
after fertilization. The first cleavage fur- 
row divides the egg into equal halves 
along what is called the "animal-vege- 
tal" axis. The top of the egg (animal 
pole) later becomes the site of a plate of 
apical cells bearing a tuft of especially 

Molecular Biology of the 
Sea Urchin Embryo 

Eric H. Davidson, Barbara R.  Hough-Evans, Roy J.  Britten 

The early development of the sea ur- 
chin has been more intensively studied at 
the molecular level than has any compa- 
rable embryonic system. The reasons for 
this are partly historical in that a deep 
background of useful developmental 
knowledge has accumulated since sea 
urchin embryos became a favorite sub- 

the gastrula stage, compared, for exam- 
ple, to more than lo4 in amphibian gas- 
trulas. Not only can all the cell types be 
observed in living embryos throughout 
early development, but the embryo can 
be disaggregated in ways that permit 
preparative recovery of some of these 
cell types and the structures they form. 

Summary. Research on the early development of the sea urchin offers new insights 
into the process of embryogenesis. Maternal messenger RNA stored in the unfertil- 
ized egg supports most of the protein synthesis in the early embryo, but the structure 
of maternal transcripts suggests that additional functions are also possible. The 
overall developmental patterns of transcription and protein synthesis are known, and 
current measurements describe the expression of specific genes, including the 
histone genes, the ribosomal genes, and the actin genes. Possible mechanisms of 
developmental commitment are explored for regions of the early embryo that give rise 
to specified cell lineages, such as the micromere-mesenchyme cell lineage. 

ject of experimentation about a century 
ago. Modern investigators capitalize on a 
number of practical advantages. The 
eggs of certain sea urchin species can be 
obtained in the laboratory the year round 
( I ) ,  and other conveniently accessible 
species are gravid at alternate seasons. 
In the United States the main, although 
not the only, sea urchins used for re- 
search are Strongylocentrotus purpura- 
tus, Lytechinus pictus, Arbacia punctu- 
lata, and Tripneustes gratilla, referred to 
in this article respectively as Sp, Lp, Ap, 
and Tg. Eggs can be fertilized in vitro, 
and rapid, highly synchronous develop- 
ment ensues. Cultures in excess of lo8 
embryos (Sp) are routinely grown in our 
laboratories. The ready availability of 
such large amounts of material facilitates 
quantitative studies of the macromol- 
ecules of the embryo, as do the ease of 
demembranation, homogenization, and 
cell fractionation, the relative lack of 
yolk, the permeability of the embryos to 
radioisotopes, and the relatively small 
genome size, which is about 8 x lo8 
nucleotide pairs or approximately one- 
fourth the size of the mammalian 
genome. The embryo is rather transpar- 
ent and (in Sp) has only about 600 cells at 

There are also some disadvantages, the 
principal one perhaps being the lack of 
genetic data, although sea urchin embry- 
os can easily be carried through ad- 
vanced larval stages including metamor- 
phosis in the laboratory ( 2 ) ,  and adults 
can be maintained routinely in suitable 
culture systems for years (I). Some in- 
bred strains have indeed been produced, 
including several displaying develop- 
mental mutations, but inbred strains 
have so far been used only for a few 
specific investigations (3). 

Embryonic and Larval Development 

Most research on sea urchin embryos 
concerns the period between fertilization 
and the stage when feeding can begin. 
The rate of development is temperature- 
dependent, and the following abbreviat- 
ed description refers in particular to em- 
bryos of the purple California sea urchin 
(Sp), cultured at 15°C. Immediately after 
fertilization a thick membrane rises off 
the surface of the egg (Fig, la), and 
within a short time sclerotizes, thus pro- 
viding physical protection during cleav- 
age. Cleavage begins about 1% hours 

long cilia, and the opposite pole (vegetal 
pole) later becomes the site of gastrular 
invagination. At fourth cleavage ( 5  hours 
after fertilization) four very small cells, 
the micromeres, are formed at the vege- 
tal pole (Fig. lb). Together these include 
only about 8 percent of the total volume 
of the embryo, and they are of particular 
interest because they are the specific 
progenitors of a lineage of cells that 
ultimately gives rise to the larval skele- 
ton. 

A logarithmic rate of cell division is 
maintained until there are about 200 cells 
(12 hours after fertilization). Shortly 
thereafter the embryo secretes a prote- 
ase that dissolves the fertilization mem- 
brane and hatching occurs (about 18 
hours after fertilization). The swimming 
blastula stage embryo contains about 400 
cells, and is organized as a hollow ciliat- 
ed ball bearing the prominent ciliary tuft 
at the animal pole. During the blastula 
stage approximately 30 primary mesen- 
chyme cells, descendants of the original 
micromeres, invade the blastocoelic cav- 
ity (Fig. lc). The development of a thick- 
ened, flat plate of cells at the vegetal pole 
marks the site of invagination and the 
subsequent onset of gastrulation. This 
process leads to the formation of the 
archenteron (embryonic gut), which can 
be seen in Fig. Id (46 hours after fertil- 
ization). Morphogenesis of the differenti- 
ated structures of the larva ensues. The 
gut tube bends forward across the blasto- 
coel, preceded by strands of secondary 
mesenchyme cells, and where it makes 
contact with the embryo wall the mouth 
forms inductively. The initial site of in- 
vagination becomes the anus. The inter- 
nal skeleton forms as a pair of tripartite 
spicules, secreted initially as a calcium 
carbonateprotein complex within the 
vacuoles of primary mesenchyme cells 
that are situated in linear arrays along 
the blastocoel walls. During the pluteus 
stage (Fig. le) the embryo elongates, a 
stomach region differentiates, and the 
four skeletally supported arms grow an- 
teriorly, bearing rows of cilia that beat in 
a coordinated fashion. At about 70 hours 
after fertilization the pluteus contains 
approximately 1500 cells, and is suffi- 
ciently developed to feed and exist as a 
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free living, pelagic larva. Until feeding 
begins the mass of the protein and of the 
RNA in the embryo remains essentially 
constant. Most of the ribosomes used 
throughout embryogenesis were original- 
ly present in the unfertilized egg. Prior to 
feeding, embryogenesis is a process of 
cell division, reorganization of maternal 
components, and the appearance of new 
transcripts and their products, all occur- 
ring within a closed system that is not 
increasing in mass. 

In the laboratory, Sp  larvae require 
about 6 weeks of feeding to attain the 
stage at which metamorphosis may oc- 
cur (2.4). The larva at this point contains 
about 5 x lo4 cells (4). Figure If shows 
an Sp  larva about halfway through its 
growth period, and the cover photo 
shows a nearly mature larva, in which 
the ventral portions of the imaginal 
structures that on metamorphosis will 
give rise to the juvenile sea urchin can be 

seen clearly (5). Metamorphosis is dra- 
matic and rapid, occurring within a few 
hours after the larva settles down on an 
appropriate surface. Most of the external 
larval structures, such as the eight arms, 
disappear, although in addition to dorsal 
and ventral imaginal derivatives, it is 
probable that some coelomic elements 
and portions of the larval gut are also 
included in the emergent juvenile sea 
urchin. Further morphogenesis takes 
place after metamorphosis, including 
completion of the adult digestive tract 
and mouth, and gonadal differentiation 
(6). 

