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A Century of Sea Urchin Development1 

SUSANG. ERNST 
Department of Biology, Tufts University, 


Medford, Massachusetts 02155 


SYNOPSIS.In the last quarter of the nineteenth century several investigators in- 
cluding Richard and Oskar Hertwig, Theodor Boveri, Hans Driesch, Curt Herbst, 
T. H. Morgan and others turned their attention to sea urchin eggs and early em- 
bryos. This favorable combination of outstanding investigators and the sea urchin 
embryo as an experimental organism contributed to a fundamental understanding 
of the cell, fertilization and heredity. The advantages of the sea urchin continued 
to be recognized as experimental embryologists used these embryos to develop the 
concepts of gradients, regulative development and inductive interactions. Then, as 
developmental biology arose from chemical embryology, the sea urchin embryo 
once again emerged as an ideal experimental animal, pivotal in the understanding 
of the molecular and developmental biology of eukaryotic organisms. 

"It was the uncontested merit of Oskar 
Hertwig to have, with a single brilliant 
stroke, illuminated the field. Up until that 
time [1875], relatively unsuitable material 
had been used for study . . . Oskar Hertwig 
selected for his first investigation the sea 
urchin and found thereby an object in 
which so many favorable circumstances co- 
incide, that even today, at least for the ob- 
servation in the living state, it is unsurpas- 
sed." Thus wrote Theodor Boveri in his 
second cell study in 1892 (Boveri, 1892 cit- 
ed in Baltzer, 1962, Rudnick translation, 
1967, p. 69) and today many developmental 
biologists are still finding the sea urchin 
embryo unsurpassed for observations in the 
living state. Eggs and embryos are relative- 
ly transparent making it easy to observe fer- 
tilization and developmental events. The 
adults are easily maintained in a laboratory 
and millions of mature gametes can be ob- 
tained from a single individual. Fertilization 
is external and embryogenesis in sea water 
is rapid, synchronous and relatively simple. 

Just a glance at the numerous outstanding 
books (Giudice, 1973; 1986; Stearns, 1974; 
Czihak, 1975) on sea urchin embryos 
makes it immediately obvious that any 
short review on the history of sea urchin 

From the Symposium Forces in Developmental Bi- 
ology Research: Then and NOW presented at the An- 
nual Meeting of the Society for Comparative and In- 
tegrative Biology, 26-30 December 1995, at Washing- 
ton, D.C. 

development will be limited in scope and 
idiosyncratic. Of the many topics that have 
been excluded due to space constraints, two 
require at least mention. First, investiga- 
tions on sperm-egg interactions and egg ac- 
tivation in the sea urchin have contributed 
more to our understanding of fertilization 
than studies from any other organism. 
Much of the early work on fertilization us- 
ing sea urchins can be found in Runnstrom 
(1951). A second area not covered here, but 
where sea urchin embryogenesis has con-
tributed greatly to asking, as well as an-
swering fundamental questions is morpho- 
genesis. The reader is referred to Ettensohn 
and Ingersoll (1992) for an excellent recent 
review on this subject. Here we take a pri- 
marily chronological approach to the his- 
tory of sea urchin development. However, 
the strong experimental and intellectual 
continuity of some ideas necessitated the 
uninterrupted following of their develop-
ment once the thread was picked up. This 
review highlights ways in which the sea ur- 
chin embryo has helped generations of in- 
vestigators conceptualize basic biological 
questions and has supplied answers to prob- 
lems in the fields of genetics, cell, devel- 
opmental and molecular biology. In addi- 
tion, it draws attention to the great extent 
to which our current progress and models 
of sea urchin development rely on the me- 
ticulous observations and the clear and cre- 



ative thinking of those who have gone be- 
fore us. 

