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In almost every instance in which fragments of eggs or isolated
blastomeres have been found to be capable of giving rise to entire
larvze the substance of the unsegmented egg is apparently undiffer-
entiated and the cleavage cells are so nearly equal and homo-
ceneous that it has not been possible to trace the lineage of individ-
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ual blastomeres throughout the development. The most notable
exception to this rule is found in the case of ascidians. That the
cleavage of the egg in these animals is constant in form and differ-
ential in character and that specific blastomeres are destined in
the course of normal development to give rise to specific parts of
the larva has been demonstrated by Van Be,neden and Julin,
Chabry, Castle, and many others. Chabry ('87) also showed,
in one of the earliest experimental investigations dealing with the
potency of cleavage cells, that individual blastomeres of_Asmdla
aspersa always develop into those parts of the larva which they
would produce under normal conditions. On the other hand,
Driesch ('95) discovered, some eight years later, that in Phallusia
mammilata individual blastomeres up to the 4-cell stage at least
are capable of giving rise to entire larve and this conclusion was
afterward confirmed by Crampton ('97) in the case of Molgula
manhattensis. Since the results of Chabry were thus flatly con-
tradicted by these later investigators and as they have been de-
fended by no one who has actually experimented on these eggs'
these results have been generally discredited and the ascidians
are now commonly regarded as belonging to that group of animals
in which the early cleavage cells are equipotential.  The ascidians,
therefore, should afford an excellent opportunity _of determining
the exact method by which an egg fragment or isolated blasto-
mere gives rise to an entire larva, since in this case it is possible
to follow the lineage of individual cells until they enter into larval
organs; furthermore, they should afford means of testing ,the
justice of the distinction which has been proposed (Conklin, ’97)
between determinate and indeterminate types of cleavage, and
finally they should throw light upon the significance of the high
degree of differentiation which 1s known to exist in the early
development of these animals.

1. NORMAL DEVELOPMENT.

I have recently ('05') shown that these differentiations of the
ascidian egg are much greater than has heretofore been supposed;
in the unsegmented egg of Cynthia (Styela) partita at least five

distinct kinds of odplasm can be recognized. These are, (1) the

1Several persons, viz: O. Hertwig ('92), Roux (g2), Weismann ("92), Barfurth ("93) have discussed
Chabry's work from a critical point of view.
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deep yellow protoplasm which later enters into the muscle cells
of the tail of the larva; (2) the light yellow material which becomes
mesenchyme; (3) the light gray material which forms the chorda
and neural plate; (4) the slate gray substance which becomes
endoderm, and (5) the clear transparent protoplasm which gives
rise to the general ectoderm. All of these substances are recog-
nizable in the egg before the first cleavage and immediately after
that cleavage they all occupy their definitive positions in the egg,
the yellow protoplasm forming a yellow crescent around the pos-
terior side of the egg just dorsal to the equator, the light gray
substance forming a gray crescent around the anterior border of
the egg, the slate gray substance lying at the middle of the dorsal
hemisphere and between the two crescents, while the transparent
protoplasm is chiefly localized in the ventral hemisphere of the
egg. In these positions and from these substances the organs and
‘germinal layers specified arise.

At the first cleavage of the egg all of these substances and areas
are equally divided, since this cleavage lies in the plane of bilateral
symmetry of the egg and future embryo. The second cleavage
plane is perpendicular to the first and separates the gray crescent
n front from the yellow crescent behind; the cells of the anterior
quadrants are therefore very unlike the posterior ones and the
two can always be distinguishéd at a glance. (Fig. 1.) The third
cleavage is equatorial and separates four clear venrral cells from
four dorsal ones which contain the yellow and gray crescents and
the deep gray matenal. (Iig. 2.) The ectoplasm 1s now com-
pletely segregated in the four ventral cells but the other o6plasmic
substances are not as yet located in separate cells, though from the
time of the first cleavage onward their locations and boundaries
are perfectly sharp and distinct.