The general form of embryogenesis in 
echinoderms places this group in the 
great branch of the animal kingdom, the 
deuterostomes. that also includes chor- 
dates. In deuterostomes the site of gas- 
trular invagination becomes the anus, 
and the mouth forms secondarilv. Other 
basic similarities between echinoderm 

and some chordate embryos include the 
manner in which gastrulation occurs, 
and the origin and disposition of the 
larval mesoderm. These classically ob- 
served morphological relations have 
been supported by a particular homology 
in the organization of the genes coding 
for actin. The sea urchin actin genes 
contain intervening sequences that are 
present at precisely the same locations 
as those in the coding regions of mamma- 
lian and avian actin genes, while inter- 
vening sequences appear at totally differ- 
ent positions in the actin genes of Dro- 
sophila (that is, a protostomial inverte- 
brate), and in several lower invertebrates 
(7). It is difficult to estimate the extent to 
which the molecular mechanisms of sea 
urchin embryogenesis will prove rele- 
vant to mammals because there is as yet 
insufficient knowledge of mammalian de- 
velopment to permit general compari- 
sons. 

Fig. 1. Normal development of the Strongylocentrotus purpuratus embryo at 15'C. (a) Fertilized egg. The vitelline layer has lifted off the egg 
surface to form the fertilization envelope. The egg diameter is 80 pm. (a to c) All are at about the same magnification (~400) .  (b) The 16-cell em- 
bryo (5.5 hours after fertilization). The four small transparent cells at the lower left are the micromeres. [From (78); courtesy of Developmental 
Biology] (c) Mesenchyme blastula (18 hours after fertilization). Primary mesenchyme cells can be seen within the vegetal pole region of the 
blastocoel. Hatching occurs at about this time. (d) Late gastrula (46 hours after fertilization). The primitive gut extends most of the way across the 
blastocoel. On the left, one of the two early spicules is visible, with several primary mesenchyme cells associated with it. The embryos are 
covered with cilia and swim about vigorously. This photograph and the succeeding ones are at progressively lower magnifications. (e) Early 
pluteus (72 hours after fertilization), ventral view. The embryo has elongated, the gut is differentiated, and the mouth has formed between the four 
nascent arms toward which extend the prominent skeletal rods. The long axis of the pluteus larva is about twice the diameter of the gastrula. (0 
Fed pluteus larva 3 weeks after fertilization (about 600-pm diameter). The eight arms, skeletal rods, and stomach, which is filled with ingested 
algae, can be observed. Dark spots along the arms are pigment granules. On the left of the stomach can be observed a small pouch that is the be- 
ginning of an imaginal structure which at metamorphosis will give rise to part of the adult. 

18 SCIENCE, VOL. 217 



Maternal Messenger RNA and Its bryonic variants of the core histones and 
of histone HI (22). Some of these histone 
variants are found only in the nuclei of 
early cleavage stage embryos while oth- 

translational elongation rate by a factor 
of about 2.5, compared to this rate in the 
polysomes of the unfertilized egg (27). 
Neither the mechanism of this effect nor 

Utilization after Fertilization 

The sea urchin egg contains a mass of 
stored inactive maternal message suffi- 
cient to engage all of its ribosomes, al- 
though before fertilization < l percent of 

ers are synthesized well into the blastula 
stage. 

The histones and tubulins are not ex- 

that responsible for mobilization of the 
stored maternal message are well under- 
stood. An immediate trigger might be the 

these ribosomes are actually assembled 
into polysomes (8). The amount of RNA 
that might serve as maternal message has 
been calculated for Sr, as 50 to 100 

ceptional in that many other embryonic 
proteins that are coded by maternal 
mRNA's are also synthesized prior to 

sharp increase in intracellular pH, from 
6.84 to 7.27 (in Lp and similar changes 
take place in Sp) occurring about 60 
seconds after fertilization (28). Winkler, 
Steinhardt, and colleagues (29) directly 
demonstrated the increase in elongation 
rate in vitro by measuring ribosome tran- 
sit times at pH 6.9 and pH 7.4 in a cell- 
free system derived from unfertilized Lp 
eggs. The pH change and other ionic 

fertilization and inherited by the embryo. 
Brandhorst (23) showed for both Lp and 
Sp that of about 400 species of proteins 

picograms per egg (9), included in a total 
of about 3 nanograms of RNA, of which 
85 percent is ribosomal (10). Maternal 
messenger RNA (mRNA) is identified as 
embryo polysomal message that derives 
from the unfertilized egg, or as unfertil- 

resolved in two-dimensional gel analyses 
and synthesized within an hour of fertil- 
ization (that is, on maternal messages), 
almost all are also being translated at a 
low rate in unfertilized eggs. In the sea 
urchin fertilization triggers a dramatic 

ized egg RNA that supports protein syn- 
thesis in an in vitro translation system. 
Much, although clearly not all, of the 
translatable mRNA in the unfertilized 
egg contains 3'-polyadenylic acid [po- 
ly(A)] tracts about 50 to 120 nucleotides 
long (11, 12). Although some RNA spe- 
cies are preferentially polyadenylated 
and others occur mainly as 3'-poly(A)- 
deficient egg RNA's, the same set of 
sequences are included in both RNA 
fractions (13, 14). 

alterations that follow fertilization may 
also affect the messenger ribonucleopro- 
tein (mRNP) structures that include the 
maternal mRNA of unfertilized eggs. 
These particles are fairly stable, and 
differ in protein content and physical 

increase in protein synthesis but does 
not significantly alter the set of se- 
quences being translated. It was this 
striking quantitative feature, which is 
essentially a pecularity of echinoderm 
biology, that led to the initial discovery 
of maternal mRNA (9). 

properties from those containing the 
newly synthesized mRNA of late em- 
bryos (30). It has been proposed that 

The mature sea urchin egg has already 
completed its meiotic reduction divisions 
and is stored in the lumen of the ovary in 

these particles are responsible for inhib- 
iting translation of their maternal mRNA 
in the unfertilized egg (31), but what 

The most direct demonstration of the 
protein-coding capacity of unfertilized 
egg mRNA comes from cell-free transla- 

a relatively quiescent state. RNA syn- 
thesis nonetheless continues in the pro- 
nucleus at about the same rate per hap- 

actually happens to them in vivo remains 
to be discovered. There is some evi- 
dence from studies of specific actin (15) 
and histone (10, 32) maternal mRNA's 
that the rate at which mobilization into 
polysomes occurs after fertilization may 
be quite different for certain particular 

tion experiments. Infante and Heilman 
visualized several hundred protein spots 
in two-dimensional gel analyses of the 
translation products of poly(A) RNA ex- 
tracted from unfertilized eggs of Sp, and 
showed that these are indistinguishable 

loid genome as is observed in a cleavage- 
stage embryo nucleus (21). When fertil- 
ization occurs it sets off a train of 
cytological, physiological, and molecular 
changes in the state of the egg that begins 
within seconds of first contact between 

sequences than for the majority. 