For simplicity I have divided this history 
into three periods. The divisions are, of 
course, artificial but serve primarily to or- 
ganize an enormous amount of information. 
The first period with an arbitrary start date 
around 1875 continued until the 1920s. It 
was during the first period that studies on 
the sea urchin resulted in the understanding 
of the process of fertilization and the chro- 
mosome theory of heredity. It was also dur- 
ing this period that the unequal potential of 
the regions of the egg was discovered. 
Studies in the second period from the 1920s 
through the 1950s and into the early 1960s 
are grouped into two major areas: experi- 
mental embryology and chemical embry- 
ology. During the third period (1950-1975) 
investigators of sea urchin development 
made major contributions to the emerging 
concepts of the central dogma. 

There are several reports of early micro- 
scopic observations of sea urchin eggs and 
developing embryos (DufossC, 1847 cited 
in Monroy, 1986; Von Baer, 1847 cited in 
Needham, 1950, p. 99; Derbks, 1847 cited 
in Horstadius, 1973, p. 10). However, as 
pointed out by the opening quotation by 
Boveri, it was Oskar Hertwig's careful cy- 
tological observations made after adding 
sperm to eggs that drew attention to the sea 
urchin as an organism of choice for the 
study of fertilization and embryogenesis. 
Taking advantage of the remarkable optical 
clarity of sea urchin eggs, 0 .  Hertwig dem- 
onstrated that fertilization is the result of 
the fusion of two pronuclei (Hertwig, 
1876). Around the same time that other in- 
vestigators observed pronucleus fusion in 
snails and Ascaris (reviewed in Davidson, 
1976), Hertwig's discovery focused atten- 
tion on the importance of the nucleus and 
thereby provided the explanation of the role 
of the two parents in fertilization and de- 
velopment. 

No sooner had the importance of 0.Her-
twig's discovery of pronuclear fusion been 
understood when Oskar Hertwig and his 
brother Richard started shaking sea urchin 
eggs. Working at the Marine Station of An- 

ton Dohrn in Naples, the Hertwigs found 
that when they shook sea urchin eggs they 
sometimes produced egg fragments that 
could repair themselves. More surprisingly, 
they also discovered that when egg frag- 
ments without nuclei were fertilized by 
sperm, the resulting merogones could com- 
plete relatively normal development with 
only the male pronucleus (Hertwig and 
Hertwig, 1887). Around the same time 
Jacques Loeb at Woods Hole was fascinated 
with the question of why sea urchin eggs 
die unless they are fertilized. He devised a 
"lysin-corrective factor" method for par- 
thenogenesis (reviewed in Loeb, 19 13). 
Separate treatment of eggs with butyric acid 
and with hypertonic sea water resulted in 
lifting of the fertilization membrane, initi- 
ation of normal cleavage, and complete par- 
thenogenetic development (Loeb, 19 13). 
These two lines of experimentation, the de- 
velopment of merogones with only the 
sperm nucleus and the development of par- 
thenogenetic activated eggs with only the 
female pronucleus, demonstrated that the 
chromosomes from the female and the male 
are developmentally and genetically equiv- 
alent. 

In 1888 Roux reported that killing one 
blastomere of the 2-cell stage amphibian 
embryo produced a partial embryo, sug- 
gesting that the egg is a mosaic of indepen- 
dent parts partitioned during cleavage 
(Roux, 1888). By selecting the sea urchin 
embryo where he could completely separate 
the first two blastomeres by shaking, 
Dreisch found a dramatically different re- 
sult: two perfect, but diminutive sea urchin 
embryos. This first description of regulative 
development, along with his classic pres- 
sure plate experiments, in which Dreisch 
found that nuclei distributed to different 
regions of the cleaving egg were not qual- 
itatively different from each other, led 
Dreisch to think of the embryo as a "har- 
monious equipotential system" and then 
down the path of vitalism. However, from 
Dreisch's work comes the first understand- 
ing that, depending upon the circumstances, 
cells from one region of the egg can give 
rise to parts of the larvae that they would 
have never formed in normal development 
(reviewed in Davidson, 1976; 1986). 



