids,
Therefore the conditional specification weg endoderm in that the macromere granddaughters constitute similarly
progenitors by signals froweg affects a variable population arrangedveg andvegq rings. (3) The fate ofeg blastomeres
of cells and cannot depend on lineage. Furthermore, only songe the same as in echinoids, in that their progeny form the
veg cells become endoderm; nor are endoderwedy  vegetal plate. (4) The fate map of the vegetal plate is also
descendants rigidly confined to hindgut and midgutsimilar, the peripheral regions giving rise to the foregut and
Occasionally irS. purpuratusand frequently iL. variegatus  midgut endoderm, and the central region of mesodermal
individual veg progeny are found even in foregutegq  constituents. (5) Following the initial phase of gastrulation, and
descendants remain plastic during most of the blastula peri@dter a pause of several hours, the lovegy progeny invaginate
and the only role that lineage plays in their specification is teo form the hindgut and the lower part of the midgut, while the
separate them initially from their earlier-specifiesty sister  upper veg progeny produce the ectoderm surrounding the
cells. In S. purpuratus more of theveg progeny become blastopore. (6) Theeg endodermal constituents are specified
endodermal on the oral than on the aboral side and, perhapsas a consequence of signals fromvtbe cells that abut them,
consequence, the archenteron is biased in position toward the demonstrated convincingly in a blastomere recombination
oral side of the late gastrula. In variegatus there is no experiment utilizing the alkaline phosphatase marker.
regularity in theveg. endodermal contribution with respect to  We may therefore conclude that all aspects of the endoderm
the O/A axis. specification process that we have described for sea urchins are
An interesting aspect of the late specificatiovedy cells  primitive for echinoderms with one very illuminating
is that it occurs well in advance of their invagination. Thisexception. This is the inductive role of the micromeres in the
can be visualized its. purpuratusby the activation of the veg specification process, as it occurs in euechinoids. In these
Endol6gene just afteveg invagination has occurred at the sea urchins, it is the micromeres that are autonomously
early gastrula stage. THendol6expressingveg cells now  specified at the vegetal pole while, in the asteroids, there are
constitute an eccentric ring around the blastopore that iso micromeres and instead thegp lineages are autonomously
widest on the oral side, and this corresponds exactly to thepecified at the vegetal pole. The micromere induction system
veg. components that will later invaginate to form theis a derived echinoid character correlated with, and possibly
hindgut (Ransick and Davidson, 1998pKrox-1 a zinc- following from, the precocious cleavage-stage segregation of
finger transcription factor (Wang et al., 1996) that is activatedkeletogenic and those coelomic sac mesodermal lineages of
in macromeres late in cleavage and is then expressedhich the micromeres are the founder cells. It would be
throughout the definitive vegetal plate, begins to benteresting to know how recent this developmental mechanism
transcribed in the future endodermal componentgegf as s in origin. InEucidaris tribuloidesa cidaroid sea urchin, the
well, and can be detected by in situ hybridization severalkeletogenic lineage founder cells are also segregated
hours earlier than iEndol16(unpublished observations of A. precociously, but micromeres per se form only irregularly
Ransick). The initial specification of the endodermaty  (Wray and McClay, 1989): do they play the same inductive
constituents thus probably occurs between the end able? All modern sea urchins descend from a single cidaroid-
cleavage and the mesenchyme blastula stage (since tliee genus that survived the Permian extinction 230 mya
targets of this specification arise only in the 7th-9th cleavagésmith, 1984) and the mode wég specification in a living
divisions). cidaroid would thus be revealing.
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Table 2 lists early vegetal plate-specific genes that arebliterate this balance, revealing only the activity of the gene
expressed in alveg cells during the blastula stage, e.g.,that is overexpressed). In starfish, the equivalent endogenous
Endol6 and several genes encoding transcription factorganscription factors are autonomously active; in sea urchins,
includingHpHnf-3B(Harada et al., 1996) ai®pKrox-1(Wang they initially require the micromere signal for activity. Later,
et al., 1996). These genes are evidently activated, directly ar both organisms, they act downstream of the signal, now of
indirectly, in consequence of two different signals, as portrayedeg origin.
in Fig. 4. The first is the micromere-teg signal, and second =~ When embryos are treated with LiCl, the vegetal cap of
is theveg-to-veg signal, as discussed above. Since the sameuclearizedB-catenin intensifies and expands throughout the
genes in the same cells are downstream of both signals, theg domain (D. R. McClay, personal communication), and
micromere-toveg signal and the@eg-to-veg signal are likely  LiCl causes allveq cells to become specified as endoderm
to be the same, i.e., to utilize the same ligands and recepto(S€ameron and Davidson, 1997). As has long been known, the
The same argument pertains to the latgp-to-veg signal, period of sensitivity to LiCl treatment for alteration of vegetal
which again results in activation of the same genes, e.dates is cleavage (Horstadius, 1973). These facts suggest that
Endol6and SpKrox-1in veg progeny, when these cells are the teratogenic ‘vegetalization’ effects of LiCl are in general
specified prior to invagination. Theeg-to-veg signaling the consequence of changes in the activity of an endogenous
system also exists iAstering and possibly theeg-to-vep  egg cytoplasmic pathway that conveys the endomesodermal
signaling system. We conclude that this signaling system ariientity’ functions erected along the A/V axis during cleavage,
its linkages to the vegetal-plate-specific transcription apparatuather than of changes that affect the activity of the
are primary features of cells deriving from the vegetainterblastomere signaling systems that establish the detailed
cytoplasm of the egg in echinoderms. Thus we can imaginexpression patterns. LiCl treatment also shifts the lower
that, in the divergence of the echinoids, the sequestration of theundary of VEB gene expression towards the animal pole
skeletogenic micromeres at the vegetal pole included th@higlione et al.,, 1993). As we have seen, VEB gene
sequestration of this same signaling capacity. Step by step espression is a reflection of the early autonomous A/V system,
this lineage evolved, the initial activation of vegetal plate-which is clearly not responsive to interblastomere signaling.
specific genes would have become more dependent on thisFig. 5 summarizes the idea set forth in this section. Similar
signal, but it is still not absolutely dependent on it (cf. Fig. 3Aarguments may be made for battp andveg specification,

Ransick and Davidson, 1995). and also for specification of the mesodermal domain that arises
o ) during the blastula stage in the center of the vegetal plate (see

How endoderm specification might work: a parallel below). The gist of this argument is that the persistent

input model primordial A/V identity system is the mechanism by which the

Prior to specification measurable by marker gene expressiotytoarchitectural spatial coordinates of the egg ultimately
[-catenin concentrates in the nuclei in all cells whose progersffect transcriptional specificity through the blastula stage.
will ever produce endoderm or mesoderm. It is present in th8ince the endomesodermal ‘identity’ system is LiCl-sensitive,
nuclei of micromeres andeg cells as early as 7th cleavage, this teratogen spatially perturbs all endomesodermal
and is clearly visible in the loweteqg cells by early blastula specification. HMG-box factors (LEF1, TCF1) are among
stage 32 (Miller and Moon, 1996; D. R. McClay, personathose functioning downstream of the GSB&atenin activity
communication). To borrow a current cliché, nuclgamatenin  pathway, and these factors characteristically affect the
in the sea urchin embryo marks the ‘identity’ of architecture oftis-regulatory DNA-protein complexes (Falvo
endomesodermal progenitors. Given that the output of at al., 1995; Giese et al., 1991, 1992; Behrens et al., 1996).
specification process is spatially differential transcriptionallThus they might be expected to set the concentration window
activity, a simple way to think about ‘identity’ functions of this within which the second, and signal-dependent, transcription
kind is that they represent one of several parallel inputs intfactor(s) will be functional within theegp andveg domains.
thecis-regulatory systems primarily affected by a specificationin the animal pole cells, which lie outside the primordial
event. Here we would argue that nuclearizatioff-oatenin is endomesodermal identity domain, we would argue that the
upstream of transcription factors that interact with primarythreshold for response to the micromere signal is different.
vegetal plate-specificis-regulatory elements, but that to Thus in the induction of a second vegetal plate by micromeres
generate transcriptional activity these elements require othénansplanted to this regior3-catenin and the associated
factors in addition. The advent of the additional factors wouldranscription factor(s) would be missing from the regulatory
determine the spatial domains and the temporal occurrence @mplex. In the absence of nucle@scatenin, the lower
gene expression. threshold for the signal-dependent factor might no longer exist.
These arguments predict a specific organization of thBlow the inductive signal alone suffices to activate specific
primary cis-regulatory targets of vegetal-plate-specific genesgenes, even without the endogenous endomesodermal gene-
in particular those encoding zygotic endoderm-specifi@activating capacities at the vegetal pole. In fact, when
transcription factors normally activated by the micromeremicromeres are transplanted to the animal pole and a second
signal inveg progeny, and later byeg-to-veg andveg-to-  vegetal plate forms from mesomere derivatives, nuclearization
veq signhals. We imagine that thesés-regulatory elements of B-catenin is not observed in the responding cells (D. R.
exist in a state of balance in that their response depends on #eClay, personal communication). This confirms that the
levels of binding of both the endomesodermal ‘identity’transcription factors downstream of the micromere signal and
factor(s), and of other factors downstream of intercellulathose downstream of nucleffcatenin are in fact different
signal transduction pathways (a caution is that grosfctors. Fig. 5 provides the general argument that the
overexpression of eithecis-regulatory input could easily interactions between the endogenous, originally maternal
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spatial regulatory system, and the particular conditional (oand Ettensohn, 1993). However, specification probably takes
other) embryonic specification systems, occurs by integratioplace within the next several hours, since by mesenchyme
of their respective inputs at thes-regulatory level ¢f. Arnone  blastula stage most vegetal blastomeres labeled by this method

and Davidson 1997). produce small clones of cells consisting of only a single cell
o ] type. Some of these cell types are not committed to given fates
Origin of embryonic and adult mesoderm until much later, in that skeletogenic redifferentiation can be

