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THE observations recorded in the following pages were made in the course of three
summers’ work at the marine laboratory of the Johns Hopkins University, organised
and directed by Professor W. K. BRrooxs, and located for the past three years at
Beaufort, N.C., where the material for this paper was collected.

The abundance of Renilla reniformis (Cuv.), at Beaufort, suggested the desirability
of a careful study of its embryology, and this was rendered still more apparent by the
studies which Mr. MirsurURT had made upon the anatomy of the adult organism.

I was therefore much pleased when a lucky accident, during the summer of 1880,
put me in possession of a féw very young colonies. Subsequent search over the
ground resulted in the discovery of a considerable number of young colonies in various
stages of growth, and T was thus enabled to make a rather full study of the growth of
the colony from the simple primary or axial polyp up to the adult organism with its
secondary polyps in a state of full sexual maturity. A single specimen, finally, of the
ciliated: larva was taken at the surface and kept in the aquarium until the free-swim-
ming life was abandoned and the characteristic tentacles and spicules made their
appearance.

An outline of the general results of these observations was published in the
American Journal of Science for December, 1880, a full description being however
deferred in the hope of procuring still earlier stages for a study of the embryonic
development. This hope was happily realised in the following summer, when two or
three lots of fertilised eggs were obtained ; and, finally, in the season of 1882, the
eggs were procured in considerable abundance, and a very satisfactory study of the
phenomena of development was effected.

During the latter season the eggs of a Gorgonian, Leptogorgia virgulata (Epw. and
Hamve), were procured—though in small numbers only—and I have studied to some
extent the development of this polyp also. The material was however scanty, and the
development, so far as observed, closely similar to that of Renilla; hence these obser-
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724 DR. E. B. WILSON ON THE DEVELOPMENT OF RENILLA.

vations will be described only for the sake of comparison and in connexion with those
relating to Renilla,

I have been unable to overcome entirely certain technical difficulties, and my results
will therefore be found inconclusive on a few points. Furthermore, the unexpected
close of the spawning period during the last season’s work brought to an unwelcome
close my observations on the earlier stages of development, and I have not been able,
for this reason, to follow in detail the phenomena of the fertilisation of the egg and
the behaviour of the segmentation-nuclei during the early stages. Still I venture to
hope that my observations form a decided advance on what is now known of the
development of the Alcyonaria. KowaALEVskYS well-known observations on Sympo-
dvum, Clavularia, Aleyonium, and Gorgonia form the basis of almost the whole of our
knowledge of the subject; and these observations, though of great interest, were
published in a very condensed form, and were in part rendered inaccessible to many
zoologists through their publication in the Russian language. They indicated that
the early stages of Aleyonarian polyps would well repay more extended observation,
and this expectation has perhaps been realised in the case of Renilla.

So far as the Pennatulacea are concerned, nothing is known of the embryonic
development, and only the most meagre accounts exist concerning the mode of bud-
ding and formation of the colony. The latter phenomena however involve questions
of much interest on account of the highly specialised nature of the colony as expressed
in the marked polymorphism of its members and in the remarkable relations of
symmetry existing between them.

For the foregoing reasons it seems to me desirable to publish these observations
without further delay. since I can see in the future no near opportunity of making
them complete.

Before considering the phenomena of development it will be useful to glance for a
moment at some of the structural features of the adult Remillo and their relation to
the characteristics of other Alcyonaria. For a full description the reader is referred
to the well-known papers of Korirker* and Eisen,t who have described in some
detail the structure of Renilla reniformus and R. amethystina.

Renilla is a genus of Pennatulacea, a group which forms the highest division of the
Order Alcyonaria. The organism, when adult, is a community or colony, the members
of which consist of an axial polyp and a large number of secondary polyps produced
by the budding of the axial or primary individual and organically united with it.
The colony has the form of a reniform disc with a deep sinus at one side into which is
inserted a flexible peduncle which roots the organism in the sand. The polyps are
arranged in radiating lines over the surface, projecting upwards over the general

# ¢ Anatomisch-Systematische Beschreibung der Alcyonarien, Erste Abtheilung, Die Pennatuliden.”
Abdruck a. d. Abhandlungen d. Senkenb. Naturforsch. Gesellschaft, Bd. vii., viii. Frankfort, 1872.
+ “ Bidrag til Kiinnedom om Renilla.” Kongl. Svensk. Vet. Handl,, Bd. xiii.
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surface but lying nearly horizontally at the margin, where new polyps continually
make their appearance. Each polyp may be retracted into a *“ cell” which is morpho-
logically the basal part of the polyp and forms a part of the disc.

The polyp has eight septa or mesenteries, eight pinnate tentacles, and eight mesen-
terial or gastric filaments, of which the dorsal pair are more slender and of different
structure from the others. The two lateral pairs of septa bear the reproductive
organs, male or female, as the case may be, the sexes being separate. The septa are
provided with delicate longitudinal muscles by which the retraction of the polyp into
its cell is effected. These muscles are always placed on the ventral sides of the septa,
so that the dorsal gastric chamber contains no muscles, while the ventral chamber
contains them on both sides. Thus we observe a marked bilateral symmetry in the
arrangement of all the internal organs, which is further emphasized in the dorso-
ventral elongation of the mouth and cesophagus. This symmetry is expressed also in
the arrangement of the calyx-teeth, which are conical projections from the walls of the
gastric chambers at the level of the upper face of the disc. The ventral chamber is
always destitute of a tooth, the dorsal chamber always bears one, and the lateral teeth
are symmetrically arranged with respect to the dorso-ventral axis.
~ Besides the large sexual polyps there are other forms known as the rudimentary
indwviduals, or in KOLLIKER’S terminology, as the zooids. These are microscopic in size,
have no tentacles, no mesenterial filaments, no reproductive organs, and commonly
only two calyx-teethéthose, namely, on the ventro-lateral chambers. ~The zooids
possess, in fact, only septa, mouth, and cesophagus, the latter being richly ciliated
within. Two distinet forms of zooids exist. One of these is represented by a single
large zooid, placed near the middle of the disc on the dorsal side, and provided with
the full number of calyx-teeth. It is for the most part through the mouth of this
zooid that the water is discharged which circulates through the cavities of the colony.
For this reason 1 shall call it the exhalent zooid, a name which seems preferable to
KOLLIKER'S term * Haupt zooid.” The other zooids are arranged in groups or clusters
on the dorsal sides of the polyp-cells in the median line ; there are usually four such
groups on each cell. It is their function to draw water from the exterior into the
cavities of the colony, as may be shown by adding finely pulverised carmine to the
water of the aquarium. Minute but powerful currents may thus be seen setting into
the open mouths of the zooids. The zooids, like the sexual polyps, exhibit a marked
bilateral symmetry in the disposition of all their organs; the mouth and cesophagus
are elongated in the dorso-ventral plane, the gastric chambers are of different sizes
and symmetrical arrangement, and the two calyx-teeth occupy corresponding positions
on the sides of the median plane.