Some of the most important investiga- 
tions to come from this early period were 
the studies of Theodor Boveri. Today Bov- 
eri's contributions remain curiously under- 
recognized; however, from Boveri's con-
temporaries and current investigators who 
know his work, there is universal recogni- 
tion of the seminal nature of his thinking 
(Morgan, 1894; Sutton, 1902; Goldschmidt, 
1916; Wilson, 1925; Spemann, 1938; Baltz- 
er, 1962; Davidson, 1989a; Monroy, 1986). 
Boveri received his Ph.D. at the University 
of Munich in 1885 and soon after became 
an assistant to R. Hertwig. In 1888 he took 
his first trip to Naples where he made many 
far-reaching discoveries using sea urchins. 
Boveri named the centrosome and provided 
the early descriptions of the role of the cen- 
trosome in fertilization and cell division. He 
also discovered the jelly canal and realized 
its importance in marking the animal pole 
(reviewed in Baltzer, 1962). 

Space permits the description of only one 
of Boveri's many ground breaking experi- 
ments. At the time Weismann and others 
held that all chromosomes were essentially 
identical, while Roux suggested that indi- 
vidual chromosomes were different. Boveri 
designed the following experiment to dis- 
tinguish between these two possibilities 
(Boveri, 1907; reviewed in Wilson, 1925; 
Baltzer, 1962). If an egg is fertilized with 
two sperm, the result of the first cleavage 
is a four, rather than a two-cell stage. Fur- 
thermore, T. H. Morgan discovered that if 
you shake dispermic eggs before the first 
division the result is often a three-cell stage. 
Boveri reasoned that in dispermic eggs of 
Paracentrotus lividus there would be a 
greater chance of getting a complete set of 
all 18 chromosomes in the cleavage blas- 
tomeres of three, rather than four cells. 
Boveri modeled this experiment using num- 
bered balls to represent the 54 chromo-
somes and a device to randomly separate 
them into groups to determine the proba- 
bility of finding a complete set of chromo- 
somes in each blastomere of a triaster or 
tetraster egg. Two hundred throws of the 
balls suggested that none of the 4-cell em- 
bryos would have all 18 chromosomes and, 
therefore, none would develop normally. 
When the balls were randomly distributed 

into three groups, the result was that 11% 
of the time the three groups would contain 
balls representing at least one of each of the 
18 chromosomes. When Boveri analyzed 
the results of 1500 dispermic eggs that di- 
vided first to the four cell stage, only one 
(< 0.1%) developed into a normal pluteus. 
In contrast, 58 of 719 or 8% normal plutei 
arose from dispermic eggs that had first 
gone through a three-cell stage, a result 
close to the predicted 11%. From this study 
Boveri concluded that "normal develop-
ment is dependent on the normal combi- 
nation of chromosomes and this can only 
mean that the individual chromosomes must 
possess different qualities" (translation in 
Wilson, 1925, p. 920). 

Boveri's cytological observations of sea 
urchin chromosomes and their importance 
in heredity and development complemented 
Mendel's genetic results. Sutton's 1902 pa- 
per on the chromosomes in the "lubber 
grasshopper" Brachystola magna opens 
with the following: "The appearance of 
Boveri's recent remarkable paper on the 
analysis of the nucleus by means of obser- 
vations on double-fertilized eggs has 
prompted me to make a preliminary com-
munication of certain results . . . " and clos- 
es with, "the evidence advanced in the case 
[of Brachystola] is obviously more in the 
nature of suggestion than of proof, but it is 
offered in this connection as a morpholog- 
ical complement to the beautiful experi-
mental researches of Boveri [where] he has 
artificially accomplished for the various 
chromosomes of the sea urchin the same 
result . . . " (Sutton, 1902, p. 24 and p. 39). 
Still today, many textbooks on genetics re- 
fer to the Sutton-Boveri chromosome the- 
ory. 