The initial mesodermal cell type to arise, the skeletogenielicited by depletion of primary skeletogenic mesenchyme until
mesenchyme, is on comparative grounds to be regarded asnal-gastrula stage (Ettensohn, 1990).Sinpurpuratus some
heterochronic, early segregation of what would otherwise begigment cells delaminate and differentiate at the start of
secondary mesenchymal cell type since,Ewcidaris the  gastrulation, when eight pigment cell progenitors appear that
skeletogenic mesenchyme delaminates at gastrulation, aloegpress a specific cell surface marker (Gibson and Burke,
with other mesenchymal cell types. The secondaryl985). By pluteus stage, there are about 30 pigment cells
mesenchyme gives rise to two additional free wandering ceimbedded in the aboral ectoderm in this species (Gibson and
types, i.e. pigment cells, and fusiform blastocoelar cellsBurke, 1985; Miller et al., 1996). Ib. variegatus there may
Muscle cells and coelomic sac cells evert from the sides of tHee as many as 26 pigment cell precursors in the vegetal plate
archenteron tip late in gastrulation, with the formation of theand the ultimate number is about 60 (Ruffins and Ettensohn,
bilateral coelomic sacs. It is not known whether any of thd996; Ettensohn and Ruffins, 1993). Similarly, there are. in
mesenchymal cell types of the embryo, i.e., skeletogenigariegatusabout 36 blastocoelar-type mesenchyme precursors
pigment and blastocoelar cells, are ancestral to equivaleint the vegetal plate, and about twice this number in the pluteus-
mesodermal components of the adult rudiment, e.g., whethetage embryo. The number of coelomic pouch cells (including
the pigment and skeletal elements of the latter develop aneddve eight small micromere descendants), however, is about the
from mesodermal stem cells during larval life. As detailed irsame in the vegetal plate as in the coelomic pouches of the late
the following section, however, the major mesodermakmbryo, in botls. purpuratusndL. variegatustotaling about
components of the adult body plan, i.e., body wall musculatur@0 in each species (10 in each pouch) (Cameron et al., 1993;
internal  water  vascular
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Fig. 5. Scheme of endomesodermal specification model discussed in text, in which the oievant

meso'dgrmall ' cell type regulatory systems respond to parallel inputs. One of these inputs consists of maternal transcription
remaining within the veget factor(s) presented in the nuclei in consequence of a primordial A/V ‘identity’ system, indicated as solid
plate at this stage cannot h symbols. This system responds to LiCl treatments during cleavage, which result in the expansion of the
been completed prior domains of endomesodermal specification. The second input in each typeegiulatory system

hatching blastula stage (i consists of transcription factor(s) downstream of particular specification functions operating at given
small micromeres could be times and places, shown as open and hatched symbols. Under normal conditions, both inputs are
exception), since individu required for gene expression. The earliest set of genes figured encode endoderm-specific products and
cells labeled with dil at th are expressed in thveg cells constituting the definitive vegetal plate, in response to signals from the

stage often give rise macromeres. M_esoderm-specific genes are activated in the center of _the vegetal plate during blastula
. - stage, perhaps in part due to autonomous vegetal factor(s) as in starfish eggs (see text). Endodermal

progeny which appear in mc genes are later activated in a new set of ceNegforigin, in response to signals frorag. The target

than one mesodermal cell ty genes, signals and transcription factors utilized in thegecells at least in part overlap those utilized

when the embryos a earlier in the initial specification of the vegetal plate, while the timing is set wethe veg signal.