The colony as a whole is also bilaterally symmetrical to a very striking degree.
This is more obvious in young specimens, but is always clearly marked even in the
largest colonies. Each polyp has its counterpart on the opposite side of the colony,
and the dorso-ventral axes of the two polyps have the same inclination to that of the
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axial polyp, since the ventral chamber, which bears no calyx-teeth, is always directed
outwards towards the margin of the disc. Thus the secondary polyps stand at all
angles from 0° to 90° with the axial polyp ; those at the sides are placed so that their
dorso-ventral axes form right angles with that of the axial polyp, while those directly
in front of the axial polyp coincide with it in direction.

Lastly we may note the structure of the peduncle. Its cavity is divided into a
dorsal and a ventral chamber by a horizontal partition which is pierced along its sides
and at its lower extremity with openings by which the chambers are put in communi-
cation. Both chambers end blindly in front, but communicate by small openings with
the adjacent polyp-cells. The upper canal communicates with the exterior through the
exhalent zooid already described. The horizontal partition appears to split anteriorly
into a dorsal and a ventral plate, between which lies the posterior part of the body—
t.e., part of the cell—of the axial polyp.

The structure of the body-wall in the peduncle, where it is most fully developed,
is as follows (after E1sen). Beginning with the exterior there are: (1) external
epithelium ; (2) a thick layer of connective tissue containing the spicules; (3) a layer
of fibrous connective tissue free from spicules; (4) longitudinal muscles ; (5) circular
muscles ; (6) internal epithelium. In other parts of the body the arrangement is some-
what different since the amount and structure of the connective tissue varies in
different parts of the body and the spicules are absent from the walls of the free
portions of the polyps. ‘

Many of the structural features of Renilla are common to other Alcyonaria. The
polyps always exhibit more or less of bilateral symmetry in the elongation of the
mouth, disposition of the septa and septal muscles, grouping of the mesenterial
filaments and arrangement of the reproductive organs. In all but one or two cases
colonies are formed by processes of asexual multiplication, and these not uncommonly
show traces of bilateral symmetry. Among the Pennatulacea bilaterality is always
more or less marked, culminating in the Renillacew, where the symmetry is nearly
complete.

The definite relation between the dorso-ventral axes of the secondary and primary
polyps has been observed in a few other Alcyonaria, but observations on this point are
very scanty. KOLLIKER, in his great work on the Pennatulids, has described some-
thing similar among the more typical forms, and it is highly probable that further
investigation would show that in all Pennatulacea definite relations of this sort exist.
MosiLEY observed in Heliopora and Sarcophyton® that the dorsal sides of the polyps
face in a definite direction ; and according to HaACKET the polyps of Madrepora have
a like disposition. As pointed out further on, this matter is one of much theoretical
interest in connexion with the law of budding in Rem{la.

¥ Phil. Trans., Vol. 166, 1876.
T ¢ Zur Blastologie der Korallen,” Jena. Zeitschrift, Bd. XITT
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The polymorphism of the Pennatulids was first observed by VERRILL in 1864 in
Renilla, and was afterwards shown by KOLLIKER to be of general occurrence in the
group. It occurs also in some of the Alcyonacea, as in Sarcophyton (MosELEY) and
Heteroxenia (KOLLIRER), and Professor VERRILL has informed me of his discovery of
rudimentary individuals in two species of Paragorgia, members of the Gorgonacea.

For our knowledge of the embryology of the Alcyonaria we are almost entirely
indebted to KowALEVSKY’s well-known researches, though LAcAze-DuTHIERS, many
years earlier, made a few observations on the development of Corallium. In 1873
KowALEVSKY gave some account of the embryological development of Alcyonium
digitatum and Gorgonia verrucosa,® and in 1879 published a brief account of the
early development of Sympodium coralloides and Clavularia crassa,t which he studied
in conjunction with MArioN. KOLLIKER has given a brief account of the develop-
ment of the buds in Halisceptrum, and DALYELL published fragmentary notes on
the early development of Virgularia.}

Even less is known in regard to the development of the colony in the Pennatulacea.
Fritz MULLER observed in 1864 the simple axial polyp of Remilla and gave a few
notes upon its structure. KOLLIKER figures a very young colony of Pteroides and
gives a few notes concerning the young stages of Kophobelemnon, WILLEMOES-SuHM
has also described and figured one or two of the early stages of the colony in
Umbellularia.§ A thorough study of the mode of budding has, however, never been
made ; and the observations just mentioned, though of interest, are too incomplete to
be of great value,

In all of the Alcyonaria thus far studied the germ-layers appear to be differentiated
through some process of delamination. Among other polyps, however—as we know
from the observations of KowALEVSKY, LACAZE-DUTHIERS, METSCHNIKOFF, JOURDAN
and others—some forms undoubtedly pass through a typical invaginate gastrula
stage, while others appear to develop as delaminate planulee. BALFOUR states on
the authority of KLEINENBERG,| that in a number of Zoantharia the segmentation
is unequal, “indicating, perhaps, the occurrence of an epibolic gastrula.” I shall,
however, show further on, that inequality in cleavage is by no means a certain
indication of epibolic invagination.

With this brief sketch of the anatomy and embryology of the Alcyonaria, in which

* ¢« Untersuchungen iiber die Entwickelung der Ceslenteraten, Nachrichten der Kaiserl., Gesellsch. der
Freunde der Naturkenntniss der Anthropologie und Ethnographie.” Moskau, 1873 (Russian). Abstract
in HorrmaNy and ScawaLBe’s ¢ Jahresbericht,” 1875, Bd. ii.

t ¢Zoologischer Anzeiger,” No. 38, 1879.

1 ‘Rare and Remarkable Animals of Scotland,” vol. ii., pp. 181-190, ¢{. KOLLIKER.

§ ‘Annals and Magazine of Natural History,” vol. xv., 1875.

|| ¢ Comparative Embryology,” vol. i.
5 A 2
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only those features have been mentioned which appear of interest in connexion with
the following study of Renilla, we may pass to a description of the observations.*

I

SEGMENTATION OF THE BGG AND FORMATION OF THE GERMINAL LAYERS.
§ 1. Euxternal features of segmentation.

Renilla, like most other Alcyonaria, is dicecious, and on account of the rather
marked difference in colour between the ova and spermatic capsules, the sexes may
usually be distinguished by external examination. During the months of May, June,
and July many Renillas were found with the cavities of the polyps packed with the
lead-coloured ovaries or the whitish spermatic capsules. The egg or mass of sperm-
cells is enclosed in a very distinct follicle of ciliated entoderm cells which is ruptured
at the time of spawning, the eggs being thus discharged into the gastric cavity and
thence passed out to the exterior.