from the translation products coded by 
the polysomal message of early embryos 
(15). There are several specific proteins 

the sperm acrosome and the egg surface. 
Most of these events have been reviewed 
by Epel and by Vacquier (24). Several 

Unexplained Features: Complexity and 

Sequence Organization of Maternal RNA 
for which maternal mRNA's are known 
to be stored. Tubulins are synthesized in 
the growing oocyte, and maternal tubulin 

hours after fertilization, the rate of pro- 
tein synthesis in the sea urchin has in- 
creased by a factor of about 100, com- 
pared to its rate in the unfertilized eggs, 

Were the heterogeneous RNA's stored 
in the egg simply a collection of mes- 
sages to be translated after fertilization, 
its sequence complexity would be that of 
early embryo polysomal mRNA, and its 
size and sequence organization would be 
no different from that of the mRNA's 
found at later stages. Observations from 
our laboratory on the properties of sea 
urchin egg RNA's suggest a more com- 
plicated-and interesting-situation, al- 
though as the foregoing discussion 
shows, translatable maternal mRNA's 
are certainly present. 

The complexity or total sequence 
length of unfertilized egg RNA has been 
measured by RNA excess hybridization 
reactions with single-copy DNA for 
three species (Sp, Ap, and Tg) and by the 
complementary DNA (cDNA) kinetic 
method for a fourth (Lp) (33). The values 
reported all fall in the range 3.0 x lo7 to 
3.7 x lo7 nucleotides. RNA complex- 
ities of this magnitude are characteristic 

message continues to be translated in the 
embryo even though a large quantity of 
tubulin protein is also inherited via the 
egg cytoplasm (9, 16). The unfertilized 
egg also contains maternal actin message 
(17, 18). The most detailed studies have 

as a result of two separate effects at the 
translational level. The major effect is on 
the assembly of polyribosomes from ma- 
ternal components, a process that begins 
only minutes after contact with the 
sperm. By the 16-cell stage about 30 been carried out on maternal mRNA's 

coding for histones. There are about lo6 
molecules of message for each of the 
four core histones in the egg of Sp, 

percent of the egg ribosomes are in- 
volved in polysomal structures, and at 
most about 10 percent of the mRNA in 

together constituting some 5 to 10 per- 
cent of the total quantity of maternal 
mRNA (9, 10, 19). Maternal mRNA for 
histones is synthesized and stored in 
growing oocytes and is also made in 
mature unfertilized eggs (20, 21). How- 
ever, in the latter all the newly synthe- 
sized histone mRNA appears to be trans- 

these polysomes is of embryonic rather 
than maternal origin (8, 9, 21). After this 
the polysome content continues to in- 
crease, probably due to the appearance 
and utilization of new embryonic 
mRNA, until about 60 percent of the egg 
ribosomes are included. Protein synthe- 
sis rate increases proportionately (25), 
and rises from about 120 pg per hour- lated immediately and is then turned 

over (21). Thus the stored maternal his- 
tone message is made earlier. The mater- 

embryo at first cleavage to 500 pg per 
hour-embryo at the blastula stage (9, 25, 
26). Fertilization also increases the nal messages code for special early em- 
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of the eggs of other groups of animals as 
well, such as amphibians and the house 
fly (34). The small pronucleus of the 
mature sea urchin egg cannot contribute 
sufficiently to the total mass of RNA to 
affect the overall observed complexity, 
which is in any case only about one-fifth 
of that measured for the nuclear RNA of 

immature sea urchin oocytes or of em- 
bryos (35). However, Hough-Evans et 
al. found that in Sp the complexity of the 
maternal mRNA, defined as that popula- 
tion of sequences loaded on early em- 
bryo polysomes, is only about 70 percent 
of that of the total egg RNA (36). This 
observation was the first indication that 

A 
2 3 4 

log RNA Cot 

Fig. 2. Characteristics of maternal poly(A) RNA displaying an interspersed sequence organiza- 
tion. (a) Titration experiment demonstrating that repetitive sequence transcripts are polyadeny- 
lated. A cloned repetitive sequence called CS2109B was labeled in vitro and the strands were 
then separated. (Open circles) One strand was hybridized to termination with increasing 
amounts of egg poly(A)+ RNA or (closed circles) poly(A)- egg RNA, and the reactions were 
assayed by hydroxyapatite chromatography. The specific fraction of poly(A)+ RNA-containing 
transcripts of the CS2109B repeat was calculated as 1.3 x compared to 4.1 x for the 
poly(A)- RNA. [From (13); courtesy of Nature (London)]. (b) Electron microscopy of 
renatured interspersed poly(A) RNA molecules of sea urchin egg RNA. The RNA was 
renatured to C,,t 600 (concentration x time; molehiter-second), and duplex-containing mole- 
cules were eluted from an ethanol-cellulose column, precipitated with ethanol, and spread for 
electron microscopy. A representative field is shown. The circular molecules are +XI74 DNA 
added as a length standard. The bar equals a single-stranded RNA length of 1000 nucleotides. 
[From (42); courtesy of Journal of Molecular Biology] (c) Complexity of single-copy sequence 
transcripts included in a selected, interspersed RNA fraction. A 32P-labeled single-copy DNA 
tracer was prepared by hybridizing total single-copy 32P-DNA with total egg RNA and purifying 
the hybridized fraction. The tracer was enriched about 30-fold for egg RNA sequences. It was 
reacted with total egg RNA (closed circle) and with RNA fractions containing interspersed 
repetitive sequence transcripts that had been selected by prior binding to an ethanol-cellulose 
column (open circle). All of the tracer that reacted with total egg RNA (about 80 percent) also 
reacted with the interspersed RNA. The latter reaction occurs at a faster rate because the 
reactive single-copy sequences are also concentrated when RNA's containing interspersed 
repeats are purified away from the bulk (ribosomal) RNA. [From (13); courtesy of Nature 
(London)] (d) Two of the possible forms of sequence organization in interspersed maternal 
poly(A) RNA. Diagram 1 depicts an RNA molecule in which the interspersed repetitive 
sequence elements are included in an intervening sequence, while diagram 2 shows an RNA 
molecule in which the repeat sequences are all located in a long 3' untranslated tail. Open 
rectangles, coding sequence; jagged line, repetitive sequence element; AAA, poly (A). 
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egg RNA might include heterogeneous 
sequences not directly explicable as ma- 
ternal message. 