examined later on (Ruffit See text for discussion and references.
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Ettensohn and Ruffins, 1993; Ruffins and Ettensohn, 1996Notchcould be downstream of the system evince@ogtenin
Although a few muscle cells extrude from the coelomic pouchesuclearization. LiCl treatment also causes an expansion of 35%
to form the esophageal sphincter of the larval gut (Tambolinen the area of the inneNotchfree radial zone, and the
and Burke, 1992), most coelomic pouch cells are to be regardedoduction of excess mesodermal derivatives therefrom
as set-aside cells, anlage of the coelomic structures of tliherwood and McClay, 1997). One possibility is that there are
rudiment (Peterson et al., 1997). autonomous vegetal factors promoting expression of
The mechanism by which the cell types that arise from themesoderm-specific genes since,Astering the evidence is
vegetal plate are specified remains largely mysterious. Theear that if the vegetal-most cytoplasm is removed from the
pattern of specification is biased along the O/A axis, so thatgg, secondary mesenchyme cell types fail to form (Kuranishi
more pigment cell precursors arise on the aboral side of ttend Osanai, 1994). These mesoderm factors could function
polar region of the vegetal plate and more blastocoelar cells dogether with the same vegetal ‘identity’ factors downstream
the oral side irL. variegatus(Ruffins and Ettensohn, 1996); of B-catenin as we propose for endoderm-specific genes (Fig.
and more coelomic pouch precursors arise on the oral side &). Thus it is possible that key endodermal and mesodermal
S. purpuratugCameron et al., 1993). With this exception, thecis-regulatory elements operate similarly: both might utilize
specification pattern has a cell-by-cell, salt-and-pepper qualithe B-catenin system plus, in the case of mesoderm,
with respect to cell type, suggesting intrinsic cellular decisionautonomously activated factor(s) and, in the case of endoderm,
rather than position-dependent patches of cells of given stategnal-activated factors. The role of the pathway demarcated
of specification, or the regularity that might be implied from aby apical expression diotchcould be to repress mesoderm-
strict lineage-based formula. specific genes (Sherwood and McClay, 1997), as suggested by
A considerable number of genes are now known that amhe exclusive relation between apitddtch and mesodermal
expressed during embryogenesis only in the endomesoderm,fage, in both normal and LiCl-treated embryos. Thus\ib&h
summarized in Table 2. All genes encoding products other thgrattern suggests that the transcriptional state of the endodermal
the transcription factors in Table 2 are eventually expressed and the mesodermal domains must be distinct within the
either endodermal or mesodermal cell types in the late embry@getal plate, i.e., expression of a yet unidentified set of
but not both, though in the casesS#¥andEndol16the initial  mesoderm-specific transcription factors might be installed in
phase of expression, in the whole of the vegetal plate, cleartite central region of the vegetal plate during the mid to late
includes both endodermal and mesodermal territoriedlastula stage, but repressed in the endodermal domains.
Ultimately, however, S9 is mesodermal andEndol6 is  Irrespective of these speculations, we note that the subsequent
endodermal. A particularly interesting expression pattern (sprocess of cell-by-cell specification of different mesodermal
far known only inL. variegatu} is that of the Notch protein. cell types is different from any occurring elsewhere in the
At mesenchyme blastula stage, a pattern of apical cellulambryo.
localization emerges that is initially confined to a broad ring
of cells extending beyond the definitive vegetal plate of th@EGULATORY REQUIREMENTS IN THE
mesenchyme blastula-stage embryo. This ring perfectlpEVELOPMENT OF THE EMBRYO AND OF THE
excludes the central mesodermal domain of the vegetal pladgULT RUDIMENT
(Sherwood and McClay, 1997). The Notch protein continues o
to be localized apically in the archenteron during invaginationMaternal transcription factors
except at the tip where mesodermal cells are delaminating. THishas been obvious for a long time that, in order to explain
is the first early macromolecular localization patternphenomena such as localization of developmental potential in
discovered that directly reflects the endomesodermal fate ma&gg cytoplasm and other aspects of embryogenesis, the egg
of the vegetal plate as seen in Figs 1 and 2C, and it implies thaust contain transcription factors and/or mRNAs that encode
transcription factors downstream biiotch contribute to the them (e.g., Davidson, 1968). The initial set of conditional
early specification of mesodermal as opposed to endodermgecifications in the sea urchin embryo were proposed to work
territories. Two genes encoding transcription factors listed iby means of regional covalent modification of maternal
Table 2, i.e. the zinc-finger geBpKrox-1(Wang et al., 1996), transcription factors, in response to signaling amongst
and the brachyury gen&pT-landHpT-1(Harada et al., 1995; blastomeres (Davidson, 1989). This probably remains the best
and unpublished data) are also expressed in the vegetal platay to think about conditional specification in the cleavage-
of the hatching blastula stage, but they are expressesiage embryo, but there is little direct biochemical evidence. In
throughout, irrespective of the future boundary betweer€. elegansnost of the blastomeres are also specified by short-
endoderm and mesoderm. The other transcription factors listednge signaling during cleavage, and components of several
begin to be expressed only later. It is interesting that LiClamiliar signaling systems as well as several maternal
treatment expands the outer boundary of Wwch apical transcription factors mediate these specification processes
localization ring upward, so that 60% more cells expesh ~ (Thorpe et al., 1997; Bowerman et al., 1992, 1993; Mello et
apically (Nocente-McGrath et al., 1991; Ransick et al., 1993l., 1994; Rocheleau et al., 1997; Moskowitz et al., 1994).
Cameron and Davidson, 1997; Sherwood and McClay, 1997; Many transcription factors have been identified by their
D. R. McClay, personal communication), concomitantly withfunctional interactions with well-characterizeik-regulatory
the expanded domain of nuclgixcatenin and of endodermal systems active in the early sea urchin embryo, and it is a
fate caused by LiCl treatmemotchmay thus serve to mediate remarkable fact that, in every case so far investigated, mRNA
an aspect of the ‘identity’ system built into the early embryogncoding those factors, and/or the factor itself, exists in the
which we believe may be the target of LiCl treatment, at leastytoplasm of the unfertilized egg. Some genes encoding
in respect to its action on vegetal cell specification, i.e., apicatanscription factors that are only expressed zygotically in the
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early embryo have also been found by homology cloning, e.ghe differentiation genes. There is only one level of zygotically
PIHbox12(Di Bernardo et al., 1995) ar@pKrox-1(Wang et al., expressed genes encoding transcription factors in Fig. 6, those
1996), both mentioned earlier. Nonetheless, the materntiat initially respond to maternal transcription factors upon their
representation of embryonic factors is impressive. For exampleggional presentation (though not shown, this network would
all of the nine factors required for control of thgllla gene are  also include ‘horizontal’ transcriptional interactions, direct or
probably present in unfertilized egg cytoplasm (Calzone et alindirect). Fig. 6 may well be an oversimplification. However,
1997) as is the Otx factor (Mao et al., 1996). The concentrationkis is the organization implied by the observations noted above
of these factors per egg is often about the same as later on, gt all of the transcription factors binding in tieregulatory
embryo. This is true, for instance, for SpP3A2 (Zeller et al.system of the termin&yllla differentiation gene (Kirchhamer
1995a), SpGCF1 (Zeller et al., 1995b), SpZ12-1 (Wang et alet al., 1996; Calzone et al.,, 1997) are initially present
1995) and SpRunt-1 (Coffman et al., 1997), though genematernally. The maternal factors may simply turn on their own
encoding all these factors are transcribed zygotically as well (ggenes zygotically, or territory-specific gene batteries may be set
cit; see also Li et al., 1997 and Cutting et al., 1990). Duringip by them, or both, but there is so far no hint of a deep
cleavage, the maternal factors move into the nuclealegulatory cascade overlying any of the downstream genes here
compartments, as shown by confocal imaging for SpOtx-tonsidered.
(Chuang et al., 1996) and SpCoup-1 (C. Flytzanis, personal Powerful and detailed structure/function analysescief
communication), or by direct measurements on nuclear amggulatory systems that function in early development are now
cytoplasmic fractions, e.g., SpP3A2 (Zeller et al., 1995a). appearing, mainly from sea urchin abBdosophila embryos
There is yet no direct evidence for territorially confined(reviewed by Arnone and Davidson, 1997). A well-supported
covalent modification of maternal transcription factors in seaet of properties is emerging from these studies that indicate
urchin embryos, but covalent modification seems to be thethe general character of theisregulatory elements that
general property. Every one of nine different embrydinterpret’ embryonic specification functions. We now know
transcription factors chosen only because immunologicahat the basic rules of function@bsregulatory organization for
probes were available were shown to exist in multiple formssystems that integrate spatial regulation information are
mainly due to diverse states of phosphorylation (Harrington etimilar, whether these are meant to operate in the syncytial
al., 1997). In three cases examined further, the distribution drosophila embryo or the cellular sea urchin embrgis
the variants changes greatly between fertilization and blastutagulatory elements that execute spatial specification functions
stage. Exploration of such modifications in given territories ofmust process multiple inputs. They must integrate positive and
the cleavage-stage embryo, particularly in respect to maternaégative interactions, respond to signals and lineage-specific
transcription factors or their cofactors that respond aand temporal inputs, perform switch functions, and so forth.
immediate-early targets during specification, seems more thaturther discussion lies beyond the scope of this paper (see
ever an important research objective. Arnone and Davidson, 1997; Yuh et al., 1998), except to stress

. ) ) that these kinds otis-regulatory specification systems are
Regulatory requirements in early sea urchin

embryogenesis

As defined earlier, the sea urchin develops by a typical ‘type :
embryonic process such as is widespread among invertebra

(Davidson, 1991). Several properties of this form of Specification functions
embryogenesis are relevant to the present topic. In type <:|regionally activate TF’5:>
embryogenesis, the embryo genomes are activated at or

(there is no ‘mid-blastula transition’). Specification of many o

blastomeres occurs in situ during cleavage, in advance of al Eygonc TFs

cell migration, either by autonomous processes or by shor cis-regulatory '
range signaling across the cleavage planes. Even befc  system
cleavage ends, specification results in differential expression
genes encoding not only zygotic transcription factors but als Differentiation

terminal differentiation products, though morphologically protein cis-regulatory’

differentiated structures will not arise until much later. gis-regulatory | system

Examples of genes encoding differentiation products discusst  system

in this review, all of which begin to be expressed during mid-

late cleavage, include th&M50 gene activated in the Fig. 6.A simplified view of the shallow depth of the gene regulatory
skeletogenic lineage, ti@@yllla cytoskeletal actin gene and the network controlling transcriptional activity in the early sea urchin
SpecCa* binding genes activated in the aboral ectoderm, an@mbryo. Itis unlikely that there are many ‘layers’ (or internal nodes)
the Endo16gene, activated initially in blastomeres of trep in the network since even genes at the termini of the network, such as
lineage component. Evidence so far suggests that the regulatdi§ aboral ectoderm-speciftyllla cytoskeletal actin gene, initially
organization controlling the activation of the initial sets of‘év"ezleo‘;agcéﬁzsoén”ggg?;gﬂrggg'cr;ingﬂsf‘;girg'?ﬁ;?r:r:r;ivgrseggleydone
downstream genes exemplified by these may be I’elatlve%%gotically. This diagram is of course intended to be relevant only to

.S”T‘p'e’ as |nd|catgc_i in Fig. 6. The salient feature of this diagra e early stages of specification and the initial tiers of differential
is its shallowness: it lacks stacked cascades of genes encodiighe expression: later on, as new cell types and structures arise under

transcription factors which then activate other genes controllinge influence of new signaling interactions the regulatory network in
other more downstream transcription factors, and then finallyse must expand.

Differentiation
protein
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likely pan-metazoan (or at least pan-bilaterial metazoan). Thefranscriptional readout that we have inferred. In Fig. 7, this
structural design provides the genetic conditions for embryonicefers only to endomesodermal specification, and there may be
specification mechanisms. Since they operate in the basither aspects of this primordial spatial control system of which
processes of type 1 embryogenesis, the evolutionary adventwé have yet to learn.
suchcis-regulatory systems may have corresponded with the
advent of this relatively simple form of embryogenesis itself.

POSTEMBRYONIC DEVELOPMENT OF THE
Temporal interrelations RUDIMENT
In order to place the many different regulatory and
developmental processes discussed in this essay in tempaofal entirely different set of processes underlies the development
context, we have mapped them against developmental tinod the adult body plan in the imaginal rudiment. Fig. 8 traces the
(i.e., starting with fertilization) in Fig. 7. At the bottom of this diversification and expression of the coelomic mesoderm, as the
figure are all the specification events by which the fate map aonstruction of the adult body plan begins within the imaginal
Fig. 1 is realized. This phase has mainly occurred byudiment. At the end of embryogenesis, the coelomic anlagen
gastrulation and it is followed by morphogenetic events notonsist of about ten cells each. The embryo as a whole had yet
discussed in this essay, and later by postembryonio undergo any growth, since feeding can be initiated only at the
development, as briefly considered in the following. A keyend of embryogenesis with the development of the ciliary band,
feature of the diagram is the long persistence of the primordigthe innervated oral apparatus and the muscular sphincters of the
A/V ‘identity’ system, i.e., of the continuing influence on gut. From this point of view can be seen the advantage of
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Fig. 7. Temporal interrelations of developmental processes discussed in text. The time sc&epsifpuratust 15°C. Dots represent
uncertainty or heterogeneity when more than one marker is being considered.
IThis refers to definitive oral ectoderm expression of EctoV in presumptive oral blastomeres and of Specl, Spec2a andeaiylsulfata
presumptive aboral ectoder@yllla expression is aboral ab initio (see text for details and references).
?|nitial timing from Hickey et al. (1987) and Lee et al. (1992); run-on datgytita.
3The initial SMCs to delaminate are pigment cells, followed during gastrulation by blastocoelar cells, coelomic pouchprebsizuptive

muscle cells (see text). Estimated rmpurpuratugrom L. variegatudata of Ruffins and Ettensohn (1993, 1996) and Sherwood and McClay

(1997).