The eggs make their exit through the mouths of the sexual polyps, and the time
occupied in spawning is very short. They are vomited forth in great masses,
together with a considerable quantity of mucus, by a reversed peristaltic movement of
the cesophagus, the entire colony being usually in a state of complete expansion.
The mass of eggs is often held for some time clasped in the tentacles before being
thrown off into the water. All of the polyps in the central part of the disc spawn
simultaneously ; those near the edge of the disc often do not spawn with the others,

* Tt is perhaps worth while to describe briefly the methods employed in the preparation of the
embryos. For sections of the early stages the most satisfactory method is that recommended by
Bosrersky and so successfully employed by Maver, Harsonex, and others. The eggs were heated in
sea~-water to about 60° C., and maintained at that temperature for two or three minutes in order to
coagulate thoroughly the protoplasm. They were then hardened for twenty-four hours in potassium
bichromate, washed two hours in sea-water, and then gradually hardened in alcohol (50 per cent. three
hours, 75 per cent. three hours, 90 per cent. six hours, and then transferred to absolute alcohol). After
standing twenty-four hours in picro-carmine, and again soaking a few hours in absolute alcohol, they
were embedded in paraffin and vaseline and cut with the sledge microtome.

For sections of later stages the embryos were exposed for a few minutes to very dilute osmic acid

2 per cent., or less) until a barely perceptible brown tint was produced. After thorough washing they
were transferred to weak, strong and absolute alcohol, and stained and embedded as before.

For isolation of the muscle-fibres and other elements of the tissues, the method recommended by the
Herrwic brothers was employed. The larvee were placed for ten or fifteen minutes in a mixture of
equal parts of 2; per cent. osmic acid and % per cent. acetic acid in sea-water, then thoroughly washed
and soaked for several days in L per cent. acetic acid in sea-water. They were then stained in fofo and
teased in glycerine.

With other methods of hardening I have had no success. BOBRETSKY’S method is highly to be
recommended for the early stages, and affords very clear and satisfactory preparations.
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perhaps because they are younger and less mature. The ovaries of polyps which had
recently spawned were usually found to contain considerable quantities of immature
eggs. Hence it seems probable that there may be several successive broods of egg
in a single year, since the spawning season extends over two or three months.

It is a rather curious fact that the eggs are always laid at very nearly the same
hour of the day, viz., about 6 A.M. Large numbers of Renillas were kept in aquaria,
and the act of spawning was several times observed. In a single case only the
spawning took place as early as half-past five and it was never observed to occur later
than 7 A.m.  This regularity appears to be independent of temperature, although this
has a very important influence on the rate of development ; for the hour was the same
on cold and warm days, It is not unlikely that marine animals are more regular in
such habits than has been suspected. A similar case is that of Lucifer, which, as
Dr. Brooxs has observed, deposits its eggs always at the same hour, viz.: from
9 to 10 p.M. '

During the discharge of the eggs by the females the males pour out the spermatic
fluid in a milky cloud rising from the colony. The male element is apparently
discharged, like the eggs, through the mouths of the sexual polyps. The sper-
matozoa are of the ordinary tailed form with pyriform heads, and swim with great
activity. Fertilisation is effected in the water.

When first discharged the eggs are usually more or less distorted by pressure
during their passage through the cesophagus; within a few minutes, however, they
become perfectly spherical, and have an average diameter of about '35 mm. They are
of stony opacity, so that the germinal vesicle is invisible, and are destitute of any
proper limiting membrane, though the peripheral layer of the vitellus is clearer and
less granular than the rest. The entire substance of the vitellus is densely packed
with deutoplasm granules, which upon rupture of the egg appear as clear yellowish
spherules. Polar cells were never observed.

It will be convenient to describe first those changes which are visible from the
exterior, leaving to the next section an account of the corresponding internal changes
as discovered in sections. In a third section a review of the facts will be given,
together with a discussion of their significance.

The segmentation of the egg in Renilla is remarkable for the surprising amount of
individual variation of which it is capable. So great is this variation that it is safe to
say that no two eggs ever develop in precisely the same way ; and although most of
the variations may be arranged in a definite series, some of them are so irregular that
they seem to follow no definite law. No one indeed without actually following the
entire development of some of these eggs would suppose them capable of normal
development. For a long time, in fact, I passed by some of the less usual forms as
due to abnormal or pathological changes, and only after repeated and careful study
was able to convince myself that these peculiar embryos gave rise to active larve,
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differing in no visible respect from those which had developed along the more usual
course. The matter appeared to me of such interest and importance that I gladly
availed myself of the aid of two of my fellow workers at the laboratory—Mr. H. L.
OsBorN and Dr. J. MEreDITH WiLsoN—in order to study as completely as possible
the various forms of development. A large number of eggs, produced at different
times by different individuals, were kept under continuous observation from the time
of fertilisation up to an advanced stage of the segmentation ; they were then proved
to be capable of full and normal development by isolation in small glass vessels until
the free-swimming larval stage was attained. We were thus enabled to determine
with all possible certainty the fact that at least five or six well-marked modes of yolk-
cleavage, with many minor variations, may occur as normal phenomena of development,
that the segmentation may be at first equal or unequal, complete or partial, regular or
irregular, and that a great amount of variation exists in the duration of the various
stages of activity and quiescence.

The interval between fertilisation and the first cleavage varies greatly, and is in
general greater when the temperature is low. Segmentation may begin within ninety
minutes after fertilisation, or it may be delayed three or four hours beyond this. It
was found that the longer this preliminary quiescence continued, the more apt the
eggs were to pass through the less usual modes of development, while those which
developed promptly were as a rule of the two common types about to be described.

1. T will first describe a common, though not the most frequent, mode of develop-
ment illustrated by figs. 1 to 18. The egg having remained perfectly spherical from
the time of fertilisation, becomes of irregular outline, and in two or three minutes
divides into eight equal segmentation spheres. These are at first imperfectly separated
(fig. 1), but soon become exceedingly distinct (fig. 2). In the individual figured the
spheres swelled up slightly one minute later (fig. 8), then gradually flattened together
somewhat, and the egg passed into a slightly-marked quiescent period or ‘resting
stage” (figs. 4, 5). This continued fifteen minutes, when the spheres again swelled
up, and each divided into equal parts (fig. 6) so that the embryo consisted of sixteen
spheres. These again flattened together somewhat, and a second resting stage
‘ensued (fig. 7) which continued for twenty minutes. The slight swelling of the
spheres shown in fig. 3 is not accompanied by any visible cleavage. It is probably
attendant upon some internal change, which may, perhaps, be a division of the nuclei
—possibly of the spheres also—in a plane parallel with the surface. It is certain
that such cleavages take place sooner or later, but I have not been able to trace the
connexion between them and the external signs of activity (see § 2).

The segmentation now proceeded with great regularity, and appeared from the
exterior to be regular and complete. Each stage of division, during which the spheres
are swollen and rounded, was followed by a period of quiescence, in which the spheres
were flattened and more closely pressed together. This regular alternation of rest and
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activity continued for a long time, until the spheres had become very small and the
embryo had begun to elongate. It is clearly shown in the series of figures from
1 to 18, of which the first fourteen are from one individual (time, 115 minutes), the
last four from another specimen (time, 32 minutes). The intervals of time between
the successive visible cleavages were somewhat irregular, as shown in the following
statement :—

Between figures 2 and 5. . . . . 9 minutes.
, 5, 7. . . . . 45
’ 7 . 9. . . . .29
. 9 ,, 11. . . . . 12
» i ,, 13. . . . . 23
. 13 ,, 15. . . . . Not observed.
” 15 ,, 17 . . . . . 27 minutes.