Further evidence derives from a series 
of measurements camed out with repeti- 
tive DNA sequence probes. Costantini et 
al. (13, 37) showed that the RNA of 
unfertilized Sp eggs includes transcripts 
of at least several hundred different re- 
petitive sequence families. Reactions 
with strand-separated repeat tracers 
demonstrated that both strands of each 
given repetitive sequence family are rep- 
resented in the egg RNA, although in 
general in different molecules. Further- 
more, it was found that at least 70 per- 
cent of the mass of the egg poly(A) RNA 
contains interspersed repeat sequence 
transcripts. In Fig. 2a is reproduced an 
experiment demonstrating that a specific 
repeat sequence is represented in the 
poly(A) RNA fraction. On the average 
about 10 percent of the length of a po- 
ly(A) RNA molecule consists of repeti- 
tive sequence transcript, and the remain- 
der of single-copy sequence. If allowed 
to renature, such poly(A) RNA mole- 
cules will react at the complementary 
repeat sequences to form partially du- 
plexed, multimolecular structures, such 
as are shown in Fig. 2b. Evidently more 
than one repeat sequence element exists 
in many of the egg poly(A) RNA mole- 
cules, and the repeats are frequently 
located in internal positions. The experi- 
ment reproduced in Fig. 2c demonstrates 
that the interspersed egg RNA molecules 
include virtually all the sequence com- 
plexity of total egg RNA. It follows that 
there are sets of diverse transcripts in the 
egg that share homologous repeat se- 
quences, and several examples belong- 
ing to such sets have been cloned and 
their structure verified directly (38). 
While the number average length of Sp 
egg poly(A) RNA is about 3 kilobases 
(kb) (13, 3 3 ,  RNA gel blots show that 
the interspersed molecules are usually 
much longer, often from 5 to 15 kb (38). 
The presence of interspersed repeats in 
such long transcripts is directly reminis- 
cent of the structure of nuclear RNA, 
although as already pointed out the egg 
RNA complexity differentiates it sharply 
from total nuclear RNA. Figure 2d dis- 
plays two possible kinds of sequence 
organization that are consistent with 
these observations. In one case, the in- 
terspersed repeats are located in long 3'- 
terminal tails, and in the other they are 
embedded in intervening sequences that 
have not yet been processed out. The 
repetitive sequence elements are figured 
outside the coding regions, because pri- 
mary sequence determinations carried 
out on eight of nine different cloned 
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repeats of genomic families represented 
in egg RNA revealed translation stop 
codons in all possible reading frames 
(38). 

An observation that is probably relat- 
ed has been reported by Duncan and 
Humphreys in studies of Tg egg RNA 
(11). The fraction of egg RNA that lacks 
long 3' poly(A) tracts is approximately 
equal in mass to the adenylated compo- 
nent. An interesting feature of RNA 
lacking 3' poly(A) tracts is that it con- 
tains internal Alo sequences (polyade- 
nylic acid containing ten residues), just 
as does embryo nuclear RNA (39). These 
sequences are absent from cleavage 
stage polysomal RNA ( l l ) ,  that is, from 
the maternal message by the time it is 
assembled into polysomes. Whether ei- 
ther maternal or newly synthesized re- 
peat-containing poly(A) RNA's are load- 
ed directly on polysomes after fertiliza- 
tion remains moot, because interspersed 
maternal RNA species persist in the cy- 
toplasm far into embryogenesis (38, 40), 
probably complexed with proteins, and 
these particles are difficult to separate 
completely from bona fide polysomal 
structures. However, embryo polysomal 
mRNA lacks the prevalent repetitive 
sequence component observed in egg 
poly(A) RNA (33,  although by mass 
perhaps 15 percent of embryo message 
at gastrula stage continues to display an 
interspersed sequence organization, a 
somewhat larger figure than reported 
earlier (41). 

Both the presence of Ale sequences 
not found in polysomes and the structure 
of the interspersed poly(A) RNA's sug- 
gest the rather startling conclusion that a 
major fraction of the stored maternal 
RNA's are not fully processed. Whatev- 
er their function, this phenomenon is not 
confined to sea urchins. We have found 
that a major fraction of the cytoplasmic 
poly(A) RNA of Xenopus oocytes dis- 
plays the same interspersed sequence 
organization (42). Possibly the only ma- 
ternal messages (in the strictest sense) 
are those that lack both Alo and in most 
cases repeat sequences, and are avail- 
able for immediate translation (43, 44). 
On the other hand, if these sequence 
features reside in 3' terminal regions of 
the transcripts (Fig. 2d) they might not 
interfere with translation. In either case 
the fate of these maternal RNA's, and 
the biological significance of the "ex- 
cess" (that is, nonunderstood) sequence 
they contain are likely to be of basic 
importance in understanding the role of 
maternal components in development. 

There are a number of interesting pos- 
sibilities worth considering. For exam- 
ple, cytoplasmic processing in the em- 

bryo could represent a control point in 
the utilization of maternal information, 
and might be accomplished differently at 
various stages or in the various regions 
of the embryo. The maternal transcripts 
might include sequences (perhaps the 
repeat elements themselves) recognized 
by other macromolecules, such as pro- 
teins, small nuclear RNA's or other 
RNA's (45), and such complexes might 
be involved in sequestration of maternal 
mRNA's; or in subsequent processing; 
or in determining their turnover rates; or 
in localization of the transcripts within 
the embryo; or even in regulation of 
structure or function within the blasto- 
mere nuclei. Conceivably, some funda- 
mental change in the regulation of tran- 
scriptional termination occurs between 
oogenesis, when the usual signals are not 
recognized, and later embryonic devel- 
opment, when they are (46). Another 
possibility is that these sequences are 
used by the embryo to monitor the quan- 
tity of maternal transcripts, and thus to 
set the timing of events that require the 
attainment of a certain nucleus-to-cyto- 
plasm ratio as cell division proceeds 
within the constant mass of the maternal 
cytoplasm. 

Patterns of Gene Expression in the 

Embryo 

Species hybridization and actinomycin 
experiments initially indicated that for 
many hours the pattern of biosynthesis 
in the embryo remains essentially that 
determined by the maternal mRNA (9). 
This view has been substantiated in ele- 
gant detail at the molecular level. The 
spectrum of proteins synthesized in the 
embryo and resolvable on two-dimen- 
sional gels (5 lo3 species) changes very 
little from fertilization until the blastula 
stage (15, 23), and even thereafter the 
rate of synthesis of only about 15 to 20 
percent of these proteins alters more 
than tenfold (47). These observations 
were, of course, made on extracts of 
whole embryos, and it is quite possible 
that among specific cell lineages larger 
differences exist in the patterns of pro- 
tein synthesis. The changes that have 
been reported occur mainly during the 
transition from blastula to early gastrula, 
when various forms of differentiation be- 
come apparent in the embryo. Direct 
measurements of the population of poly- 
soma1 and cytoplasmic RNA's carried 
out in our laboratory have shown that no 
very extensive switching on of new 
genes occurs during embryonic develop- 
ment. Thus Galau et al. (48, 49) discov- 
ered to their surprise that all or most 

gastrula mRNA sequences are already 
represented in the stored maternal RNA 
of the egg, and in later development the 
overall complexity of the polysomal 
RNA actually declines to a minor extent. 
About 60 percent of that set of sequences 
found in the maternal mRNA is still 
present in the newly synthesized tran- 
scripts of the late embryo (36). A specific 
rare maternal sequence that appears to 
be expressed only at the earliest stages 
was described by Lev et al. (50). This 
sequence is loaded on polysomes in 16- 
cell embryos, but thereafter it disappears 
from the embryo cytoplasm (Fig. 3a). 