4As discussed in text; see Fig. 5.

SMeasurements of Killian and Wilt (1989) @V50transcripts.
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confining set-aside cell populations such as those of theference to given components of the canonical cell lineages.
coelomic sacs to the smallest possible number of cells. At thdone of these mechanisms are available in rudiment
end of embryogenesis . purpuratushere are about 1500 development. The product of embryogenesis is in fact very
cells, and just before metamorphosis when the juvenile sahfferent from that of postembryonic development in much
urchin is ready to emerge, about 150,000 (Cameron et amore than scale. Thus the completed embryo is composed
1989hb). Over 90% of these are in structures that will be includeghtirely of single cell layers plus some mesenchymal cells, as
in the juvenile. Thus the specifically larval tissue is the produdtlustrated in Fig. 2D. For example, the oral and aboral
of only two to three further rounds of division, on the averageectoderm and the gut are all only one cell thick while, as Fig.
after the end of embryogenesis. In contrast, the cell populatio@sshows, the rudiment develops as a series of apposed tissue
that form the rudiment expand dramatically. This can be sedayers, beginning with the vestibule (green)/hydrocoel (blue)
most clearly in the fate of the mesodermal componentapposition, which then generates additional layers by infolding
descendant from the coelomic sacs. As shown in Fig. 8A, thesed growth, and is further underlain by extensions of the
give rise to bilateral tripartite coeloms, which grow up along thesomatocoel (orange). In addition, the embryo/larva has only a
esophagus, down over the sides of the midgut and transversedynall number of thinly spaced nerve cells, while the adult
The vestibular invagination (Fig. 8A) expands greatly and, as rudiment develops the dense ganglia of its radial CNS (purple).
meets the middle coelom on the left side, it forms a bilayeredihe mesoderm of the embryo proper consists exclusively of
disc composed of ectoderm and mesoderm. A complex processee mesenchymal cell types plus a few sphincter muscle cells,
of morphogenesis ensues, the course of which need not concerhile that of the rudiment gives rise to a much greater number
us here (Hyman, 1955). of differentiated cell types and, most importantly, forms large
Most of the major phylotypic echinoderm features of thethree-dimensional structures such as the water vascular system,
ventral portion of the adult body plan form from derivatives ofthe tube feet and the tooth sacs, as well as coelomic linings.
the vestibular floor, the middle a
posterior coeloms on the left side A B
numerous mesenchyme cells of unkn
origin (Fig. 8B). These features inclt
the radially symmetric water vascu
system, the circumoral and the five ra
ganglia of the echinoid CNS, the f
initial podia, the five large tooth sacs,
central mouth, the five initial sets V=
spines and the ventral portions of
endoskeletal test. The dorsal portior
the body plan, including the geni
plates, arises from elements of the r
coeloms and test-forming constitue
The larval midgut is retained but 1
esophagus and hindgut are resorbec ot dermatives
rebuilt after metamorphosis. The gon ot the vestvuie T
appear much later (Houk a

. adult narvous
Hinegardner, 1980); the germ cells een TN
among the coelomic sac derivatives,

. anterior

it has been excluded that they de cosloms

umquely_from the de;cendants of st and it [

small micromeres since sea urct waler vascular system

raised from embryos lacking microme comatocoois I
and derivatives

are normal with respect to fertili

(Ransick et al., 1996.)' Al least some Fig. 8. Schematic representations of sea urchin larval and rudiment anatomy. The drawings
the qells of cqelomlc sacs t'hus h emphasize the primordia of adult body plan structures color coded as indicated. (A) 2-week-
remained entirely  unspecified old larval structures depicted in outline form. Inset, top left, shows the whole larva. The gut
embryogenesis terminates. and ciliated band are shaded gray. The adult axes (D, dorsal and V, ventral) are shown together
Even from an external point of vie  with the larval axes (O, oral, A, aboral). The enlarged portion of the figure shows only the

it is obvious that developmen larval mouth and stomach; the structures from which the rudiment will derive are the vestibule
mechanisms are required for adult b and coelom, as indicated. The coelom has divided into three parts: the anterior coelom (pink),
plan formation that differ from tho:  middle coelom or hydrocoel (blue) and the posterior or somatocoel (orange). The green and
underlying embryogenesis. The spz purple _checks |nd|c_ates_that the vestlbular floor will give rise to both ectodermal and CNS
coordinates of territorial specification derl\_/atl_ves. (B) A side view of the r_udlment at at_;out 4 weeks of development. The adult axes
the embryo are determined by are indicated. The floor of the vestibule has pro]lferateq, foldgd and fused to form several

X : layers on the adult ventral surface. One of the five podia, which are elements of the water
cytoarchitectural coqrdlnates of th? € vascular system, is shown in the section. The podia develop from hydrocoelar (blue) and
as we have seen in some detail, vestibular (green) precursors. The somatocoelar structures are a tooth sac and coelomic linings
some of the prominent ea  (orange). The CNS (purple) will consist of a circumoral nerve ring and five radial nerves
specifications occur within and w  (redrawn from von Ubisch, 1913; MacBride, 1903; Hyman, 1955).
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Furthermore, excluding the set-aside cells, the embryo/larva isWe are extremely grateful to reviewers of drafts of this manuscript
essentially eutelic; its cells divide only a set number of time$or their perspicacious and informed critical assistance. Its present
and only a few times after cleavage has ended. For exampfe/m owes much to their contributions. These were Drs Lynne and
the whole archenteron is formed at gastrulation by invaginatiol;io(g’eFEt Alngegl‘?r of thfe L#_mvlers[ty of Ro%heDst%r, Drs E\x/enPRothkenber%
without further cell division (Hardin and Cheng, 1986; Hardin,2"d_Pacla Oliveri of this Institute, and Dr James W. Posakony o
1989). In contrast the r(najor phenomengn of rudimen;CSD' This effort was supported by NIH grant (HD-05753) to EHD
development is the enormous expansion of undifferentiated ce Pd by NSF grant (IBN9604454) to RAC.
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specification, ab initio, during growth. This is the process thaREFERENCES

the mechanisms of type 1 embryogenesis do not encompaggsirom, J. A., Chin, J. E., Leaf, D. S., Parks, A. L. and Raff, R. A1987).
le., specification of flle|dS of growing, L.Jndlffer.e.mla_ted cells, Localization and expression of msp130, a primary mesenchyme lineage-
without reference to lineage or primordial position in respect specific cell surface protein of the sea urchin embBexelopment01,
to the axes of the egg. Ar2m555trc2>r?95 N., Hardin, J. and McClay, D. R. (1993)Cell-cell interactions

As Yet we know_ little Qf the additional genetic elements regulateyskéleton f(;rmation in the ‘sea urchin embBevelopmentl19,
called into play during rudiment development. In general, cell- g33.840.
type-specific genes activated during embryogenesis continue Aémstrong, N. and McClay, D. R. (1994). Skeletal pattern is specified
function in the equivalent cells of the larva, e$pecland autlonomously by the primary mesenchyme cells in sea urchin embgios.

; Bl Biol. 162, 329-338.