At the fourth cleavage each of the eight cells divides, thus giving
rise to sixteen cells (Fig. 3) and at the fifth cleavage these are
increased to thirty-two. During the fifth cleavage the substance
of the gray crescent is segregated into four cells (A%, A% Fig. 4)!
at the anterior border of the egg, while the yellow crescent comes

"The system of cell nomenclature employed in this paper is similar to that used by Castle ('96) and
is fully cxplained in my work on the cell-lineage (o5'); in bricf 4 and a designate cells of the anterior
half of the egg, # and b those of the posterior half, the capitals being used for cells of the vegeral (dorsal)
hemisphere, the lower case for those of the animal (ventral) hemispl Corresponding cells of the

right and left sides receive the same designation, except that those of the right side are underscored,
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Noruar Devevoemest or Cyntuia rarmita, 4-Crie 1o 64-Crin Staces; X 333.

The yellow crescent which surrounds the posterior half of the egg dorsal to the equater is stippled.
The gray crescent around the anterior border of the egg is left unshaded. The boundary between the
clear protoplasm and the yolk is indicated by a crenated line.  The polar bodies (shaded by vertical
lines) lie at the animal or ectodermal pole,

Fig.1. Four—ell stage from the animal pale, the yellow crescent showing through the ege.

Fig.2z. Telophase of the third cleavage (8-cell stage), from the left side.

Fig.3. Twenty-cell stage from the animal (ventral) pole. )

Fig. 4. ‘Twenty cells, transitional to the 24-cell stage, from the vegetal (dorsal) pole.  The gray
crescent is now segregated in the two pairs of cells AL2, ALY the yellow crescent will be localized in
separate cells at the close of the division which hae already begun in the cells B%,

Fige. 5 and 6. Ventral and dorsal views of the same egg in the 4-cell stage. The yellow and
the gray crescents each consist of a double arc of cells; the anterior arc of the gray crescent (A%, ALY)
is composed of neural plate cells, the posteriar arc (A3, A%7), of chorda cells; only two pairs of cells
in the yellow crescent (B4, B1.5) arc muscle cells, the others are mesenchyme. The pair of cells A%¢
also gives rise to mesenchyme.  All the other cells of the dorsal hemisphere (Fig. 6) are endodermal.
All the cells shown in Fig 5, except those of the yellow and gray crescents, are ectodermal. ?
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to occupy six cells (Be%, B&4, B**) around the posterior bqr(igr (the
spindles which lead to the formation of these six cells are indicated
in Fig. 4). These thirty-two cells are increased to sixty-four at
the next cleavage (Figs. 5 and 6); during this cleavage four chorda
cells (A7, A™7) are separated from the four neural plate cells
(A7, A", Fig. 6), while the six cells of the yellow crescent have
given rise to twelve, four of which are muscle cells (B, B_’;‘) and
eight mesenchyme (B7%, B77, B™%, B7), At the same time an
additional pair of mesenchyme cells (A™) is separated from a
pair of endoderm cells in the anterior quadrants.  This is the only
mesenchyme cell derived from the anterior quadrants.

At this stage all the substances of the germ layers and of the
principal organs of the larva are gathered into separate cells, but
although this segregation into separate cells comes relatively late
in the cleavage these substances have been definitely localized in
certain regions of the egg from the time of the first cleavage.
Subsequent cleavages lead to changes in the shape of the embryo
but produce no changes in this localization.

In the gastrulation the endoderm cells are depressed and are
overgrown in front by the chorda cells and these in turn are
covered by the neural plate cells; similarly the mesenchyme cells
overgrow the endoderm at the posterior border of the blastopore,
while the mesenchyme cells are overgrown by the muscle cells,
and finally the latter by the ectoderm. (Figs. 7-10.) Inthe closure
of the blastopore the anterior (dorsal) lip grows posteriorly until
it covers most of the dorsal face, while the muscle cells fo’rm the
lateral boundaries of the blastopore. (Figs. 9, 10.) In this over-
growth of the dorsal lip the chorda cells which originally lay at the
anterior border of the egg are carried back into the posterior half
of the embryo, where by interdigitation they form the chorda.
The neural plate cells are also carried back with the chorda
nearly to the posterior end of the embryo. The ventral (posterior)
lip of the blastopore then grows forward over the remnant of the
blastopore and the neural plate is rolled up into a tube which
closes from behind forward. The muscle cells become arranged
in three rows on each side of the chorda; in front of the muscle
cells is a mass of small mesenchyme cells, while a double row of
endoderm cells ventral to the chorda constitutes the cord of ventral
or caudal endoderm. (Figs. 11 and 12.) Finally the tail of the
larva elongates greatly and becomes coiled around the body of the
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larva within the egg membranes, and about twelve hours after the
fertilization of the egg the larva may hatch and become free
swimming. However, in a considerable proportion of cases the
larva never hatches but undergoes its metamorphosis within the
egg membranes.