The comparisons of polysomal RNA 
sequence sets referred to here concern 
mainly the low abundance transcripts 
that account for most of the mRNA 
complexity. Such sequences are present 
in only a few copies per gastrula cell on 
the average, that is, assuming that they 
are equally present in all the cells at this 
stage, which for any given example may 
not be the case. Low abundance se- 
quences amount to about 40 percent of 
the total mass of cytoplasmic poly(A) 
RNA (48, 49, 51). Higher prevalence 
RNA sequences of egg and embryo have 
also been compared, in measurements 
carried out with cDNA clone libraries 
(51, 52). Almost all of the genomic tran- 
scripts in the range lo4 to lo6 copies per 
embryo (that is, in the late embryo about 
10 to lo3 copies per cell on the average) 
are found to be represented to an ap- 
proximately equal extent in the maternal 
RNA and in pluteus stage embryo cyto- 
plasmic poly(A) RNA. Typically such 
transcripts decline in prevalence several- 
fold on a per embryo basis between egg 
and gastrula stages, whereupon their se- 
quence concentration builds back up as a 
result of new synthesis in the late em- 
bryo (52). However, there are also a 
limited number of moderate to low prev- 
alence RNA species that appear for the 
first time during blastulation, in agree- 
meht with studies of protein synthesis 
patterns (47). The appearance of poly(A) 
RNA sequences apparently representing 
newly activated genes has been verified 
by the RNA gel blot method with the use 
of cloned complementary DNA (cDNA) 
probes (52, 53), as shown for example in 
Fig. 3, b to d, and is also supported by a 
study of cDNA hybridization kinetics in 
blastula to gastrula stage embryos (54). 

The high complexity of the maternal 
mRNA, and the persistence of much of 
the same complex set of polysomal 
RNA's throughout embryogenesis poses 
a very interesting developmental prob- 
lem. Measurements indicate that the 
number average length of the polysomal 
poly(A) mRNA of early sea urchin em- 



bryos is about 2000 nucleotides (9) [that 
is, somewhat shorter than egg or embryo 
cytoplasmic poly(A) RNA, the number 
average length of which is 2 3000 nucle- 
otides (13, 14)]. If each polysomal po- 
ly(A) RNA molecule contains a message 
sequence for one protein, the codogenic 
capacity of the protein synthesis appara- 
tus is probably about 12,000 diverse 
polypeptides at blastula stage, when the 
complexity is 24 x lo6 nucleotides, and 
is more than 8000 polypeptides at gastru- 
la stage when the complexity is 17 x lo6 
nucleotides (48, 49). One hypothesis is 
that morphogenesis is extremely expen- 
sive in terms of protein diversity, in that 
a very large number of different proteins 
must cooperate in the construction of 
three-dimensional biological structures. 
Relevant examples include flagella, 
which contain more than 120 diverse 
protein species; the moth egg chorion, 
which contains more than 180 protein 
species; and the T4 bacteriophage head 
and tail, which include more than 50 
different structural gene products (55). It 
seems paradoxical that, while the struc- 

tural complexity of the embryo progres- 
sively increases, the molecular complex- 
ity of the embryo mRNA is highest at the 
beginning, and that during development 
most maternal mRNA species are merely 
replaced by new transcripts of the same 
set of genes as were active in oogenesis. 
Perhaps a large fraction of the complex 
sets of proteins required for embryonic 
morphogenesis assembles into biological 
structures only long after they are syn- 
thesized. The mRNA's of the embryo 
might include programs for morphogen- 
esis that begin to be transcribed and 
translated during oogenesis. Some of 
these mRNA's might continue to be ex- 
pressed in the embryo genomes; perhaps 
different sets in different cell lineages. 
An example of a protein made in the 
oocyte for assembly in an embryonic 
structure might be provided by the tubu- 
lins. These maternal proteins are known 
to be utilized after fertilization for ciliary 
morphogenesis, and they continue to be 
synthesized during embryogenesis (9, 
16, 56). The hypothesis that the com- 
plexity of embryonic mRNA is required 
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Fig. 3. Examples of patterns of gene activity observed with cloned sequence probes. (a) 
Representation of a rare maternal transcript in various RNA's. A cloned sequence called Sp88 
that is complementary to about 1400 transcripts per egg was strand-separated and labeled in 
vitro. The expressed strand tracers were used to determine the concentration of complementary 
transcripts by titration. Data are expressed as relative concentration per unit mass RNA of Sp88 
transcripts in E, total egg RNA; 16p, 16-cell polysomal RNA; Gp, gastrula polysomal RNA; GN, 
gastrula nuclear RNA; PC, pluteus cytoplasmic RNA; Ic; intestine cytoplasmic RNA; IN,  
intestine nuclear RNA. No Sp88 transcripts could be detected in cytoplasmic RNA of intestine 
cells. [From (50); courtesy of Developmental Biology] (b to d) RNA gel blot hybridizations with 
cloned probes. (b) cDNA clone SpG4-B9 reacted with (from left to right) egg poly(A) RNA, 
gastrula polysomal poly(A) RNA, and intestine poly(A) RNA. This sequence is barely 
represented in the maternal RNA but is expressed strongly in gastrula. It is absent in intestine. 
The length of the transcript is 1.45 kb. (c) cDNA clone SpG2-D12, same RNA's. This sequence 
is not detectably represented in egg RNA but is prevalent in the gastrula and intestine RNA's. 
The length of the transcript is 1.35 kb. [Parts (b) and (c) are from (52); courtesy of 
Developmental Biology] (d) Cloned actin gene probe, reacted with egg poly(A) RNA, 16-cell 
embryo poly(A) RNA, and gastrula poly(A) RNA (85). The two main actin transcripts are 1.8 
and 2.2 kb in length (17). 
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by morphogenetic function might also 
explain why a large fraction of embryo 
cytoplasmic transcripts (both rare and 
prevalent) are not found in those adult 
sea urchin cell types that have so far 
been examined, where the total polyso- 
mal message complexity is much lower 
(48, 49, 57). 

Transcript Synthesis and 

Turnover Rates 

It is interesting to consider more close- 
ly the role of structural gene transcrip- 
tion in the embryo nuclei. Measurements 
of the synthesis and turnover rates of 
embryo polysomal mRNA shows that 
most of the mass of this message is 
newly synthesized by the blastula stage 
(58, 59). However, Cabrera et al. (40) 
found that (in Sp) the actual point in 
development at which the maternal tran- 
scripts are replaced by new ones varies, 
depending on the particular sequence 
examined. In this work, using cloned 
cDNA probes we measured the cytoplas- 
mic entry and turnover rates of a set of 
poly(A) RNA's of different prevalences. 
A general conclusion is that cytoplasmic 
transcript stability is an important deter- 
minant of the level of gene expression in 
sea urchin embryos in that most newly 
synthesized rare poly(A) RNA's turn 
over and are replaced with a half-life of 
several hours (9, 40), while prevalent 
ones accumulate because they are sta- 
ble. Therefore, low abundance se- 
quences can be regulated either up or 
down by the embryo cells, while once 
transcribed, most abundant sequences 
are there to stay, and in general their 
prevalence can only rise, that is, as a 
result of new synthesis. Since the preva- 
lence of most sequences in the embryo is 
similar to that in the maternal RNA of 
the egg, for each sequence much the 
same relation between turnover rate and 
cytoplasmic entry rate must have existed 
in oogenesis as in embryogenesis. The 
entry rates for specific sequences are 
sharply different, and are so low for 
some prevalent transcripts that it is clear 
that the majority of the cytoplasmic po- 
ly(A) RNA's of such species are still of 
maternal origin even in pluteus stage 
embryos (40). 