.Cywa In EOth t.he eylbryolaidllarval abor?‘: eéto(;j 168.33 Arnone, M. and Davidson, E. H.(1997). The hardwiring of development:
Int elem ryonic and larval ske e.tOQemC cells, ando n Organization and function of genomic regulatory systeDeelopment
Cyllain the embryo and larval midgut (Arnone et al., 1998; A. 124 1851-1864.
Cameron, unpublished observations). It is interesting thatmone, M. I, Bogarad, L. D., Collazo, A., Kirchhamer, C. V., Cameron,
Cyllla is expressed exclusively in the embryoflarval phase of fr T B8 & & Cleets, o0 A e Fmental abproaches 1o
existence a‘nd.’ follpwmg cqllapse O.f.the abor.al ectoderm at transcriptional regulatory analysis in embryos and labagelopment 24,
metamorphosis, this gene is not utilized again (Shott et al., 4649.4650.
1984; Cameron et al.,, 1989b). The embryol/larva is aamone, M. I., Martin, E. L. and Davidson. E. H. (1998). Cis-regulation
independent developmental entity that is capable of completedownstream of cell type specification: A single compact element controls
development and. if fed. of a prolonged free-living existence the complex expression of th€ylla gene in sea urchin embryos.
in th | ab ’ f ’ di D’ id | 1995 Developmeni25,1381-1395.
in the total absence of any rudiment (Davidson et al., Baltzer, F. (1967). Theodor Boveri: Life and Work of a Great Biologist
The key.ISSUG 1S of course the nature of the regulator){ apparatusiniversity of California Press, Berkeley and Los Angeles.
utilized in rudiment developmenbDistalless a transcription Behrens, J., von Kries, J. P., Kuhl, M., Bruhn, L., Wedlich, D., Grossched|,
factor involved in many pattern formation processes in other R. and Birchmeier, W. (1996). Functional interaction @fcatenin with the

organisms, is expressed in the vestibule during its invaginatigg, e ¢ o' fgitgévLiF'aatgggsssnssﬁ'eéivi dson. E. H. and Wilt. £

(Lowe and Wray, _1997): and _anOther such g&machyury is (1987). A lineage-specific gene encoding a major matrix protein of the sea
also expressed in the rudiment (K. Peterson and R. A.urchin embryo spicule. I. Authentication of the cloned gene and its
Cameron, unpublished data). A very interesting recent developmental expressiobev. Biol. 120, 499-506.

; iNhli itati ; overi, T. (1901a). Uber die Polaritiat des Seeigeleesh. Phys.-med. Ges.
observation highlights the qualitatively different modes of gen& Wiirzburg3d, 145-176.

rEgmatc_)ry processes m, the ,rUdlment Compared to tho%veri, T. (1901b). Die Polaritat von Oocyte, Ei und Larve des
controlling embryogenesis. This concerns utilization of the strongylocentrotus lividugool. Jb. Abt. Anat. OntL4, 630-653.

Hox gene cluster db. purpuratugC. Arenas, P. Martinez, R. Boveri, T. (1902). Uber mehrpolige Mitosen als Mittel zur Analyse des
A. Cameron and E. H. Davidson, unpublished data). All of the Zellkerns.Verh. Phys.-med. Ges. Wirzb@g 67-90.

. . . Boveri, T. (1904). Ergebnisse Uber die Konstitution der chromatischen
genes of the singlelox gene cluster (Martinez et al., 1997; P. =g\ » b o Zellkerntena, G. Fischer.

Martinqz and E. H. .DaVidson" unpublished data) areoveri, T. (1907). Zellenstudien VI: Die Entwicklung dispermer Seeigeleier.
transcribed once the rudiment begins to form, but only two of Ein Beitrag zur Befruchtungslehre und zur Theorie des Kerdwsa.
them, aHox4 and aHox6 gene, are expressed significantly in _ Zeitschr. Naturw43, 1-292. _

the whole process of embryonic development up to anaowerman, B., Eaton, B. A. and Priess, J. R1992).skn-1 a maternally
including f . faf livi feedi | _'I_h | expressed gene required to specify the fate of ventral blastomeres in the early
including formation of a free-living, feeding larva. The general ¢ "¢jegansmbryo.Cell 68, 1061-1075.

role of genes such aS_t_hES_e in the (;Ievelqpme_nt Qf met«'B_-ZO@(KWerman, B., Draper, B. W., Mello, C. C. and Priess, J. R1993). The
body plans is the specification of regional identity in growing maternal genekn-1lencodes a protein that is distributed unequally in early
cel popuiaions wih respect fo the fuure parts of he C SSMEMUNOSCEITL IS 2 |\ o0\
°r9a”'3m.- As predlcted (DaVIdson.et al., 1995)’ exper!men_tgl A—reg’]ula{ted eventsyare required fortr’anscriptional induction by c/ARNxe.
ob_servat|0n now shows that this regulatory function IS Natl. Acad. Sci. USA2, 10521-10525.

evidently required for the process of development shown igalzone, F. J., Hé6g, C., Teplow, D. B., Cutting, A. E., Zeller, R. W,,
Fig. 8 of this paper, but not for the process shown in Fig. 2. Britten, R. J., and Davidson, E. H.(1991). Gene regulatory factors of the

; e i ; sea urchin embryo. |. Purification by affinity chromatography and cloning
Sea urchin embryogenesis is driven by an elegant and o5 " 1 0Uel DA binding proteiibevelopment.12, 335-350.

evolutionarily ancient set of genetic regulatory mechanismssajzone, F. C., Grainger, J., Coffman, J. A. and Davidson, E. H1997).

but in themselves these have a relatively limited outcome, Extensive maternal representation of DNA-binding proteins that interact
which does not approach what is needed for generation of anywith regulatory target sites of thtrongylocentrotus purpuratus Cyllla
modern adult body plan. The comparative simplicity of these 952?(-)':1"6‘2”;Mg'(—)fg'ﬂ'-EE\‘/g’rtécgﬁv Fzg'gf’i-tten 8.3, and Davidson. E. H
regulatory meCh.amsmS is of Co.urse a powerful attraCt.am’ focra(1987).’ Li'neé’ge and fate of’ eeltch”blastom'ere' of the eight-cell ’seé u'rchin
they appear directly accessible to causal experimentalempryo.Genes Dew, 75-85.

analysis. Cameron, R. A., Fraser, S. E., Britten, R. J. and Davidson, E. H1989a).



3288 E. H. Davidson, R. A. Cameron and A. Ransick

The oral-aboral axis of a sea urchin embryo is specified by first cleavage. the sea urchin embryo: Properties of skeletogenic secondary mesenchyme
Developmen06, 641-647. cells. Development17, 1275-1285.

Cameron, R. A,, Britten, R. J., and Davidson, E. H(1989b). Expression of  Ettensohn, C. A., Guss, K. A., Hodor, P. G. and Malinda, K. M(1997).
two actin genes during larval development in the sea urchin The morphogenesis of the skeletal system of the sea urchin embryo.

Strongylocentrotus purpuratus. Mol. Reprod. Div149-155. Reproductive Biology of Invertebraté&l. VIl (J. R. Collier, ed.), pp. 225-

Cameron, R. A, Fraser, S. E., Britten, R. J., and Davidson, E. H1990). 265. New Dehli/Calcutta: Oxford & IBH Publishing Co. Pvt. Ltd.
Segregation of oral from aboral ectoderm precursors is completed at 5falvo, J. V., Thanos, D. and Maniatis, T(1995). Reversal of intrinsic DNA
cleavage in the embryogenesisStfongylocentrotus purpuratus. Dev. Biol. bends in the IFR gene enhancer by transcription factors and the
137, 77-85. architectural protein HMG | (Y)Cell 83, 1101-1111.

Cameron, R. A. and Davidson, E. H(1991). Cell type specification during Fol, M. H. (1877). Sur le premier développement d’'une Etoile de mer.
sea urchin developmerifirends Genefr, 212-218. Comptes Rendus4, 357-360.

Cameron, R. A, Fraser, S. E., Britten, R. J., and Davidson, E. H1991). Frudakis, T. N. and Wilt, F. (1995). Two differentis elements collaborate
Macromere cell fates during sea urchin developmBetelopmentl13 to spatially repress transcription from a sea urchin promést. Biol.172,
1085-1092. 230-241.

Cameron, R. A., Britten, R. J. and Davidson, E. H(1993). The embryonic  George, N. C., Killian, C. E. and Wilt, F. H.(1991). Characterization and
ciliated band of the sea urchiBtrongylocentrotus purpuratuderives from expression of a gene encoding a 30.6 &Bongylocentrotus purpuratus
both oral and aboral ectoderm territoriBgv. Biol.160, 369-376. spicule matrix proteinDev. Biol.147, 334-342.

Cameron, R. A., Leahy, P. S. and Davidson, E. H1996). Twins raised from  Ghiglione, C., Lhomond, G., Lepage, T. and Gache, (Q1993). Cell-
separated blastomeres develop into sexually maBirengylocentrotus autonomous expression and position-dependent repressiorf of bivo
purpuratus. Dev. Bioll78 514-519. zygotic genes during sea urchin early developntetBO J.12, 87-96.

Cameron, R. A. and Davidson, E. H(1997). LiCl perturbs ectodermal eg  Ghiglione, C., Emily-Fenouil, F., Chang, P. and Gache, Q1996). Early
lineage allocations irstrongylocentrotus purpuratusmbryos.Dev. Biol gene expression along the animal-vegetal axis in sea urchin embryoids and
187, 236-239. grafted embryosDevelopment22, 3067-3074.

Chuang, C. K., Wikramanayake, A. H., Mao, C. A., Li, X. T. and Klein, Gibson, A. W. and Burke, R. D.(1985). The origin of pigment cells in
W. H. (1996). Transient appearanceSifongylocentrotus purpuratudtx embryos of the sea urchBtrongylocentrotus purpuratu®ev. Biol.107,
in micromere nuclei: Cytoplasmic retention of SpOtx possibly mediated 414-419.
through aro-actinin interactionDev. Genetl9, 231-237. Giese, K., Amsterdam, A. and Grosschedl, R(1991). DNA-binding

Coffman, J. A. and McClay, D. R.(1990). A hyaline layer protein that properties of the HMG domain of the lymphoid-specific transcriptional
becomes localized to the oral ectoderm and foregut of sea urchin embryos.regulator LEF-1Genes Devb, 2567-2578.