Boveri also noticed that most dispermic 
sea urchin embryos go through normal 
cleavage and only at the beginning of gas- 
trulation do they start to manifest abnormal 
development. This observation, along with 
his own evidence and that of Driesch, 0. 
and R. Hertwig and several others on hy- 
brid species crosses, lead Boveri to con-
clude that there are two developmental 
phases (reviewed in Baltzer, 1962; David- 
son, 1976; Giudice, 1986). Furthermore, 
Boveri was aware that the cytoplasm was 



in large part responsible for the early de- 
velopmental phase controlling the timing 
and pattern of the early cleavages. This 
classic observation then waited over 50 
years for explanation with the discovery of 
stored maternal mRNA and protein in the 
1960s. 

In 1883 Selenka discovered a band of 
reddish pigment granules in the Paracen-
trotus egg (Selenka, 1883 cited in Horstad- 
ius, 1975a). During oogenesis these pig- 
ment granules are evenly distributed in the 
egg cortex and upon germinal vesicle 
breakdown, they redistribute in a band be- 
low the equator, forming a ring with pig- 
ment excluded from the vegetal pole. The 
granules are partitioned during cleavage 
such that during gastrulation the red cells 
invaginate to produce the archenteron. Mor- 
gan discovered that reddish pigment of Ar-
bacia eggs moves away from the vegetal 
pole at the four-cell stage. His careful mi- 
croscopic observation led him to conclude 
that "as early as the two cell stage the pro- 
toplasm of the Arbacia egg is not isotropic 
but even at this time the micromere field is 
foreshadowed" (Morgan, 1894, p. 142). 

In 1901 when Boveri first saw the pig- 
ment ring in Paracentrotus he wrote to 
Hans Spemann, his first Ph.D. student and 
lifelong friend, "I now believe that I can 
with full confidence assert the inequipoten- 
tiality of the sea urchin egg" (in Balzer 
1962, Rudnick translation, 1967, p. 55). In 
a paper he wrote, "A study of the devel- 
opment showed that the egg axis deter- 
mined by the pigment ring coincided with 
the axis of cleavage and with that of the 
gastrula. Since the possibility presented 
here of relating the polarity of the larva 
back to a visible polarity of the egg is of 
great importance for a whole series of de- 
velopmental questions, I determined to in- 
quire into the relations as far as possible." 
(Boveri, 1901 ;Balzer 1962; Rudnick trans- 
lation, p. 110). He did get very far indeed 
in recognizing the importance of the vegetal 
cytoplasm and of the micromeres, conclud- 
ing "that the area nearest the vegetal pole 
possess the greatest potential to bring de- 
velopment completely to the pluteus stage. 
It is the priority region where differentia- 
tion beings. And when differentiation has 

begun from this center all other regions are 
determined in their role by a regulatory ac- 
tion" (Rudnick translation, p. 111). This 
idea is clearly the precursor to the concept 
of the organizing center of Spemann. In de- 
scribing the origin of the concept of the 
blastopore being "a center of differentiation 
as the starting point for determination" in 
amphibians, Spemann wrote "A similar in- 
terpretation had been considered by Boveri 
(1901) many years earlier for the develop- 
ment of the sea urchin egg [in which] the 
relatively most vegetative point . . . might 
be a 'privileged region' from which every- 
thing else would be determined. I could 
myself (Spemann and Hilde Mangold, 
1924) point out the likeness of the two con- 
ceptions when, many years later, I again 
came across this interpretation of Boveri. It 
may have been working subconsciously af- 
ter I encountered it in the publication just 
mentioned, or even in oral communication, 
or it may have been part of our common 
stock of ideas in those invaluable years of 
daily intercourse with that great investiga- 
tor" (Spemann, 1938, p. 142. I was directed 
to this passage by Oppenheimer, 1967). 