By far the majority of genes that are 
active produce low abundance se- 
quences, and in Sp entry rates for such 
transcripts are typically about one mole- 
cule per cell every one to several hours 
(40). To maintain the steady-state con- 
centrations of such cytoplasmic RNA's 
would require only occasional transcrip- 
tional initiations. Electron microscopic 

SCIENCE, VOL. 217 



examinations of the transcription com- 
plexes of S p  embryo nuclei were carried 
out by Busby and Bakken (60). They 
observed that more than 80 percent of 
the visualized complexes contain only 
single nascent transcripts. The average 
polymerase spacing even in the more 
intensely expressed regions displaying 
multiple transcripts was about 3.7 kb, 
suggesting an initiation rate of only about 
one molecule every 7 to 10 minutes (61). 
The cytoplasmic entry rates measured 
by Cabrera et  a/ .  (40) even for prevalent 
sequences were of the same magnitude 
or lower. Thus the very high rates of 
initiation typical of genes transcribing 
superprevalent mRNA's in terminally 
differentiated mammalian or avian cells 
are not generally required for the main- 
tenance or operation of a system that 
is undergoing embryonic morphogen- 
esis. 

The relation between the nuclear RNA 
synthesized in the embryo genomes and 
the population of mRNA's entering the 
cytoplasm is not well understood, There 
is evidence for conservation of a major 
fraction of 5' terminal RNA "cap" struc- 
tures, and their transfer to the cytoplas- 
mic mRNA compartment (62). However, 
both the complexity of the nuclear RNA 
and its rate of synthesis are at least 
tenfold higher than the corresponding 
parameters for the cytoplasmic mRNA 
of the same embryo cells (58, 59, 63). In 
addition, Wold et  a/ .  (64) found that in 
Sp many low abundance, blastula poly- 
soma1 RNA sequences which are absent 
from the cytoplasm of adult cells are 
nonetheless represented in the nuclear 
RNA of these cells. This was also ob- 
served in Sp for a set of blastula-specific 
sequences by Shepherd and Nemer (54). 
In Fig. 3a is illustrated an example of this 
phenomenon, in which a specific tran- 
script found only in the cytoplasm of 
early embryos remains detectable in 
both gastrula and adult cell nuclear 
RNA's. The initiation and termination 
sites of this gastrula nuclear transcript 
are approximately the same as for the 
predominant homologous maternal tran- 
script of unfertilized egg poly(A) RNA 
(65). In general the nuclear RNA's of sea 
urchin embryo and adult cells display a 
very high degree of sequence overlap, 
although they are certainly not identical 
(64, 66). Since transcription rates (and 
steady-state levels) for regulated, cyto- 
plasmically expressed polysomal se- 
quences are so low, differential patterns 
of transcription that are physiologically 
meaningful could easily be obscured 
by random transcriptional "leakage" if 
such a phenomenon were to occur in 
some or all of these nuclei. However, it 

cannot now be excluded that regulation 
in sea urchin embryo nuclei occurs at the 
posttranscriptional as well as at the tran- 
scriptional level. 

Developmental Expression of Ribosomal, 

Actin, and Histone Genes 

There are several interesting proteins 
known that are likely to be involved 
directly in formation of biological struc- 
tures during development. Examples in- 
clude the proteins associated with skele- 
ton formation, proteins that might be 
involved in gastrulation and morphogen- 
esis, and the vitelline layer proteins (67, 
68). While these are the focus of ongoing 
research in several laboratories, little is 
as yet known of the respective genes. At 
present the best analyzed gene systems 
are the ribosomal RNA (rRNA) genes, 
the actin genes, and the histone genes. 
The quantitative details of expression in 
each of these systems provide an instruc- 
tive paradigm for gene activity in the 
embryo. 

The ribosomal genes are present in 50 
to 200 copies per genome, depending on 
the sea urchin species. During oogenesis 
the ribosomal genes function at what is 
probably their maximum transcriptional 
rate. Griffith and Humphreys showed 
that in Tg the average rate of synthesis is 
about 1800 rRNA molecules of each sub- 
unit per minute-oocyte, or about 450 
molecules per minute in each haploid 
genome set (69). Ribosomal gene amplifi- 
cation apparently does not occur in sea 
urchin oogenesis, and the high rate of 
synthesis suffices to produce the mater- 
nal complement of ribosomes over the 
several months of oogenesis (in the egg 
of Tg there are about 4 x 10' ribo- 
somes). In embryos the rate of rRNA 
synthesis per nucleus is reduced to only 
a few percent of that in the growing 
oocyte. In Tg this rate is about 60 mole- 
cules per minute in each (diploid) nucle- 
us (69); in Lp about 20 molecules per 
minute-nucleus; in Sp 18 to 40 molecules 
per minute-nucleus (70). These rates are 
maintained all through embryological de- 
velopment without significant change. 
Electron microscope observations (60) 
suggest that in embryos a few of the 
ribosomal genes are highly active, while 
the vast majority remain repressed. 
Humphreys showed (in Lp) that on feed- 
ing as net growth resumes in the larva 
the rate of rRNA synthesis increases 
severalfold (70). 

Actin is among the many maternal 
proteins inherited by the embryo (71), 
along with its maternal message. The egg 
of Sp contains relatively low quantities 

of a 2.2-kb transcript and an even smaller 
amount of a 1.8-kb species of maternal 
actin mRNA (17). Cell free translation 
shows that messages for several actin 
isoforms are stored in the egg (15). Crain 
et  al,  reported that between 8 and 18 
hours after fertilization the polysomal 
concentration of the 1.8-kb mRNA form 
increases about 40-fold and that of the 
2.2-kb form increases about 20-fold (18). 
This sharp developmental increase can 
be seen in Fig. 3d. Adult tissues so far 
examined in our laboratory display only 
a 2.2-kb actin mRNA, and the 1.8-kb 
form could represent an actin gene (or 
genes) activated specifically in the em- 
bryo. Clustered sets of actin genes have 
been isolated from the genome of S p ,  
and some of these clusters include actin 
genes of diverse types (17). The actin 
genes are distinguished from each other 
by nonhomologous transcribed se- 
quences extending for several hundred 
nucleotides beyond the translation termi- 
nation signal. Since they are expressed 
differentially in embryonic development 
and in adult tissues, these genes offer an 
excellent opportunity to determine the 
sequence features required for their de- 
velopmental regulation. 