II. OBJECTS AND METHODS OF EXPERIMENT.

This brief review of the normal development' shows that there
is a remarkable degree of differentiation and localization of the
substances of the egg and embryoand it seems to render necessary
some further explanation of the results of the experiments of
Driesch and Crampton; certain it is that the egg is highly differ-
entiated and if portions of this differentiated otplasm may give
rise to portions of the larva which they would never produce under
normal conditions it is important to know the steps by which this
is accomphished.

With this object in view [ spent the summer of 1904 at the Ma-
rine Biological Laboratory at Woods Hole, Mass., experimenting
on the eggs of Cynthia (Styela) partita and of Molgula man-
hattensis; I was unable to obrain Ciona intestinalis, the normal
development of which 1 had studied during the previous summer,
and my experimental work is*therefore limited to the two species
first named. Most of my work was done on the epg of Cynthia,
which is a better object for experimental work than that of Mol-
gula, owing to its greater siz€ and the more brilliant coloring of its
different oGplasmic substances. Enough work was done on Mol-
gula, however, to show that the development of isolated blasro-
meres is the same in this genus as in Cynthia.

All the experiments performed had for their purpose the testing
of the potencies of the various substances and blastomeres of the
egg. Injuries to the unsegmented egg of whatever nature,
whether produced by sticking, cutting or shaking the eggs,
invariably inhibited all further development. 1 have therefore
been unable to test the developmental potencies of the different
kinds of o6plasm of the unsegmented egg. But inasmuch as these
substances are the same in appearance and localization before and

'Far a more detailed account of the normal development of these ascidians the reader is referred
to my previous papers on the “Crganization and Cell-Lineage of the Ascidian Epg” ("og"), and

on "Organ-Forming Substances in the Epgs of Ascidians™ ("o57).
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Norsat Deverorsent of Cysmina rartita, Gastruta To Taprorr; X 333

The neural plate or tube is finely stippled, the chorda coarsely stippled; muscle cells are shaded
by vertical lines, mesenchyme by transverse lines,

Figs. 7and 8. Ventral and dorsal views of 3 gastrula (18c-cell stage), showing T-shaped blastopare,
neural and chorda plates, mesenchyme and muscle cells. Most of the cleavage cells are in the ninth
generation. )

Figs. g and 15,  Two views of the same gastrula from the dorsal pole; Fig. g, showing the super-
ficial cells, Fig. 10, those at a deeper level. The overgrowth of the dorsal lip of the blastopare and the
approximation of the muscle cells of each side toward the median plane have reduced the blastopore
to a longitudinal groove in the posterior half of the embryo.  The ectoderm cells are in the tenth genera-
tion and there are in the entire embryo about 360 cells.

Fig. 11.  Dorsal view of an embryo in which the neural plate (n. p.) is closing to form the neural
tube (n.t.)  Beneath the nerve tube is the notochord and on each side of the latter is shown a row of
muscle cells (ms.) At the posterior end of the muscle rows is the caudal mesenchyme, at their anterior
end the trunk mesenchyme (m’ch.)