In the eggs of many animals the periods follow one another with great uniformity,
and the irregularity in the present case is therefore somewhat unusual. It depends
perhaps on the fact that the embryo is solid, and that during the whole segmentation
the cleavages take place not only in planes at right angles to the surface, but also in
planes parallel to it. The latter cleavages would not be visible externally, but might
retard the surface cleavages at certain periods. This is apparently the true explana-
tion of the long delay of forty-five minutes between figs. 5 and 7 ; for, as we shall see
“in the following section, the delamination, by means of which the layers are separated,
takes place at this period when the embryo consists of sixteen spheres.

2. The mode of segmentation which has been desciibed occurred with slight varia-
tions in rather less than one-third of all the eggs studied. In the most usual case,
however, the eight-sphere stage is entirely passed over, and the egg divides at once
into sixteen spheres at the first cleavage.

This mode of cleavage, illustrated by figs. 80 to 37, is, except in the first stage,
quite like the cleavage into eight spheres. The egg is at first perfectly spherical, then
becomes irregular in form, with a wavy outline, and at length falls at once into sixteen
spheres (fig. 33), which are, as a rule, of equal size. Though very distinct at first, they
soon flatten together, and the egg passes into a resting stage (fig. 85), which continues
for ten to twenty minutes. This quiescent period, though only slightly marked in the
specimen figured, is sometimes very pronounced, so that the embryo may be nearly or
quite indistinguishable from the unsegmented egg. The subsequent development is
very regular, and is like the first case. ‘

As noted above, the spheres are usually of equal size. It is, however, a common
occurrence for the segmentation to be more or less unequal, as shown in figs. 38 to 44,
In this case the embryo presents externally the appearance of an epibolic gastrula,
consisting of macromeres and micromeres. In the eight-sphere stage, also, embryos were
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sometimes observed to consist of four large spheres, capped by smaller ones, exactly as
in the early stages of many epibolic gastrulas. In the sixteen-sphere stage there are
often three or four larger spheres which are always placed at one pole of the egg, and
are not separated by smaller spheres.

The first cleavage into eight spheres may be incomplete and irregular as well as
unequal. Thus the egg shown in figs. 45 to 48 divided at first incompletely into eight
(fig. 45), and then passed into a somewhat marked quiescent stage (fig. 46) of fifteen
minutes’ duration, one of the spheres retaining its prominence, as shown in the figure.
It then divided into sixteen nearly equal spheres (figs. 47, 48), and its subsequent
development was regular. A somewhat similar case is illustrated by figs. 49 to 58.
In this individual the first resting stage (figs. 51, 52) was very marked, the outlines
of the spheres became quite invisible, and the embryo could only be distinguished
from the unsegmented egg by its slightly irregular outline. In this individual it is
shown, further, that the spheres do not necessarily divide simultaneously, though
this is usually the case. The sphere marked a. did not divide at the third general
cleavage (fig. 55), but delayed until the next, or fourth, cleavage, when it divided into
two spheres, a.q.

In these cases of slightly unequal cleavage it was in several instances observed that
the smaller spheres sometimes increased considerably in size, after the cleavage was
apparently complete, so as to reduce the inequality considerably. This is rendered
possible, perhaps, by the circumstance to be afterwards described, that the earlier
cleavages do mnot extend to the middle of the ovum, and the spheres are continuous
at first with a central solid unsegmented mass. Or it may possibly be due to a
re-arrangement of the material of the spheres, such as a change from a vertical to a
horizontal elongation.

8. In the third form of segmentation to be described, of which a single case only
was observed by Dr. WiLsoN, the egg divided at the first visible cleavage into thirty-
two (&) spheres, passing over both the eight-sphere and the sixteen-sphere stages. The
segmentation was somewhat unequal and became more so in later stages owing to the
more rapid multiplication of the spheres at one pole. The egg developed perfectly,
however, and produced a larva which appeared to be quite normal.

In the three forms of segmentation so far described, a certain number of individuals
were observed to undergo considerable changes of form fifteen to twenty-five minutes
before actual cleavage took place. The eggs became slightly irregular, with wavy
outlines, as if about to segment; but within a few minutes they became again
perfectly spherical, and remained so until the actual segmentation began. This was
observed only once preliminary to the eight-sphere cleavage, and occurred in the single
example of the thirty-two-sphere division. About one-fourth of those which divided
at once into sixteen uunderwent the preliminary change.

- There can be little doubt that these preliminary changes of form are attendant upon
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divisions of the nuclei. The egg appears to make an effort, so to speak, at cleavage,
but has not sufficient energy to complete the division of the vitellus. I shall return
to this point further on. It is perhaps worth noting that the interval (fifteen to
twenty-five minutes) between the preliminary change and the first cleavage is nearly
always considerably greater than the ordinary resting stages (eight to eighteen
minutes).

4. In a fourth form of segmentation (figs. 19 to 24), of which a single example only
was observed, the egg was divided at first into two equal parts by a horizontal
cleavage, and then incompletely into eight by two partial vertical furrows at right
angles to each other and to the horizontal furrows (figs. 19, 20). The vertical furrows
started from the horizontal one at four equi-distant points, and travelled about half-
way towards the upper and lower poles. They stopped abruptly at these points
however, and the egg passed into a very marked resting stage (fig. 21), during which
the form was nearly spherical and the furrows could only be seen at the points of union
with each other. At the next cleavage the egg divided into about sixteen spheres
of different sizes (see fig. 22). The spheres remained sharply marked and rounded for
twelve minutes, then flattened together slightly, but five minutes later swelled slightly
and each divided into two with beautiful regularity (fig. 24). The subsequent
development was regular and normal.

5. In one case an egg was observed to divide into two nearly equal parts, and then
passed into a marked resting stage (figs. 256-27). In several other cases eggs were
observed divided into four equal parts (figs. 28 and 29). Unluckily, the subsequent
development was not followed in either case, and I cannot state whether these eggs
were normal. In any case they are interesting, as filling out the series of different
modes of segmentation of which the eggs are capable. In view of the great variation
which certainly does exist it seems not improbable that these forms are capable of
normal development.

6. In the cases so far described, the entire mass of the vitellus segments at the same
time or nearly so. In several instances, however, segmentation began at one pole of
the egg, leaving a large mass undivided at the opposite pole. These eggs had exactly
the appearance of undergoing a partial segmentation, like that of Pyrosoma, or some
Teleostean fishes. Thus in the egg shown by figs. 59 to 62 segmentation began with
the formation of four small spheres at one pole of the egg, which then passed into a
very marked resting stage. At the next cleavage (figs. 61, 62) the unsegmented
portion broke up into about twelve spheres, of which two or three were somewhat
larger than the others (fig. 62). The egg is now closely similar to that shown in fig. 38

which was directly derived from the unsegmented egg, and its subsequent development
calls for no remark. Figs. 63 to 67 represent a similar case. In this instance the
MDCCCLXXXIII. 5 B
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small spheres at the second cleavage gradually extended downwards, being successively
constricted off from the unsegmented mass. The first resting stage (fig. 64) was much
less marked than in the individual last described, and in some individuals of this type
the first period of quiescence is not attended by any flattening of the spheres, though
a considerable pause always follows the formation of the first four or five small
spheres.