Dev. Biol.140, 93-104. Giese, K., Cox, J. and Grosschedl, R1992). The HMG domain of lymphoid
Coffman, J. A., Kirchhamer, C. V., Harrington, M. G. and Davidson, E. enhancer factor 1 bends DNA and facilitates assembly of functional
H. (1997). SpMyb functions as an intramodular repressor to regulate nucleoprotein structure€ell 69, 185-195.
spatial expression o€yllla in sea urchin embryoDevelopmentl24, Grimwade, J. E., Gagnon, M. L., Qing, Y., Angerer, R. C. and Angerer,
4717-4727. L. M. (1991). Expression of two messenger RNAs encoding EGF-related
Cox, K. H., Angerer, L. M., Lee, J. J., Davidson, E. H., and Angerer, R. proteins identifies subregions of sea urchin embryonic ectodm Biol.
C. (1986). Cell lineage-specific programs of expression of multiple actin 143 44-57.
genes during sea urchin embryogenekiddol. Biol. 188 159-172. Guss, K. A. and Ettensohn, C. A(1997). Skeletal morphogenesis in the sea
Cutting, A. E., Ho6g, C., Calzone, F. J., Britten, R. J., and Davidson, E. urchin embryo: Regulation of primary mesenchyme gene expression and
H. (1990). Rare maternal mRNAs code for regulatory proteins that control skeletal rod growth by ectoderm-derived cuBgvelopmentl24, 1899-
lineage specific gene expression in the sea urchin enfbryo. Natl. Acad. 1908.
Sci. USA87, 7953-7957. Harada, Y., Yasuo, H. and Satoh, N(1995). A sea urchin homologue of the
Czihak, G. (1963). Entwicklungsphysiologische Untersuchungen an chordateBrachyury(T) gene is expressed in the secondary mesenchyme
Echiniden (Verteilung und Bedeutung der Cytochromoxyda#éhelm founder cellsDevelopmenfi2l, 2747-2754.
Roux’ Arch. EntwMech Ordl54, 272-292. Harada, Y., Akasaka, K., Shimada, H., Peterson, K. J., Davidson, E. H.
Dan, K. (1979). Studies on unequal cleavage in sea urchins. I. Migration of and Satoh, N.(1996). Spatial expression offarkheadhomologue in the
the nuclei to the vegetal polBev. Growth Differ21, 527-535. sea urchin embrydviech. Dev60, 163-173.
Davidson, E. H.(1968).Gene Activity in Early Developmertirst Edition. Hardin, J. (1989). Local shifts in position and polarized motility drive cell
New York: Academic Press. rearrangement during sea urchin gastrulatidev. Biol.136, 430-445.
Davidson, E. H.(1976).Gene Activity in Early Developmer8econd Edition.  Hardin, J. (1995). Target recognition by mesenchyme cells during sea urchin
New York: Academic Press. gastrulationAm. Zool.35, 358-371.
Davidson, E. H.(1986).Gene Activity in Early Developmerkhird Edition. Hardin, J. D. and Cheng, L. Y.(1986). The mechanisms and mechanics of
Orlando, Florida: Academic Press. archenteron elongation during sea urchin gastrulaben. Biol 115 490-

Davidson, E. H.(1989). Lineage-specific gene expression and the regulative 501.
capacities of the sea urchin embryo: A proposed mechabiewelopment  Harkey, M. A., Klueg, K., Sheppard, P. and Raff, R. A(1995). Structure,

105, 421-445. expression, and extracellular targeting of PM27, a skeletal protein associated
Davidson, E. H.(1990). How embryos work: A comparative view of diverse  specifically with growth of the sea urchin larval spicllev. Biol.168 549-
modes of cell fate specificatioDevelopmeni08 365-389, 1990. 566.
Davidson, E. H.(1991). Spatial mechanisms of gene regulation in metazoamarrington, M. G., Coffman, J. A. and Davidson, E. H.(1997). Covalent
embryos.Developmeniil3 1-26. variation is a general property of transcription factors in the sea urchin

Davidson, E. H., Peterson, K. and Cameron, R. A1995). Origin of the embryo.Mol. Mar. Biol. Biotech6, 153-162.
adult bilaterian body plans: Evolution of developmental regulatoryHenry, J. J., Amemiya, S., Wray, G. A. and Raff, R. A(1989). Early

mechanismsScience270, 1319-1325. inductive interactions are involved in restricting cell fates of mesomeres in
Di Bernardo, M., Russo, R., Olivei, P., Melfi, R. and Spinelli, G(1995). sea urchin embrydev. Biol.136, 140-153.
Homeobox-containing gene transiently expressed in a spatially restrictddenry, J. J., Wray, G. A. and Raff, R. A.(1990). The dorsoventral axis is
pattern in the early sea urchin embripeoc. Natl. Acad. Sci. US®2, 8180- specified prior to first cleavage in the direct developing sea urchin
8184. Heliocidaris erythrogrammaDevelopmeni10, 875-884.
Ettensohn, C. A. (1990). The regulation of primary mesenchyme cell Henry, J. J., Klueg, K. M. and Raff, R. A.(1992). Evolutionary dissociation
patterning.Dev. Biol.140, 261-271. between cleavage, cell lineage and embryonic axes in sea urchin embryos.
Ettensohn, C. A.(1992). Cell interactions and mesodermal cell fates in the Developmeniil4 931-938.
sea urchin embrydevelopmeni992 Supplement#3-51. Hickey, R. J., Boshar, M. F. and Crain, W. R., Jr(1987). Transcription of

Ettensohn, C. A. and Ingersoll, E. (1992). Morphogenesis of the sea urchin  three actin genes and a repeated sequence in isolated nuclei of sea urchin
embryo. MorphogenesiE. F. Rossomando and S. Alexander, eds.), pp. embryosDev. Biol.124, 215-227.
189-261. New York: Marcel Dekker Inc. Horstadius, S.(1939). The mechanics of sea urchin development, studied by
Ettensohn, C. A. and Ruffins, S. W(1993). Mesodermal cell interactions in operative method®iol. Rev. Cambridge Phil. Sot4, 132-179.



Specification in the sea urchin embryo 3289

Horstadius, S.(1973). Experimental Embryology of Echinodern@®xford: like hatching enzyme gene in the sea urchin emtEjBO J.9, 3003-
Clarendon Press. 3012.

Horstadius, S. and Wolsky, A.(1936). Studien Uber die Determination der Lepage, T., Ghiglione, C. and Gache, C(1992a). Spatial and temporal
Bilateral-symmetrie des jungen Seeigelkeim&¥ilhelm Roux’ Arch. expression pattern during sea urchin embryogenesis of a gene coding for a
EntwMech. Org135, 69-113. protease homologous to the human protein BMP-1 and to the product of the

Hough-Evans, B. R., Britten, R. J., and Davidson, E. H(1988). Mosaic Drosophiladorsal-ventral patterning gene tolloidevelopmentl14, 147-
incorporation and regulated expression of an exogenous gene in the sed64.
urchin embryoDev. Biol.129, 198-208. Lepage, T., Sardet, C. and Gache, Q1992b). Spatial expression of the

Hough-Evans, B. R., Franks, R. R., Zeller, R. W., Britten, R. J. and hatching enzyme gene in the sea urchin emiPgv. Biol.150, 23-32.
Davidson, E. H.(1990). Negative spatial regulation of the lineage specificLi, X., Chuang, C. K., Mao, C. A., Angerer, L. M. and Klein, W. H.(1997).
Cyllla actin gene in the sea urchin embrip@velopmeni10, 41-50. Two Otx proteins generated from multiple transcripts of a single gene in

Houk, M. S. and Hinegardner, R. T.(1980). The formation and early Strongylocentrotus purpuratuBev. Biol.187, 253-266.
differentiation of sea urchin gonadgiol. Bull. Mar. Biol. Lab., Woods Hole  Lin, R., Thompson, S. and Priess, J. R1995).pop-1lencodes an HMG box
159 280-294. protein required for the specification of a mesoderm precursor in @arly

Hurley, D. L., Angerer, L. M. and Angerer, R. C.(1989). Altered expression elegansembryos.Cell 83, 599-609.
of spatially regulated embryonic genes in the progeny of separated sédtlewood, D. T. J., Smith, A. B., Clough, K. A. and Emson, R. H(1997).

urchin blastomere®evelopmeni06, 567-579. The interrelationships of the echinoderm classes: Morphological and
Hyman, L. H. (1955). The Invertebrates: Echinodermata. The Coelomate molecular evidenceBiol. J. Linnean Sod1, 409-438.