The organization and expression dur- 
ing embryogenesis of the histone gene 
family have been intensively investigat- 
ed, and this subject has been reviewed in 
detail (22, 72). After the 16-cell stage, the 
maternal mRNA's for the early histone 
variants are replaced by new transcripts 
deriving from the early histone genes 
active in the embryo nuclei, while the 
genes for histones found only in early 
cleavage nuclei are apparently functional 
exclusively in oogenesis and for a short 
time after fertilization, and are then shut 
off (22). Recent results from the labora- 
tories of Wilt and Kedes have added 
interesting quantitative details. Transla- 
tion of histones rises sharply after fourth 
cleavage, and at its peak histone synthe- 
sis accounts for more than 30 percent of 
total protein synthesis (9, 10). At the 128- 
cell stage mRNA's for each of the core 
histone species are emerging from the 
average embryo nucleus at a rate of at 
least 800 molecules per minute (73) 
(there are about 400 genes for each of the 
early histone variants per haploid 
genome in Sp) .  Thus the number of his- 
tone mRNA molecules of each core spe- 
cies rises from about lo6 per embryo at 
fourth cleavage, most of which are ma- 
ternal in origin, to about lo7 only 4 hours 
later, when 90 percent are the result of 
new synthesis (19, 73, 74). The rate of 
histone synthesis is keyed to the rate of 
cell division (9), and when this falls, after 
about the 200-cell stage, the level of 



histone mRNA and of histone translation 
also decline, due to message turnover 
and a sharp decrease in the flow of new 
messages to about 15 percent of the peak 
rate (73, 74). At 300 cells there are again 
5 lo6 molecules of each core histone 
mRNA species present. Transcription of 
the early histone genes is repressed, and 
during blastulation there appear new 
"late" variants of each core histone and 
also histone H1 (22). The late histones 
are transcribed from a different set of 
genes that are present in the genome in 
only 1 to 2 percent of the multiplicity of 
the early histone genes, and at least in 
some cases these genes are located dis- 
tantly from the major early histone gene 
clusters (75). Among the many fascinat- 
ing problems of gene regulation posed by 
these data are the mechanisms by which 
first the cleavage stage histone genes and 
later the early histone genes are re- 
pressed, the relation between the pat- 
terns of expression and the genomic lo- 
cations of these genes, the means by 
which early histone gene expression is 
coordinated with cell division rate, and 
the functional significance of the assem- 
bly into chromatin of the late as opposed 
to early histone variants. Early and late 
gene expression are also regulated differ- 
ently during oogenesis, since the mater- 
nal message apparently does not include 
late histone gene transcripts. In contrast 
to the histones, many of the nonhistone 
nuclear proteins found in embryo chro- 
matin as late as the gastrula stage are 
maternal in origin, and are not synthe- 
sized at all after fertilization (76). 

The embryo applies diverse solutions 
to the logistic and informational de- 
mands of development. As additional 
genes and gene systems are investigated 
it becomes apparent that the basic com- 
ponents of these solutions, maternal 
mRNA's and proteins, and embryonic 
mRNA's and their translation products, 
are utilized to various extents and ac- 
cording to different developmental 
schedules. 

Localization of Morphogenetic 

Fate in the Sea Urchin Embryo 

Improvement of methods for obtaining 
mass preparations of micromeres and for 
recovering and culturing mesenchyme 
cells have led to a series of new experi- 
ments on the molecular basis of determi- 
nation in the micromere cell lineage. An 
obvious proposal is that micromeres in- 
herit a particular subset of maternal 
mRNA's, and thereby are endowed with 
special developmental potentialities. 
Rodgers and Gross (77) (in Lp) and Ernst 

et al. (78) (in Sp) found that only 70 to 80 
percent of the maternal sequence com- 
plexity is represented in total micromere 
RNA, while the remainder of the embryo 
retains all the maternal sequences, at 
about the same concentrations as in the 
unfertilized egg. On the other hand, the 
sequence content of micromere polyso- 
ma1 RNA is just the same as that of the 
whole 16-cell embryo (78). The similarity 
between the translated mRNA in micro- 
meres and in the remainder of the em- 
bryo is observed as well at the protein 
synthesis level. Almost all the newly 
synthesized proteins resolved on two- 
dimensional gels are synthesized alike by 
micromeres, macromeres, and meso- 
meres (79). While a small but potentially 
important subset of low abundance 
mRNA's would have been missed in any 
of these experiments, at least the sim- 
plest forms of the maternal mRNA segre- 
gation model for micromere commitment 
seem excluded. However, there are oth- 
er differences between micromeres and 
the remainder of the fourth cleavage 
embryo, and these point in a different 
direction. At this stage micromere nuclei 
contain no high complexity nuclear RNA 
while nuclei of the other blastomeres 
synthesize such RNA actively (78). In 
addition, Senger and Gross showed that 
the ratio of histone to nonhistone protein 
synthesis is higher in micromeres, and if 
transcription is blocked by actinomycin 
this difference is abolished (80). 

One interpretation suggested by these 
observations is that the basic distinction 
between the micromere and other cell 
lineages derives from precocious differ- 
ences in nuclear gene expression, due 
initially to a cytoplasmic environment in 
the micromeres very different from that 
to which the other blastomere nuclei are 
exposed. The micromeres are essentially 
budded off from the adjacent macro- 
meres with a very small amount of cyto- 
plasm. The absence of a class of mater- 
nal RNA sequences found in the rest of 
the embryo suggests that a special cyto- 
plasmic domain has been created in the 
micromeres. Furthermore, nuclear gene 
expression in the micromeres might be 
expected to dominate the pattern of pro- 
tein synthesis more rapidly than in cells 
that contain severalfold more cytoplas- 
mic volume and maternal mRNA (80). 
The micromere lineage is clearly com- 
mitted at an early stage, and when cul- 
tured in isolation micromeres differenti- 
ate in vitro into skeleton-producing pri- 
mary mesenchyme cells on the same 
temporal schedule as in situ (81). By late 
in embryogenesis these and other differ- 
entiated cell types no doubt contain dis- 
tinct populations of cytoplasmic poly(A) 

RNA's and synthesize distinct proteins. 
As one example, Bruskin et al.  (53) have 
described a family of ten protein species 
translated specifically in late embryo ec- 
toderm cells. Transcripts coding for 
these proteins increase in prevalence 
more than 100-fold after early blastula 
stage, and are already concentrated in 
ectoderm cells by the early gastrula 
stage. 