Fig. 12.  Young tadpale viewed from the left side, showing three rows of large muscle eells (ms.)
along the side of the notochord (ch.); dorsal to the latter is the nerve tube (n. t.); anterior to the muscle
rows is the trunk mesenchyme (m'ch.}; ventral to them is the ventral or caudal endodem (v. end.)
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after cleavage begins it can scarcely be doubted that their poten-

cles are also the same. Hundreds of experiments involving many
thousands of eggs were made upon the various L‘It’.‘:!\’:lgt‘c;taﬁl:t;

'he methods of experimenting which I employed were tssemi;il]\,;

like those used by Driesch and Crampton, viz: the eggs in the
2-cell, 4-cell, 8-cell or later stages were strongly spurted with a
pipette, or were shaken in a vial, and thereby some of the blasto-
meres were frequently injured while others were uninjured and
contunued to develop. The injured blastomeres were rarely
killed, as was shown by the fact that they remained transparent
and entire fm: a day or more, whereas dead cells soon become
opaque and disintegrate. These injured cells never again divide
and sections show that their nuclei are frequently broken and
their chromosomes scattered. Cells are more likely to be injured
during nuclear division than during rest. The fact that these
mjured cells never again divide though they remain whole within
the chorion and preserve their characteristic color and structure
makes it possible to determine at all stages just what cell or cells
have bf_:en’m_]ured. Whether or not the presence of these injured
cells within the chorion may influence the development of the
uninjured cells will be considered later. Attempts to completely
separate individual blastomeres by the use of Herbst's calcium.
free sea water were not successful, probably owing to the presence
of the chorion and to the close union between the blastomeres.

In addition to this method of experimentation which yielded
hundreds and thousands of eggs in which one or more of the blasto-
meres had been injured I also cut eggs and embryos in two with
knives made from small needles. In no single instance was I able
to get fragments of unsegmented eggs to develop; in the gastrula
stages 1 was more successful, being able to cut gastrule in two
in the manner described by Driesch ('03) and observe the
subsequent development.

I have not attempted to repeat the various ingenious methods
of mjuring blastomeres which were devised and employed by
Chabry, since they are necessarily slow and difficult of application
and yield but a small number of injured eggs, whereas by simply
spurting or shaking the eggs one may injure blastomeres in an
enormous number of eggs which can then be sorted out and classi-
hed according to the character of the injury; furthermore the ease
and certainty with which the identity of injured blastomeres of

e 3L
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Cynthia may always be determined renders unnecessary such
experiments as Chabry's on the individual cleavage cells.

If one desires to trace with accuracy the lineage of individual
blastomeres, whether in normal or experimentally altered develop-
ment, it is essential that a large quantity of material should be
available. In even the most favorable material the lineage of the
later stages can be successfully studied only by the aid of fixed
and stained material and without a large number of eggs it is
difficult if not impossible to secure all the stages of development.
Furthermore it is desirable that a considerable number of eggs of
every stage be available for study, since the lability to error
decreases with the number of cases studied. Accordingly, in
addition to the study of living eges during successive stages after
their injury, many eggs were also fixed at brief intervals and were
afterward stained and mounted entire or sectioned. For this
purpose I have found Kleinenberg’s picro-sulphuric acid followed
by my picro-hzmatoxylin to give the best results. Lntire eggs
so prepared show cell outlines, nuclei and karyokinetic hgures
much more p]ain])' than in the living condition; on the other hand
the yellow crescent is less distinct since the yellow pigment is
extracted by alcohol; nevertheless this crescent may always be
recognized by its peculiar staining qualities and it therefore
affords a never failing aid in orientation.

[II. RESULTS OF EXPERIMENTS.

In undertaking this work it seemed to me scarcely possible that
all of these strikingly different kinds of ooplasm, each with its
own peculiar developmental history and destiny, were neverthe-
less morphogenetically alike, as might be concluded from the
results of Driesch and Crampton. On the other hand a possible
escape from this conclusion was suggested by the fact that although
the cleavage cells are strikingly different from one another, the
isolation of the odplasmic substances in them is not quite com-
plete; almost all of the yellow protoplasm is contained in the yellow
crescent; but a small amount of it is found around the nuclel of
all the cells; most of the gray substance is contained within the
dorsal hemisphere, but a small amount of it occurs in the ventral
cells also; most of the clear protoplasm is found in the ventral
hemisphere but a small quantity is also found in the dorsal cells.
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