Bilateria. Vol. IV. New York: McGraw-Hill. Livingston, B. T. and Wilt, F. H. (1989). Lithium evokes expression of
Inoue, C., Kiyomoto, M. and Shirai, H.(1992). Germ cell differentiation in vegetal-specific molecules in the animal blastomeres of sea urchin embryos.

starfish: The posterior enterocoel as the origin of germ celfssiarina Proc. Natl. Acad. Sci. US86, 3669-3673.

pectinifera Develop. Growth & Differ34, 413-418. Livingston, B T. and Wilt, F. H. (1990). Range and stability of cell fate
Katoh-Fukui, Y., Noce, T., Ueda, T., Fujiwara, Y., Hashimoto, N., determination in isolated sea urchin blastomebeszelopmentl08 403-

Higashinakagawa, T., Killian, C. E., Livingston, B. T., Wilt, F. H., 410.

Benson, S. C., Sucov, H. M. and Davidson, E. {1991). The corrected Livingston, B. T., Shaw, R., Bailey, A. and Wilt, F. (1991).

structure of the SM50 spicule matrix protein 8trongylocentrotus Characterization of cDNA encoding a protein involved in formation of the

purpuratus Dev. Biol.145 201-202. skeleton during development of the sea urdhytechinus pictusDev.
Khaner, O. and Wilt, F. (1990). The influence of cell interactions and tissue Biol. 148 473-480.

mass on differentiation of sea urchin mesomebevelopment09, 625- Logan, C. Y. and McClay, D. R.(1997). The allocation of early blastomeres

634. to the ectoderm and endoderm is variable in the sea urchin embryo.

Khaner, O. and Wilt, F. (1991). Interactions of different vegetal cells with  Developmeni24, 2213-2223.
mesomeres during early stages of sea urchin developMemtlopment Logan, C. Y. and McClay, D. R.(1998). The lineages that give rise to the

112 881-890. endoderm and the mesoderm in the sea urchin emigb.Fate and
Killian, C. E. and Wilt, F. H. (1989). The accumulation and translation of a  Lineage DeterminatiofS. A. Moody, ed.). San Diego: Academic Press (in

spicule matrix protein mRNA during sea urchin embryo developrie. press).

Biol. 133 148-156. Lowe, C. J. and Wray, G. A.(1997). Radical alterations in the roles of
Kingsley, P. D., Angerer, L. M. and Angerer, R. C(1993). Major temporal homeobox genes during echinoderm evolutidature 389, 718-721.

and spatial patterns of gene expression during differentiation of the sdaike, N. H., Killian, C. E. and Livingston, B. T. (1997). Spfkh1l encodes a

urchin embryoDev. Biol.155 216-234. transcription factor implicated in gut formation during sea urchin

Kirchhamer, C. V. and Davidson, E. H. (1996). Spatial and temporal developmentDevelop. Growth Differ39, 285-294.
information processing in the sea urchin embryo: Modular and intramodulaviacBride, E. W. (1903). The development &chinus esculentysogether
organization of theCyllla genecis-regulatory systemDevelopmentl22 with some points on the developmentEf miliaris and E. acutus Phil.
333-348. Trans. Roy. So8195 285-330.

Kirchhamer, C. V., Yuh, C.-H. and Davidson, E. H.(1996). Modularcis- Makabe, K. W., Kirchhamer, C. V., Britten, R. J. and Davidson, E. H.
regulatory organization of developmentally expressed genes: Two genes(1995). Cis-regulatory control of theSM50 gene, an early marker of
transcribed territorially in the sea urchin embryo, and additional examples. skeletogenic lineage specification in the sea urchin emBgeelopment

Proc. Natl. Acad. Sci. US83, 9322-9328. 121, 1957-1970.

Kitajima, T., Tomita, M., Killian, C. E., Akasaka, K. and Wilt, F. (1996). Mao, C. A., Wikramanayake, A. H., Gan, L., Chuang, C. K., Summers,
Expression of spicule matrix protein geS#30in embryonic and adult R. G. and Klein, W. H. (1996). Altering cell fates in sea urchin embryos
mineralized tissues of sea urchitemicentrotus pulcherrimuDevelop. by overexpressing SpOtx, a orthodenticle-related prdbEmelopment22
Growth Differ. 38, 687-695. 1489-1498.

Kiyomoto, M. and Shirai, H. (1993). The determinant for archenteron Martinez, P. and Davidson, E. H.(1997). SpHmx a sea urchin homeobox
formation in starfish: Co-culture of an animal egg fragment-derived cell gene expressed in embryonic pigment c&ksv. Biol 181, 213-222.

cluster and a selected blastomddevelop. Growth Differ35, 99-105. Martinez, P., Lee, J. and Davidson, E. H(1997). Complete sequence of
Kominami, T. (1988). Determination of dorso-ventral axis in early embryos SpHox8and its linkage in the singldox gene cluster oBtrongylocentrotus
of the sea urchirtlemicentrotus pulcherrimu®ev. Biol 127, 187-196. purpuratus J. Mol. Evol 44, 371-377.

Kozlowski, D. J., Gagnon, M. L., Marchant, J. K., Reynolds, S. D., Maruyama, Y. K., Nakaseko, Y. and Yagi, S.(1985). Localization of
Angerer, L. M. and Angerer, R. C. (1996). Characterization of a SpAN cytoplasmic determinants responsible for primary mesenchyme formation
promoter sufficient to mediate correct spatial regulation along the animal- and gastrulation in the unfertilized egg of the sea uréfemicentrotus

vegetal axis of the sea urchin embripev. Biol.176, 95-107. pulcherrimus. J. Exp. Zoo236, 155-163.
Kuraishi, R. and Osanai, K. (1992). Cell movements during gastrulation of McClay, D. R. and Logan, C. Y. (1996). Regulative capacity of the
starfish larvaeBiol. Bull. Mar. Biol. Lab., Woods Hole 183 258-268. archenteron during gastrulation in the sea urchevelopmentl22, 607-

Kuraishi, R. and Osanai, K. (1994). Contribution of maternal factors and  616.
cellular interaction to determination of archenteron in the starfish embrydvicClay, D. R., Armstrong, N. A. and Hardin, J.(1992). Pattern formation
Developmenii20, 2619-2628. during gastrulation in the sea urchin embrybevelopment 1992

Lee, J. J., Calzone, F. J., Britten, R. J., Angerer, R. C., and Davidson, E. Supplement 33-41.

H. (1986). Activation of sea urchin actin genes during embryogenesisMello, C. C., Draper, B. W. and Priess, J. R(1994). The maternal genes
Measurement of transcript accumulation from five different genes in apx-landglp-1and establishment of dorsal-ventral polarity in the e@rly
Strongylocentrotus purpuratus. J. Mol. Bi@B8 173-183. elegansembryo.Cell 77, 95-106.

Lee, J. J.,, Calzone, F. J. and Davidson, E. H1992). Modulation of sea Miller, J. R. and Moon, R. T. (1996). Signal transduction throu@kcatenin
urchin actin mRNA prevalence during embryogenesis: Nuclear synthesis and specification of cell fate during embryogeneSisnes Devli0, 2527-
and decay rate measurements of transcripts from five different dames. 2539.

Biol. 149, 415-431. Miller, R. N., Dalamagas, D. G., Kingsley, P. D. and Ettensohn, C. A.

Lepage, T. and Gache, C(1990). Early expression of a collagenase- (1996). Expression of S9 and actylla mRNAs reveals dorso-ventral



3290 E. H. Davidson, R. A. Cameron and A. Ransick

polarity mesodermal sublineages in the vegetal plate of the sea urchBucov, H. M., Hough-Evans, B. R., Franks, R. R., Britten, R. J., and

embryo.Mech. Dev60, 3-12. Davidson, E. H.(1988). A regulatory domain that directs lineage-specific

Montminy, M. (1997). Transcriptional regulation by cyclic AMRnn. Rev. expression of a skeletal matrix protein gene in the sea urchin eri@ges
Biochem 66, 807-822. Dev.2, 1238-1250.

Moskowitz, I. P. G., Gendreau, S. B. and Rothman, J. H(1994). Summers, R. G., Piston, D. W., Harris, K. M. and Morrill, J. B.(1996).
Combinatorial specification of blastomere identity glp-1-dependent The orientation of first cleavage in the sea urchin embkytechinus
cellular interactions in the nemato@aenorhabditis elegan®evelopment variegatus does not specify the axes of bilateral symmé&msy. Biol.175,
120, 3325-3338. 177-183.