7. Lastly, I may describe a very peculiar segmentation, shown by figs. 68 to 72.
The egg when first observed consisted of three large spheres and four much smaller
ones. One of the latter soon divided, and the egg passed into a slightly marked
resting stage (fig. 70). At the next cleavage both large and small spheres divided
(figs. 71 and 72) without apparent regularity, and the inequality still remained
marked. In later stages the spheres gradually became more uniform in size, the
embryo developed normally, and on the following day the free-swimming larva could
not be distinguished from those produced by more usual forms of development.

Review.

The egg may divide at the first cleavage into two, four (?), eight, sixteen, or thirty-
two spheres, which may be equal or unequal in size. In some cases the egg undergoes
a preliminary change of form some time before cleavage, without, however, dividing,
and returning afterwards to a spherical form. The cleavage into eight parts may be
-irregular and incomplete, and at the next cleavage sixteen spheres are formed.

Cleavage may begin at one pole of the egg with the formation of four or five small
spheres, and (usually) after a quiescent period the remainder of the vitellus breaks up
at once or progressively into spheres of approximately the same size as those first
formed, and the egg passes into the sixteen-sphere stage.

Lastly, the segmentation may be very irregular as well as very unequal, and follows
no discernible order.

I have described the various forms of segmentation in what may seem wearisome
detail, since the existence of so wide a range of variation in segmentation is quite
unprecedented, so far as recorded observations show. In the eggs of many animals the
course of the segmentation appears to be remarkably constant, and the various cleavages
follow one another with almost mathematical regularity. So far as I am aware,
Brooks was the first to point out, in the case of the Oyster, in 1879, that the eggs of
the same species, or even of the same individual, may normally undergo more than
~one mode of development. He described in the Oyster two forms of segmentation,
of which one was clearly derived by an abbreviation of the other. Intermediate
forms were not, however, observed, and the eggs could not be said to exhibit
variation except in one definite direction. In Renilla the eggs vary in many direc-
tions, and the different forms of development must be due to varying structural
arrangements within the egg. ' :
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This fact of extremely early variation is, I believe, one of great importance. It
is evident that a structural variation in one of the segmentation spheres must
make itself felt, to a greater or less extent, in the structure and development of
the cells derived from it, and may therefore appear ultimately as symmetrical or
correlated variations in the larva or adult organism,

Leptogorgia, like Renilla, is dicecious, and the eggs are fertilised in the water
after their discharge from the parent. The eggs are slightly smaller (‘30 millim.),
and of a rosy tint, but are otherwise quite similar to those of Renilla. They are
discharged in the same manner through the mouths of the polyps, and at the same
hour of the day, viz., 6 Am. TUnlike Renilla, the eggs are discharged in small
numbers only, each polyp producing, so far as could be ascertained, only two or
three ripe eggs at a time. The polyps in all parts of the colony discharge their
eggs nearly simultaneously.

The segmentation is closely similar to the most common mode of Renilla, but
differs in some rather interesting particulars. Owing perhaps to the scarcity of
material, variations in the segmentation were not observed ; but only three or four
eggs were kept under continuous observation from the time of fertilisation. In all
these cases the egg underwent slight changes of form about an hour before the
beginning of segmentation, returning afterwards to an almost perfectly spherical
form. The interval between this change of form (which is undoubtedly, as in
Renilla, the expression of an attempt at cleavage) and the beginning of actual
segmentation is much greater than in Renilla. |

At the first cleavage the egg divides into sixteen very distinct equal spheres, which
soon flatten together very completely, and a strongly marked quiescent period follows,
during which the embryo can scarcely be distinguished from the unsegmented egg.
This continues for about twenty minutes, when the spheres again swell up and
become very distinet but do not divide. This condition continues for several minutes
when the spheres again flatten down, and a second resting stage occurs which is
rather less marked than the first. '

Unluckily, I did not succeed in procuring satisfactory sections of this stage, since
the methods of hardening employed with Renilla proved useless for Leptogorgia.
There is every reason to believe, however, reasoning from analogy, that this swelling
of the spheres is accompanied by a division of their substance; and this division can
only be in a plane parallel with the surface—in other words, it must be a delamination
cleavage. The delamination in Renilla, as we shall see, takes place when the embryo
consists of sixteen segmentation spheres, but with considerable irregularity, and I
have not been able to connect it certainly with any external sign of activity. In
Leptogorgia all of the spheres appear to divide at nearly the same moment, the
delamination being nearly as regular as in Gorgonia or Liriope.

5 B 2



736 t)R. E. B. WILSON ON THE DEVELOPMENT OF RENILLA.

The egg shown in figs. 73 to 106 developed nearly in the manner just described,
but with the important difference that the delamination cleavage appeared to take
place when the embryo consisted of thirty-two (4) instead of sixteen spheres.
When first observed the egg consisted of thirty-two (4-) spheres (fig. 73), which
afterwards flattened together very completely (fig. 74). TFifteen minutes later the
spheres swelled up and became very prominent (fig. 75), but the embryo passed into
another quiescent stage (fig. 76) without visible division of the spheres.

Hence it would seem that the period at which delamination occurs is not invariable,
or it may be that it takes place at different periods in different parts of the same egg.
The number of eggs observed was not large enough to determine this interesting and
important point.

The remainder of the segmentation (figs. 77 to 85) is closely similar to Renilla
and does not call for special remark. The periods of activity and quiescence alternate
with great regularity, and have approximately the same duration as in Renilla.
Although I have examined a considerable number of eggs (probably fitty or sixty),
they were never found to consist of less than sixteen spheres or undergoing “partial”
segmentation ; and although some inequality was observed, this was never so marked
as in Renilla. It would therefore seem that the form of segmentation is more firmly
fixed than in Renilla.

§ 2. Internal phenomena of segmentation.

a. The unsegmented egyq.

In the fresh state no trace of a germinal vesicle can be seen in the unsegmented
ego. A series of sections shows, however, that a large vesicle is present (fig. 86)
containing a very distinct germinal spot. In immature eggs the vesicle lies near the
centre of the egg, but in the ripe egg it is situated near the periphery of the vitellus.
It is enclosed in a delicate but very distinct membrane, and has a somewhat reniform
shape with the concave side turned outwards. The interior appears to be filled with a
finely granular substance, which stains intensely. No protoplasmic reticulum can be
seen, and if present its meshes must be of exceeding fineness so as to produce the
appearance of a fine granulation. The germinal spot is of a rounded form and lies
near the centre of the germinal vesicle. It is of high refrangibility and stains
intensely with picro-carmine. Under a high magnifying power it is seen to consist of
a lighter clear peripheral layer, enclosing a number of spheroidal bodies, which are
separated by a reticulum of deeply staining substance.