Two marvelous observations were made 
in the 1890s by Curt Herbst studying the 
factors of sea water that were important to 
normal development. The first observation, 
that early sea urchin embryos can be dis- 
sociated into single cells by placing them 
in calcium-free sea water (Herbst, 1892), 
represented a major technical advance over 
separation by shalung. A multitude of cur- 
rent investigations on isolated populations 
of sea urchin blastomeres, as well as all the 
dissociation and reaggregation studies (re- 
viewed in Giudice, 1986), rely on Herbst's 
observation. In his analysis of the important 
components of sea water, Herbst also dis- 
covered that several ions, most important 
among them lithium, cause the vegetal plate 
of sea urchin embryos to push out rather 
than to invaginate (Herbst, 1892). The re- 
sulting exogastrula are characterized by an 
external, but morphologically normal, di- 
gestive system at low lithlum concentration 
and embryos with additional endoderm and 
morphological abnormalities when the lith- 
ium concentration is increased. Lithium-in- 
duced exogastrula were extremely impor- 



tant in thinlung about the potential of dif- 
ferent regions of the egg and introduced the 
concept of vegetalizing agents. Today a 
number of investigators, principal among 
them Fred Wilt and his collaborators, have 
studied the effect of lithium on sea urchin 
embryogenesis and propose that an inositol- 
phosphate second messenger pathway, per- 
haps working through protein b a s e  C, 
must be a key component of cell fate as- 
signment along the animal-vegetal axis (re- 
viewed in Wilt et al., 1995). 

A rather simple observation made during 
this early period serves as another beautiful 
illustration of the value of the sea urchin 
embryo as an experimental system. In 1887 
Laurent Chabry, a French embryologist, cut 
into a sea urchin egg with a fine glass nee- 
dle (Horstadius, 1973). This roughly treated 
Paracentrotus egg healed and developed 
into a normal pluteus, demonstrating that 
these eggs and embryos can withstand sig- 
nificant experimental insults and still de- 
velop normally. Since Chabry's observa-
tion, many investigators have felt as 
Driesch did when he wrote that "I had 
'luck' . . . precisely that the sea urchin egg 
was able to put up with my intervention 
without dying." (Baltzer, 1962, Rudnick 
translation, p. 113). This property of sea ur- 
chin embryos made possible the marvelous 
blastomere isolation and recombination ex- 
periments of Horstadius and also current 
transplantation and removal experiments, as 
well as, the microinjection of DNA, RNAs, 
and antibodies into eggs and embryos (re- 
viewed in Emst, 1997). 

During this period two major and some- 
what independent lines of investigation 
were occurring in sea urchin embryology. 
This is the time of the great flowering of 
experimental embryology with Horstadius 
as the undisputed leader in sea urchins, ac- 
tively publishing in the field for over 50 
years. In this review we can but just men- 
tion some of Horstadius' most outstanding 
and far reaching accomplishments and refer 
the reader to major reviews of his work 
(Horstadius, 1973; 19753). Using Nile blue 
to mark individual blastomeres after the 
method of Lindahl, Horstadius created the 

first fate map of early sea urchin develop- 
ment (reviewed in Horstadius, 1973). Hor- 
stadius' fate map as envisioned in the 1930s 
has needed elaboration and refining, but 
only minor revision, as others have rein- 
vestigated the map by injecting fluorescent- 
ly labeled dyes into individual blastomeres 
(Cameron et al., 1987; 1990; 1991). 

However, it is more for his blastomere 
isolation and transplantation experiments 
that Horstadius is best known. He first con- 
firmed the early work of Zoja who in 1895 
separated 16-cell sea urchin embryos at the 
equator to produce animal and vegetal 
halves and found that a cultured animal half 
produced only a ciliated ball of epithelium 
that Zoja called permanent blastula (Zoja, 
1895 cited in Horstadius 1975~) .  Horstad- 
ius found that the subsequent addition of 
more vegetal tiers of cells to animal herni- 
spheres resulted in differentiation of a 
greater number of cell types, tissues and 
structures (reviewed in Horstadius, 1973). 
However the entire embryo, with a normal 
gut (endoderm) and skeletal system (me- 
soderm) did not form without cells from the 
most vegetal region. 