The molecular basis of commitment on 
the part of early blastomere lineages is 
extremely subtle. When very early sea 
urchin embryos are treated with lithium 
chloride they undergo an abnormal form 
of development in which gastrular invag- 
ination and skeletal formation are sup- 
pressed. Yet no differences in the pat- 
terns of protein synthesis can be detect- 
ed between lithium chloride-treated and 
normal embryos until after the cata- 
strophic effects of this treatment have 
already occurred (82). An approach that 
is promising in regard to commitment 
and morphogenesis is isolation of surface 
components from embryo cells that 
specify correct intercellular interactions. 
Giudice and his colleagues (83) showed 
that disaggregated sea urchin embryos 
will reassort to form blastula-like struc- 
tures that subsequently complete embry- 
ological development. Recently, No11 et 
al. found that surface proteins can be 
extracted and then added back to pro- 
mote such reaggregation (@), and the 
role and origins of these proteins can 
now be investigated. 

The embryonic architecture of the sea 
urchin begins with the initial polarity of 
the egg. This subject was classically 
much investigated, and has been reex- 
amined experimentally and reviewed by 
Schroeder (84). The egg is endowed with 
an animal-vegetal polarity before fertil- 
ization, and this probably originates far 
back in oogenesis, At fertilization (or 
parthenogenic stimulation) a "clock" is 
activated, and on a timetable that is 
independent of the cleavage mitoses per 
se, cortical cytoplasmic elements of the 
vegetal pole are moved upward toward 
the equator of the egg. The residual polar 
cortex is the site where the micromeres 
will form. A fascinating challenge that 
can now be considered is definition of 
the molecular nature of this "clock," 
and of the primitive axial localization 
resident in the unfertilized egg. 

Interpretation and Future Directions 

We have focused on the major con- 
cepts and puzzles that have arisen with 
the growth of molecular level knowledge 
of sea urchin embryogenesis. Clearly we 
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do not yet know how embryogenesis 
really "works" in this organism. Some 
major features are becoming evident, 
and others can perhaps be inferred. One 
simplified and hypothetical interpreta- 
tion is as follows. During oogenesis a 
complex set of macromolecules that will 
be needed for morphogenesis and cell 
division begins to be transcribed and 
translated. They are accumulated in the 
growing oocyte in the quantities required 
for the mass of cytoplasm contained in 
the whole embryo, and following fertil- 
ization they are utilized until the embryo 
has acquired sufficient nuclei to replace 
them with its own transcription and 
translation products. The oocyte has 
only one (tetraploid) nucleus, and this 
process of accumulation requires a rela- 
tively long period of synthesis for those 
products needed in great abundance. 
Fertilization acts as a metabolic trigger 
that activates essentially the same pat- 
tern of biosynthesis as preceded it in the 
oocyte, but it also sets off a crucial series 
of spatial reorganizations of the cyto- 
plasm. The result during cleavage is es- 
tablishment of diverse domains in which, 
by some unknown process, the nuclei of 
different embryonic cell lineages are in- 
duced to function differentially. Most of 
the productive transcription (and pro- 
cessing) in the embryo nuclei is required 
for replacement of maternal RNA's and 
proteins, a task that is accomplished at 
various rates and by various means, de- 
pending on the sequence and the rate at 
which it is demanded. However, in these 
genomes there also occurs the activation 
of sets of cell lineage specific genes. The 
products of such genes might be needed 
for the cellular differentiations that re- 
sult, by intercellular interaction, in the 
assembly of the three-dimensional multi- 
cellular structures of the embryo, though 
the actual construction of these may 
require extensive use of preformed com- 
ponents. Embryogenesis is terminated 
(pluteus stage) when a constant ratio of 
nucleus to cytoplasm is attained, when 
the transcripts on the polysomes are all 
of embryonic rather than maternal ori- 
gin, when specific patterns of gene 
expression characteristic of the major 
cell lineages are established, and when 
the morphogenetic program that began 
to be read out in the oocyte nucleus has 
been carried to completion. 

Although no other early embryonic 
system is nearly as well understood at 
the molecular level, it seems likely that 
additional approaches will be required if 
we are to be able to assay directly the 
functional meaning in development of 
the particular proteins, transcripts, and 
active genes of the embryo. It can be 

anticipated that there will be developed 
subembryonic and cell free systems in 
which the assembly of morphological 
structures can be studied, and other sys- 
tems in which the effect of embryonic 
constituents on transcription and pro- 
cessing can be investigated in vitro. In 
addition, serious efforts are now being 
made to develop DNA transformation 
systems for sea urchin eggs that might 
permit direct investigation of the role of 
nucleic acid sequence features in the 
context of the developing embryo. It 
should be clear from the foregoing that 
early embryogenesis is a special, enor- 
mously complex process, the actual 
mechanism of which can scarcely be 
established by studying anything but em- 
bryos themselves. As it has for the past 
century, the sea urchin egg can be ex- 
pected to continue to provide an accessi- 
ble and revealing model for this endeav- 
or. 
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Fluorides and the Changing 
Prevalence of Dental Caries 

Dennis H. Leverett 

Dental caries is a disease associat- 
ed with increasing acculturation. Along 
with crowding and pollution, it is one of 
the prices we have paid for our social 
and industrial development. Dental car- 
ies was not prevalent in primitive socie- 
ties apparently because their diets lacked 
easily fermentable carbohydrates. Al- 
though caries is clearly a disease with 
multiple causes (I), the principal mode of 
caries initiation is acid dissolution of 
tooth enamel. This acid is produced by 
several different microorganisms, most 
notably Stveptococcus mutans, with fer- 
mentable carbohydrates, especially su- 
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crose, as the nutrient source. Although 
this is a simplification of a complex pro- 
cess, availability of sucrose in the diet is 
clearly the key factor in dental caries 
initiation. 

Theoretically, the dental caries pro- 
cess can be interrupted or terminated in 
one of three ways: (i) reduction in the 
numbers of cariogenic bacteria or disrup- 
tion of their ability to metabolize fer- 
mentable carbohydrates, (ii) dietary con- 
trol of carbohydrate intake, or (iii) en- 
hancement of the ability of tooth struc- 
ture to withstand acid dissolution. 

To reduce or disrupt the action of 
cariogenic bacteria, various antimicrobi- 
al agents have been incorporated in den- 
tifrices and mouth rinses, and improved 
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methods of personal oral hygiene have 
been recommended. A great deal of ef- 
fort is also being placed on the develop- 
ment of an effective vaccine. Since the 
role of carbohydrates is well understood, 
it would seem relatively straightforward 
to restrict sucrose in the diet and substi- 
tute noncariogenic sweeteners. Both of 
these approaches to controlling the den- 
tal caries process, however, have serious 
limitations, which have already been de- 
scribed (2). It is the third approach, 
enhancing the ability of the tooth struc- 
ture to withstand acid dissolution partic- 
ularly through the use of fluorides, which 
has been most successful and which I 
will discuss in this article. 

Fluorides for Dental Caries Prevention 

Fluoride therapy as a means of pre- 
venting dental caries has been used since 
1945, when the fluoride concentrations 
of community water supplies in two U.S. 
cities and one Canadian city were adjust- 
ed upward to 1 part of fluoride ion per 1 
million parts of water (3, 4). Naturally 
fluoridated water supplies had been pro- 
tecting those who drank it for genera- 
tions, but it was only in the late 1930's, 
with improved microanalytical tech- 
niques and large-scale epidemiological 
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