The body of the vitellus consists of a fine protoplasmic network, closely packed
with rounded granules of deutoplasm, which are scarcely affected by the staining fluid.
A rather narrow peripheral zone of the vitellus does not take the staining fluid, and is
of a more finely granular structure than the rest of the vitellus. This zone is faintly
visible in fresh eggs when flattened under the compressor, and it persists until a late
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stage of the segmentation. In some preparations, however, it does not appear, and
sometimes it is marked in one part of a section and invisible in other parts (see
fig. 94).

As shown in fig. 86, the germinal vesicle lies in contact with this clear peripheral
layer, which extends inwards slightly to meet it. In the section following that which
is figured, the peripheral layer actually bends inwards so as to form a slight funnel-
shaped depression leading inwards towards the germinal vesicle. Possibly this may be
due to shrinkage ; for I have never observed such a depression in fresh eggs. More
probably it should be regarded as a kind of micropyle through which the spermatozson
enters the egg. The metamorphosis of the germinal vesicle, consequent upon fertilisa-
tion, was not followed.

As already stated, there is a considerable interval between fertilisation and the first
visible cleavage. Sections through the egg show that, although the vitellus is
apparently inactive, the nuclei are rapidly multiplying. 'The egg, which at first
contains a single nucleus, becomes polynuclear and passes into the condition of a
polyplast or syncytium, each nucleus corresponding to one of the future segmentation
spheres, as shown by later sections.

I did not succeed in following completely the progressive multiplication of the
nuclei, and can only assert that they become more numerous up to the time of
cleavage, when each sphere contains a single nucleus. Many sections were obtained
containing two nuclei, several with three, and a few in which four nuclei were visible.
By making series of consecutive sections through the ova, it is possible to determine
approximately the number of nuclei. I have thus observed the egg with four nuclei,
others with four amphiasters, representing the multiplication of four nuclei into eight,
and others containing eight separate nuclei. In others the number of nuclei is still
greater, and in one case I was able to count sixteen nuclei, as described below. The
nuclei do not always divide simultaneously, for I have, in several cases, observed
eggs containing ordinary nuclei, and also typical amphiasters, with their characteristic
spindles and star-shaped heads. In some cases an amphiaster and an undivided
nucleus appear in the same section. In all these cases the eggs were perfectly
spherical before treatment with reagents, and showed no sign of division.

Fig. 87 represents a section through a spherical unsegmented egg, a few minutes
before its fellows divided into sixteen spheres. The irregularity of form is a result of
shrinkage which, however, affects only the external form, leaving the substance of the
vitellus uniform, and quite free from shrinkage cavities. This section is from one side
of the egg, and contains two distinct amphiasters. Passing inwards, the second section
contains two nuclei, and the third one. Four nuclei appear in the fourth, and four in
the fifth, which is represented in fig. 88. Three of the latter are simple, while the
fourth is elongated, and apparently about to become an amphiaster. Two nuclei
appear in the sixth section, one in the seventh, one in the eighth, and a single
amphiaster in the ninth and last. The four nuclei of sections 4 and 5 have the same
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relative positions, and are doubtless identical : the nucleus of No. 8 corresponds with
one of No. 2; and one of No. 6 with that of No. 7. I find, counting each amphi-
aster as two nuclei, the egg contains fifteen nuclei, and, counting the elongating
nucleus of No. 5 as two, we have a total of sixteen nuclei, corresponding with the
number of spheres formed at the first cleavage.

The segmentation nuclei bear no resemblance to the germinal vesicle or egg-nucleus.
When in the quiescent state they appear as intensely stained finely granular areas,
shading off, insensibly, into the surrounding mass of the vitellus, and without
enclosing membrane or nucleoli. In later stages, when the vitellus has undergone
division, they sometimes appear as small vesicles, containing a clear substance, and a
very deeply stained nucleolus. The yolk-granules are almost always disposed in
radiating lines about the nucleus, but this appearance varies greatly, and is some-
times scarcely discernible. I have no new observations to offer on the phenomena
attending their multiplication, since the abundance of deutoplasm obscures the
structure of the nuclei and amphiasters. Nuclei were, however, observed in every
stage of division, and I will briefly describe their transformation: The nucleus
becomes slightly elongated, then decidedly so, and the radiate arrangement of the
surrounding granules is very marked (fig. 88). In a slightly later stage, the nucleus
has a dumb-bell shape, with the vitelline granules radiating from each extremity
Still later, the typical amphiaster form is attained, with two deeply stained nuclear
areas, surrounded by very marked radiating lines of granules, and connected by a
striated spindle. The stars then move apart, the spindle becomes attenuated. In
later stages, during the cleavage process, the body of the cell splits into two at this
stage o1 the amphiaster, the line of division passing at right angles to the spindle,
near its middie point. In the unsegmented egg, the two stars simply move apart, and
the spindle entirely disappears.

After the division of the amphiaster is completed the two new nuclei assume the
ordinary appearance, and the radiating arrangement of the yolk-granules becomes
less marked.

The nuclei are at first situated near the centre of the egg, but as the time for
cleavage approaches they travel towards the periphery, where the first segmentation
spheres are to make their appearance,

b. The cleavage process.

The first division of the vitellus (fig. 89) consists in the formation of rounded
prominences over its surface, of which each contains one of the nuclei derived from
the continued division of the segmentation nucleus, and is therefore the equivalent of
a cell (e, a segmentation sphere). These spheres are however entirely fused
together, and there is at first no trace of lines of division between them. The egg is
still a polyplast or syncytium though the vitellus is being acted upon by forces which
tend to split it up into separate portions corresponding in number with the nuclei. It
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is important to note that whether eight or sixteen spheres are formed at the first
cleavage, each contains a single nucleus only; for this shows that division of the
vitellus does not always occur at the same stage in the division of the nuclei.

The prominences soon become very marked, increasing in size at the expense of the
central mass and becoming at length of a pyriform shape. The egg then consists of a
central unsegniented mass containing no nuclei, and surrounded by partly formed
spheres, each containing a single nucleus and connected by a broad isthmus with the
central mass. In some cases, at any rate, the embryo now passes into a resting stage,
as shown in fig. 95. The spheres flatten together and are separated by very distinct
narrow clear spaces, which terminate abruptly some distance from the centre, thus
leaving the central mass quite unsegmented, and continuous with the mass of the
partially-formed spheres. In the figure some of the spheres appear to be completely
separated from the central mass, and this may perhaps be the case with some of them.
Others however are certainly not separated from the central mass.