The inducing influence of the rnicro-
meres postulated by Boveri was demon-
strated by Horstadius' elegant transplanta- 
tion experiments. He took micromeres from 
a donor 16-cell stage embryo and trans-
planted them to the animal pole region of a 
host embryo. At the blastula stage the host's 
primary mesenchyme cells, descendants of 
the micromeres, entered the blastocoel from 
the vegetal plate and donor primary mes- 
enchyme cells entered the blastocoel from 
the animal pole. A full-sized archenteron 
was produced and a small secondary ar-
chenteron (endoderm) was induced to form 
from animal cap cells which, in the normal 
embryo or in isolation, produce only ecto- 
derm (Horstadius, 1935; reviewed in Hor- 
stadius, 1973). Ransick and Davidson 
(1993) have recently confirmed Horstadius' 
result, inducing a second differentiated gut 
by transplanted micromeres. They have fur- 
ther demonstrated that a signal from the mi- 
cromeres is required for the specification of 
the vegetal plate in normal development 
and that the vegetal plate has received this 



information by the sixth cleavage (Ransick 
and Davidson, 1995). 

Horstadius was also instrumental in refin- 
ing and articulating succinctly the double- 
gradient theory of sea urchin development 
(reviewed in Horstadius, 1975b). Boveri, 
who in 1910 first introduced the term "ge- 
Wlle" or gradient into embryology (Hor- 
stadius, 1975a), believed that there was a 
single gradient in sea urchins, emanating 
from the vegetal pole. In the 1920s Runns- 
tram proposed that the two poles of the sea 
urchin egg are dynamic centers from which 
gradients of animalizing and vegetalizing 
morphogenetic substances diffuse (re-
viewed in Runnstrom, 1975). He envi-
sioned that these gradients are normally 
balanced in sea urchin development, but 
agents such as zinc or lithium could destroy 
this balance resulting in one gradient win- 
ning out and the corresponding "animali-
zation" or "vegetalization" of the embryo. 

Horstadius, Lindahl, Child and others 
embraced and elaborated Runnstrom's dou- 
ble-gradient theory (reviewed in Dalcq, 
1938; Horstadius, 1975b). However several 
investigators reevaluating current data have 
concluded that early sea urchin embryology 
can best be explained by the vegetal cyto- 
plasm being autonomously specified and 
the micromeres then sending signals to the 
overlying macromeres (Wilt, 1987; Hurley 
et al., 1989; Davidson, 1989b; Livingston 
and Wilt, 1990; Ettensohn and Ingersoll, 
1992; Ransick and Davidson, 1995). Cur- 
rent models to explain Horstadius' regula- 
tive capabilities and inductive interactions 
rely on second messenger cascades initiated 
by ligand-receptor mediated signalling. Fur- 
thermore, suppressive as well as inductive 
ligand-receptor interactions are proposed to 
activate cascades of signal transduction 
mechanisms which would modify DNA 
binding factors and regulate lineage specific 
gene expression (e.g., Henry et al., 1989; 
Khaner and Wilt, 1990; Brandhorst and 
Klein, 1992). 

Along with the field of experimental em- 
bryology another new discipline was 
emerging: chemical embryology. Barth 
(1950) has suggested that chemical embry- 
ology began around 1900 with the studies 
of Jacques Loeb. Loeb's writings from this 