Nasir, A., Reynolds, S. D., Angerer, L. M. and Angerer, R. §1995). VEB4: Tamboline, C. R. and Burke, R. D.(1989). Ontogeny and characterization
Early zygotic mRNA expressed asymmetrically along the animal-vegetal of mesenchyme antigens of the sea urchin emiidga. Biol 136, 75-86.

axis of the sea urchin embryDevelop. Growth Differ37, 57-68. Tamboline, C. R. and Burke, R. D(1992). Secondary mesenchyme of the sea
Nocente-McGrath, C., Brenner, C. A. and Ernst, S. G(1989).Endo16 a urchin embryo: Ontogeny of blastocoelar cellsExp. Zool262 51-60.
lineage-specific protein of the sea urchin embryo, is first expressed just pridanaka, Y. (1976). Effects of surfactants on the cleavage and further
to gastrulationDev. Biol.136, 264-272. development of the sea urchin embryos. I. The inhibition of micromere
Nocente-McGrath, C., Mclsaac, R. and Ernst, S. G(1991). Altered cell formation at the fourth cleavagBev. Growth Differ18, 113-118.
fate in LiCl-treated sea urchin embry@sv. Biol.147, 445-450. Thorpe, C. J., Schlesinger, A., Carter, J. C. and Bowerman, §1997). Wnt
Okazaki, K. (1975). Spicule formation by isolated micromeres of the sea signaling polarizes an eary. elegandlastomere to distinguish endoderm
urchin embryoAm. Zool.15, 567. from mesodermCell 90, 695-705.
Pehrson, J. R. and Cohen, L. H(1986). The fate of the small micromeres Venuti, J. M., Goldberg, L., Chakraborty, T., Olson, E. N. and Klein, W.
in sea urchin developmeri2ev. Biol.113 522-526. H. (1991). A myogenic factor from sea urchin embryos capable of

Peterson, K. J., Cameron, R. A. and Davidson, E. H1997). Set-aside cells programming muscle differentiation in mammalian cdéfimc. Natl. Acad.
in maximal indirect development: Evolutionary and developmental Sci. USA88, 6219-6223.

significance BioEssaysl9, 623-631. Vlahou, A., Gonzalez-Rimbau, M. and Flytzanis, C.(1996). Maternal
Ransick, A. and Davidson, E. H(1993). A complete second gut induced by = mRNA encoding the orphan steroid receptor SpCOUP-TF is localized in sea
transplanted micromeres in the sea urchin emi8gieence259, 1134-1138. urchin eggsDevelopmeni22, 521-526.

Ransick, A., Ernst, S., Britten, R. J. and Davidson, E. H(1993). Whole  von Ubisch, L. (1913). Die Entwicklung vorstrongylocentrotus lividusZ.
mount in situ hybridization showSndo-16to be a marker for the vegetal Wiss. Zoal106, 409-448.

plate territory in sea urchin embryddech. Dev42, 117-124. Wang, D. G.-W., Kirchhamer, C. V., Britten, R. J. and Davidson, E. H.
Ransick, A. and Davidson, E. H(1995). Micromeres are required for normal  (1995). SpZ12-1, a negative regulator required for spatial control of the
vegetal plate specification in sea urchin embripeszelopmenfi2l, 3215- territory-specificCyllla gene in the sea urchin embry@evelopmeni2l,
3222. 1111-1122.
Ransick, A. and Davidson, E. H(1998). Late specification of vetineages =~ Wang, W., Wikramanayake, A. H., Gonzalez-Rimbau, M., Vlaahou, A.,
to endodermal fate in the sea urchin embBev. Biol.195 38-48. Flytzanis, C. N. and Klein, W. H.(1996). Very early and transient vegetal-
Ransick, A., Cameron, R. A. and Davidson, E. H1996). Post-embryonic plate expression @dpKrox1 aKrupple/Kroxgene fromStrongylocentrotus
segregation of the germ line in sea urchins, in relation to indirect purpuratus Mech. Dev60, 185-195.
developmentProc. Natl. Acad. Sci. US83, 6759-6763. Wei, Z., Angerer, L. M., Gagnon, M. L. and Angerer, R. C.(1995).

Reynolds, S. D., Angerer, L. M., Palis, J., Nasir, A. and Angerer, R. C. Characterization of the SpHE promoter that is spatially regulated along the
(1992). Early mRNAs, spatially restricted along the animal-vegetal axis of animal-vegetal axis of the sea urchin embiev. Biol.171, 195-211.
sea urchin embryos, include one encoding a protein related to tolloid andlei, Z., Angerer, L. M. and Angerer, R. C.(1997a). Multiple positivesis

BMP-1. Developmenti14, 769-786. elements regulate the asymmetric expression oSfitéEgene along the
Rocheleau, C. E., Downs, W. D., Lin, R., Wittmann, C., Bei, Y., Cha, Y. H., sea urchin embryo animal-vegetal axiev. Biol.187, 71-78.

Ali, M., Priess, J. R. and Cello, C. C(1997). Wnt signaling and an APC- Wei, Z, Kenny, A. P., Angerer, L. M. and Angerer, R. C(1997b). The SpHE

related gene specify endoderm in e&lelegangmbryosCell 90, 707-716. gene is downregulated in sea urchin late blastula despite persistence of
Ruffins, S. W. and Ettensohn, C. A(1993). A clonal analysis of secondary ~ multiple positive factors sufficient to activate its promokéech. Dev67,

mesenchyme cell fates in the sea urchin emtbgw. Biol 160, 285-288. 171-178.

Ruffins, S. W. and Ettensohn, C. A(1996). A fate map of the vegetal plate Wikramanayake, A. H., Brandhorst, B. P. and Klein, W. H. (1995).
of the sea urchin Litechinus variegatys mesenchyme blastula. Autonomous and non-autonomous differentiation of ectoderm in different

Development22 253-263. sea urchin specieBevelopmenfi2l, 1497-1505.

Sander, K. (1993). Aneuploidy disrupts embryogenesis: Theodor Boveri'sWilt, F. H. (1987). Determination and morphogenesis in the sea urchin
analysis of sea urchin dispernBoux’s Arch. Dev. BioR02, 247-249. embryo.Developmeni00, 559-575.

Schroeder, T. E.(1980a). Expressions of the prefertilization polar axis in seaWray, G. A. and McClay, D. R. (1989). Molecular heterochronies and
urchin eggsDev. Biol.79, 428-443. heterotopies in early echinoid developméuolution43, 803-813.

Schroeder, T. E.(1980b). The jelly canal: Marker of polarity for sea urchin Yang, Q., Kingsley, P. D., Kozlowski, D. J., Angerer, R. C. and Angerer, L.
oocytes, eggs, and embry@&xp. Cell Res128 490-494. M. (1993). Immunochemical analysis of arylsulfatase accumulation in sea

Sherwood, D. R. and McClay, D. R(1997). Identification and localization urchin embryosDevelop. Growth Differ35, 139-151.
of sea urchirNotchhomoloque: Insights into vegetal plate regionalization Yuh, C.-H. and Davidson, E. H.(1996). Modularis-regulatory organization

andNotchreceptor regulatiorDevelopmeni24, 3363-3374. of Endo16 a gut-specific gene of the sea urchin embbDgvelopmeni22
Shott, R. J., Lee, J. J., Britten, R. J., and Davidson, E. H(1984). 1069-1082.

Differential expression of the actin gene family $frongylocentrotus  Yuh, C.-H., Moore, J. G. and Davidson, E. H(1996). Quantitative functional

purpuratus. Dev. Biol101, 295-306. interrelations within theis-regulatory system of th8. purpuratus Endo16
Smith, A. (1984).Echinoid PalaeobiologyLondon: George Allen & Unwin Ltd. gene.Developmenii22, 4045-4056.

Smith, L. C., Harrington, M. G. Britten, R. J. and Davidson, E. H.(1994). Zeller, R. W., Britten, R. J. and Davidson, E. H.(1995a). Developmental
The sea urchin profilin gene is specifically expressed in mesenchyme cellsutilization of SpP3A1 and SpP3A2: Two proteins which recognize the same

during gastrulationDev. Biol 164, 463-474. DNA target site in several sea urchin gene regulatory regides. Biol
Smith, M. J., Arndt, A., Gorski, S. and Fajber, E.(1993). The phylogeny 170, 75-82.

of echinoderm classes based on mitochondrial gene arrangethevits. Zeller, R. W., Coffman, J. A., Harrington, M. G., Britten, R. J. and

Evol. 36, 545-554. Davidson, E. H.(1995b). SpGCF1, a sea urchin embryo transcription factor,
Stephens, L., Kitajima, T. and Wilt, F. (1989). Autonomous expression of exists as five nested variants encoded by a single miRiEA. Biol 169,

tissue-specific genes in dissociated sea urchin emibgy&lopmentl07, 713-727.

299-307. Zhang, S., Wu, X., Zhou, J., Wang, R. and Wu, §1990). Cytoplasmic

Sucov, H. M., Benson, S., Robinson, J. J., Britten, R. J., Wilt, F., and regionalization in starfish oocyte: Occurrence and localization of
Davidson, E. H.(1987). A lineage-specific gene encoding a major matrix cytoplasmic determinants responsible for the formation of archenteron and
protein of the sea urchin embryo spicule. Il. Structure of the gene and primary mesenchyme in starfisAsterias amurensjsoocytes.Chinese J.
derived sequence of the proteidev. Biol 120,507-519. Oceanol. Limnol8, 263-272.