In the second stage of activity, or perhaps in some cases in the first, the spheres
increase still further at the expense of the central mass, which becomes at length
reduced to a very small remnant (fig. 92), to which the spheres are attached by narrow
necks.  Finally even this remnant disappears, and the completely formed spheres
extend to the very centre of the embryo. A small mass of granular matter still
remains in the middle of the embryo, and the spheres are attenuated at their inner
ends (fig. 93). No segmentation cavity exists at this stage, but the inner ends
of the cells soon become evenly rounded and a small segmentation cavity is formed
(fig. 94), in which a quantity of granular débris usually remains. The spheres are
destitute of cell-membranes, but are separated by a small quantity of intercellular
substance. Their substance is completely similar to that of the unsegmented egg, the

-nuclei have the same appearance as in the latter, and are situated in the outer halves
of the cells. The clear peripheral zone observed in the unsegmented egg is still very
distinct in some specimens, but in others cannot be seen. It does not follow the
lines of cleavage into the interior of the egg. ‘

c. Formation of the layers. ,

The egg is now in the condition of a blastula in which the cells are not yet dif-
ferentiated into ectoderm and entoderm. In the next change—which constitutes
perhaps the most important epoch in the development of the larva—the ectoderm
and entoderm are separated by a process of delamination ; i.e., the inner end of each
sphere separates as an entoderm cell from the outer portion which remains as an
ectoderm cell. A careful study of my sections taken in connexion with the external
appearances, leaves no room for doubt that this is the mode in which the layers are
‘separated ; but it is clear that the cells do not in all cases perform the delamination
cleavage simultaneously. On the contrary there appears to be much irregularity in
this process, which is not surprising in view of the other remarkable variations in the
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segmentation which have been described. Thus, in the same specimen, some of the
cells may be undivided and contain simple nuclei; others contain delamination
amphiasters (i.e., those whose long axes are radially directed); while others have
completely divided into ectodermic and entodermic moieties. Moreover, delamination
cleavages may be in progress in some of the cells, while in others the cleavages are
taking place in vertical planes. This is shown, for instance, in fig. 99, where two of
the cells (a, b) contain delamination amphiasters, as shown by the direction of their
long axes, while a third cell (c) is about to divide in a vertical (or radial) plane, as
shown by the position of the amphiaster.

This suggests the interesting question as to whether delamination cleavages really
take place in all of the cells, or may not rather be limited to the cells over a certain
area. My sections are inconclusive on this point, which is of g =t importance in its
bearing on the mode of transition between the invaginate and . -ninate modes of
development. (See BaLrour’s ‘ Comparative Embryology,” vol. ii.,p. 25 and my paper
on the early stages of some polychwtous annelides in ‘Studies from the Biological
Laboratory of the Johns Hopkins University,” vol. ii., No. 2, 1882 ; compare also the
very interesting observations of CLaus on “Die Entwickelung des Aequoriden-FEies,”
Zool. Anzeiger, No. 112, June, 1882.)

In fig. 94 one of the cells (a.) is in the act of cleavage, and the direction of the
amphiaster and the form of the cell indicate that the cleavage is in a horizontal
plane—i.e., isa delamination cleavage. Fig. 96 represents a section (osmic acid) through
an egg, a little later, in which the inner portions of several of the spheres are separating,
or have recently separated, as entoderm cells. Unluckily, the nuclei do not appear
in the section, which is furthermore somewhat disfigured by shrinkage cavities.

In a few cases I have observed at a much earlier period divisions of-the nuclei,
which may possibly represent delamination cleavages. Such a case is shown in fig.
98. The egg is about to divide into sixteen spheres, but contains two amphiasters,
which have the same position as the true delamination amphiasters already described.
It seems possible that the inner star of each amphiaster is destined to form the
nucleus of an entoderm cell, and the outer star that of an ectoderm cell when division
of the vitellus takes place. I have not traced this out, however, and the appearance
may be open to a quite different interpretation. It is, however, certain that there is
a good deal of variation in the delamination process, and the embryos do not display
the beautiful regularity in this respect which has been described in some Coelenterate
eggs. As already mentioned, Leptogorgia appears to differ from Remilla in this
respect, since the period of delamination is sufficiently marked to produce a special
“active stage,” represented externally by the simultaneous swelling of all the spheres.

At the close of the delamination process, the egg consists of a solid mass of cells
in which every trace of the segmentation cavity has disappeared. As shown in figs.
99 and 100, the ectoderm does not at first form a distinet layer, the cells dovetailing
- with those of the central entodermic mass. As the egg passes into the resting stage,
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however (fig. 97), the ectoderm becomes pretty well defined as a single layer of large
cuboidal cells. The central mass is composed of large rounded polygonal entoderm
cells, which differ little in structure from those of the ectoderm.

§ 3. General considerations and comparison with other forms.

- With the formation of the germ-layers the segmentation may be regarded as
finished, and it may be useful to review the facts in comparison with other forms, in
order to appreciate their significance.

Examples of the continued division of the segmentation nucleus before cleavage of
the vitellus are very common, but in most cases the nuclei become far more numerous
before cleavage occurs than in the ovum of Renilla. In the case of the Isopod Asellus
(Vax BENEDEN) the segmentation is entirely similar to one of the forms observed in
Renilla, the nuclei multiplying to the number of eight, and the vitellus then dividing
at once into eight spheres. In view of the total dissimilarity of the adult forms, this
identity in segmentation is a striking instance of the independence of the yolk-
cleavage from the adult structure; and it would be clear, from this case alone, that
the particular form of the segmentation may be wholly determined by secondary or
adaptive causes. :

This fact is rendered especially conspicuous from the astonishing amount of variation
shown in the Renilla segmentation. This variation concerns not only small details,
but also features which are usually held to be characteristic of quite different types of
development. Hence we can see how readily the form of segmentation might be
acted on by natural selection, for advantageous variations would certainly tend to be
preserved and harmful ones destroyed. It must, however, be admitted that the
action of heredity appears to have little precision in this case, for the most unlike
variations appear in the eggs of the same parent, and I have not observed that any
particular variation occurs more frequently in the eggs of particular individuals.

‘We may now inquire, What is the direct cause of the variations in the
yolk-cleavage? As we have seen, the nuclei divide, so far as can be determined,
in the ordinary course, and sooner or later the vitellus follows. It is highly
probable that the division of the nuclei is in all cases nearly regular, and the
variations of the yolk-cleavage depend upon the varying activity of the vitellus, either
as a whole or in its various parts. There seems to be always a tendency to the
cleavage of the vitellus simultaneoudly with the division of the nuclei, but this
tendency varies in force or meets with varying resistance. As described above, the
vitellus seems sometimes to make abortive attempts to divide simultaneously with
the nuclei, these efforts being expressed in temporary changes of form in the vitellus,
but not resulting in complete cleavages. In other cases the attempt is partially
successful, as where the vitellus divides incompletely into eight (fig. 45). Sooner or
later the tendency gathers energy enough to carry out a complete segmentation. The
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egg may be able to do this at the first division of the segmentation nucleus into two,
or may be unable to effect it until six successive divisions of the nuclei have taken
place, and the egg therefore divides into thirty-two spheres at the first cleavage.

In searching for the cause of these variations in the activity of the vitellus, the idea
at once suggests itself. that it lies in the variations of the amount and distribution of
the deutoplasm. Tt has been pretty clearly established by the researches of late years
that the protoplasmic and deutoplasmic constituents of the vitellus are, in a certain sense,
antagonistic to each other in their influence upon the rate of development. The
protoplasm is the active part, while the deutoplasm, as such, is inert, and, until absorbed
and converted into protoplasm, exercises a retarding influence upon development.