period reflect that much of his thinlung on 
the physical and chemical nature of living 
systems derived from his investigations on 
the effect of various chemicals on sea ur- 
chin fertilization, artificial parthenogenesis, 
and development (Loeb, 1913; 1916). This 
position is supported by the critical analysis 
of the importance of the discovery of arti- 
ficial parthenogenesis by E. E. Just in his 
book The Biology of the Cell Sugace (Just, 
1939). He points out that the significance of 
Loeb's work is that the effective agent for 
parthenogenesis is non-specific and that ini- 
tiation of development is a chemical pro- 
cess. This was a time when many chemists 
developed a fascination for the properties of 
living cells and many experimental embry- 
ologists came to believe that, in the words 
of Jean Brachet, "current ideas about ger- 
minal localization, induction, fields, and 
gradients ought to be founded as much as 
possible on a basis of precise chemical in- 
formation" (Brachet, 1945, p. vii). Once 
again sea urchin eggs and embryos were 
frequently the experimental material of 
choice as demonstrated by Otto Warburg's 
dramatic discovery that fertilization or par- 
thenogenetic activation of Arbacia eggs 
produced a major burst of oxygen con-
sumption (Warburg, 1908). In the 1930s 
and 1940s Child measured physiological 
gradients in the developing sea urchin em- 
bryo. As Needham wrote "if [the gradient 
theory in the sea urchin] had T. Boveri for 
its father, C. M. Child has been its prophet" 
(Needham, 1950, p. 496). Child measured 
the anaerobic reduction of methylene blue, 
and Janus green and detected a center of 
reducing activity emanating from the ani- 
mal pole (e.g., Child, 1928). 

In the 1930-1950s chemical embryolo- 
gists also found that sea urchins were well 
suited to the characterization of the role of 
nucleic acids and protein synthesis in de- 
velopment. Advances in the detection of 
nucleic acids both cytologically by staining 
with basic dyes, frequently coupled with 
nuclease digestion, and by ultraviolet spec- 
troscopy fostered rapid progress. Further-
more, the post war availability of radioac- 
tive material enabled biologists to monitor 
quantitatively DNA, RNA and protein syn- 
thesis. An advantage of sea urchin eggs in 



this regard is that they readily take up and 
incorporate nucleic acid and protein precur- 
sors added to the sea water. This is a com- 
plicated literature frequently characterized 
by theory ahead of fact. But it is also a 
literature still vibrant with excitement as 
one finds gems of information and impor- 
tant insights ready to fall in place with the 
unifying concept of the central dogma. For 
instance as early as 1933 when many peo- 
ple thought that DNA existed in the nuclei 
of animal cells and RNA in plant cells, 
Brachet's experiments led him to conclude 
that "the synthesis of nucleic acids in the 
sea urchin is not intelligible unless we ad- 
mit the presence of a pentose-nucleic acid 
(RNA) in the cytoplasm" (Brachet, 1945, 
p. 65). In his 1945 book entitled Chemical 
Embryology, Brachet, relying heavily on his 
work in sea urchins, summarized what was 
known about the role of nucleic acids in the 
following manner " . . . the cytochemical 
findings point irresistibly to the conclusion 
that nucleic acids must take part in the syn- 
thesis of proteins (his italics) and that DNA 
in the nucleus regulates the amount of ri- 
bonucleoproteins in the cytoplasm, that the 
ribonucleoproteins in the cytoplasm are 
bound to granules . . . and these various 
substances probably collaborate to synthe- 
size proteins: the amino acids might be ar- 
ranged on the surface of the granules in a 
precise pattern" (Brachet, 1945; p. 246). So 
by the time Watson and Crick described the 
structure of DNA in 1953, the sea urchin 
embryo had been established firmly as an 
ideal organism for the study of this new 
area of molecular biology. 

Space permits only the briefest review of 
sea urchin development from the 1950s un- 
til approximately 1975. Here, instead, we 
present a few highlights of an impressive, 
but partial, list of "firsts" that investigators 
studying the sea urchin embryo contributed 
to the newly emerging area of molecular 
and developmental biology of eukaryotic 
organisms. The first step in breakmg the ge- 
netic code was reported when Matthaei and 
Nirenberg, using a bacterial cell-free trans- 
lation system, established that polyU coded 
for polyphenylalanine (Nirenberg and Mat- 

thaei, 1961). Within the year, several labs 
reported that ribosomal preparations from 
sea urchin eggs (Nemer, 1962; Wilt and 
Hultin, 1962) and rabbit reticulocytes in- 
corporated phenylalanine into proteins upon 
the addition of polyU, thus demonstrating 
that the genetic code is universal. Soon af- 
ter, the incorporation of radioactively la-
beled amino acids into proteins in parthe- 
nogenetically activated merogones (Brachet 
e,t al., 1963a; Tyler, 1963; Denny and Tyler, 
1964) and into chemically enucleated (ac- 
tinomycin D treated) eggs (Gross and Cou- 
sineau, 1963; Brachet et al., 1963b) resulted 
in the surprising, but inescapable, conclu- 
sion that maternal messenger RNAs are 
stored in sea urchin eggs. These results also 
initiated a long standing debate and a series 
of investigations on translational control to 
determine if protein synthesis was inhibited 
in unfertilized eggs due to "masked" mes-
sages or because the translational machin- 
ery was somehow deficient. The dramatic 
increase in the rate of protein synthesis fol- 
lowing fertilization lead to the discovery 
that many maternal mRNAs stored in the 
sea urchin egg are polyadenylated upon fer- 
tilization in preparation for polysome load- 
ing. These were the first reports of cyto- 
plasmic polyadenylation (Slater et al., 
1973; Wilt, 1973). 

In the 1970s, Britten, Davidson and co- 
workers used DNA.RNA hybridization to 
establish that a sea urchin gastrula stage 
embryo contains approximately 14,000 dis- 
tinct messenger RNAs (Galau et al., 1974). 
This first quantitation of the complexity of 
a eukaryotic mRNA population was quickly 
followed with reports from the same lab on 
the number of sequences found at other de- 
velopmental stages. Studies on populations 
of mRNAs revealed surprisingly that 
mRNA populations in sea urchin eggs and 
early embryos represented far greater com- 
plexity than those found in later stages of 
development and in adult tissues (Galau et 
al., 1976; Hough-Evans et al., 1977). These 
results lead to the proposal that the cyto- 
plasm inherited by the micromeres, Bove- 
ri's "priority region," might contain local- 
ized maternal rnRNAs, that would deter- 
mine the fate of these cells. Since cleavage 
is synchronous in the sea urchin embryo 



and the blastomeres can be dissociated in 
calcium-free sea water and separated by 
size, it was now possible to address this 
long standing question. Rodgers and Gross 
(1978) and Ernst et al. (1980) found that 
the micromeres contained a subset of the 
maternal RNA sequences of the 16-cell 
stage embryo using RNA-DNA hybridiza- 
tion. These results are the first direct mea- 
surement of unequal distribution of mater- 
nal mRNA in any early cleavage stage em- 
bryo, although indirect evidence had been 
previously reported in Zlyanassa (Donohoo 
and Kafatos, 1973; Newrock and Raff, 
1975). 

The protein cyclin was first discovered in 
sea urchin embryos due, in part, to the ex- 
quisite synchrony of the early cleavages 
(Evans et al., 1983). Interestingly, over 
twenty years earlier Hultin had predicted 
the existence of cyclins, also using sea ur- 
chins when he found that protein synthesis 
was necessary for cell division and reported 
that, "The mitotic block induced by puro- 
mycin is probably a direct effect of the im- 
paired protein metabolism. Special kinds of 
proteins of importance for the initiation of 
mitosis may not become produced in suf- 
ficient amounts under these conditions" 
(Hultin, 1961, p. 41). 

The sea urchin also contributed an im- 
portant first to the newly emerging tech- 
niques of recombinant DNA technology, 
with the sea urchin early histone genes be- 
ing the first eukaryotic genes cloned (Kedes 
et al., 1975). Since that time, over a hun- 
dred partial or complete sea urchin gene se- 
quences have been characterized (reviewed 
in Giudice, 1995). Recent reviews (see: 
Ernst, 1997) serve to emphasize that studies 
on sea urchin embryogenesis will continue 
to enrich and illuminate our understanding 
of the mechanisms and molecules respon- 
sible for creating a multicellular organism. 
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