The egg of Rentlla is heavily laden with deutoplasm spheres, which, as we shall
see, long remain inert, and are not converted into protoplasm until a late stage of
development. If we suppose—and the assumption appears fully justifiable—that the
amount and distribution of the deutoplasm in the vitellus are subject to slight
variation, most of the variation receives a simple explanation. It is, of course, possible,
or even probable, that the activity of the protoplasm may vary also; but since the
two constituents of the vitellus are, as it were, counterbalanced against each other, a
variation in the amount or activity of the protoplasm must have the same effect as
the opposite variation in the deutoplasm, and hence we may for the sake of simplicity
consider the amount of deutoplasm alone.

The researches of FLEMMING, STRASBURGER, and others have within a few years
clearly shown that the division of the nucleus of a cell produces, or is at any rate
closely associated with, a tendency to division in the body of the cell. If then
the deutoplasm of an egg be scanty, this tendency may be strong enough at the first
division of the nucleus to overcome the inertia of the mass of the vitellus and the egg
divides into two cleavage spheres at the start. This condition is permanently retained
in the eggs of many animals, but in Renilla occurs only as a rare variation. With an
increasing amount of deutoplasm, equally distributed, the cleavage of the vitellus
is longer and longer delayed, though the ineffectual efforts of the vitellus may be
expressed in slight changes in the form of the ovum.

Bearing these considerations in mind it is-exceedingly interesting to compare the
various modes of development of Renilla with those of other animals, and especially
of certain forms existing among the Arthropods.

In Lucifer, as described by Brooks (Phil. Trans., 1882), the egg is transparent and
nearly destitute of deutoplasm. The segmentation is regular and total, the nuclei
and bodies of the spheres divide regularly and simultaneously into two, four, eight,
&c., as far as the segmentation can be followed, and the spheres remain perfectly
distinet from one another. In Palwmon, described by BoBreTskY (whose Russian
paper I know only from German abstracts), the deutoplasm is abundant, but the
segmentation is regular and total at first. Late in the development, however, the
inner ends of the high columnar cells (“yolk . pyramids”) fuse together to form a
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homogeneous yolk. Penwus (HarckiL) undergoes a similar development, but the
fusion of the inner ends of the spheres occurs at a far earlier stage when only four
spheres are formed. Whether these are at first distinet was not determined.

In Eupagurus and a number of other Decapods studied by MavEeRr (Jenaische
Zeitschrift, Bd. xi., 1877) a curious condition exists which is intermediate between
the preceding forms and Renilla. The nucleus divides regularly into two, four, and
eight, but without a concomitant cleavage of the vitellus. After the formation of the
eight nuclei, however, the vitellus divides into two, four, and eight complete spheres,
each of which contains one of the nuclei. In the next stage sixteen spheres are
formed, but their inner ends no longer extend to the middle of the egg, the spheres
having fused to form a yolk-mass as in Peneus or Palemon. Finally in Asellus,
already referred to, the nuclei multiply as in Eupagurus to the number of eight, but
the vitellus then divides at once into eight partially-formed spheres, without under-
going the previous divisions into two and four. This condition is characteristic of
about one-third of the Renilla eggs, but in most cases the division of the vitellus is
retarded until sixteen nuclei are formed.

In rare cases cleavage is delayed until thirty-two nuclei are formed, and here again
we find that this condition, though a rare variation in Renilla, is permanent and
normal in another group of animals, namely, the Araneina (Hus. Lupwig, Zeitsch.
Wiss. Zool.,, Bd. xxvi., 1876). In this well-known case the nuclei multiply to the
number of thirty-two before the vitellus actually divides, though a partial segregation
of its material is effected. From this condition the step is not great to the eggs of
the Insecta and Acarina, where a still larger number of nuclei are formed before
cleavage begins. ‘ ‘

There can be no doubt that the regular division of the vitellus in geometrical
progression into two, four, &c., spheres, is in general to be regarded as the most
primitive mode of development, the process being only a special case of cell-division.
In a number of polyps, both of the Alcyonarian and Actinarian types, as in Clavularia,
or some species of Actinia (KOWALEVSKY), this primitive mode of development is still
retained. Hence, if we regard the most frequent mode of segmentation in Rentlla—
namely, direct division into sixteen spheres—as the normal mode, the occasional divi-
sion into eight, four, or two may be regarded as cases of reversion to conditions which
were once the prevalent modes of development. On the other hand, the single observed
case of division into thirty-two spheres shows that while the sixteen-sphere cleavage
has been pretty well established, a tendency to further abbreviation still exists. - We
cannot doubt that if any change of condition should render a further concentration of
development advantageous, this tendency or capability would come into play, and a
segmentation like that of the Insecta might be produced. :

As the various forms of regular cleavage may be explained as the result of variations
in the amount of equally distributed deutvplasm (or in the activity of the protoplasm),
so we may in part explain the various forms of unequal segmentation as due to
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variations in the distribution of the deutoplasm. As shown in figs. 55-57 certain
spheres may be slower in their development than others, so that their descendants
are larger, a fact long since observed by Arrman in Hydroid eggs. This is probably
caused by the presence of a larger amount of deutoplasm than common, though possibly
to the tardy division of the nuclei. In the forms of * partial ” segmentation shown in
figs. 59-67, the large unsegmented mass must contain a number of fully formed
nuclei, since it breaks up almost at once into several spheres. Hence the delay is
caused, apparently, by some obstacle in the vitellus, which we may suppose to be an
especially great amount of deutoplasm in one half of the egg, as is normally the
case in the entodermic pole of an epibolic gastrula. It is possible in this case also to
suppose that the delay is due to tardy multiplication of the nuclei, but this explana-
tion seems less probable than the other. In some cases the small spheres are gradually
constricted off from the unsegmented part, and the egg may pass into a resting stage,
leaving a number of spheres only half formed (see figs. 59, 60, 63, 64). This fact
strongly indicates that there is some resistance to be overcome in the vitellus, for there
can be little doubt that the half-formed spheres contain fully developed nuclei.

There are a number of other facts which point in the same direction. The first
formed cleavage furrows penetrate very slowly towards the centre of the ovum and,
in some cases at least, do not reach the centre during the first stage of activity. The
segmentation is at first, therefore, of the type which BALrour has termed centrole-
cithal, the egg consisting of a peripheral layer of partially-formed cells and a solid
central yolk-mass. The egg differs somewhat in structure, however, from a typical
centrolecithal ovum; for the central yolk-mass, so far as can be determined, does
not contain at this period a greater proportion of deutoplasm than the peripheral
parts, though it does so at a later stage. The failure of the cleavage furrows to reach
the centre of the egg seems to be due either to the resistance being greater in the
central parts, or to the exhaustion of the energy of the protoplasm before the inertia of
the entire mass of deutoplasm has been overcome.

It is interesting to compare Remslla in this respect with C’Zowulcm "t on the one hand
and Alcyonium on the other, as described by Kowarevsky. In Clavularia the resist-
ance of the entire mass of deutoplasm would seem to be less than in Renilla, as the egg
divides completely and regularly from the first. In Alcyonium, on the other hand,
the resistance in the central mass is greater than in Renilla, and the segmentation
does not affect the central portions of the egg for some time. Irregular protoplasmic
protuberances separate themselves from the yolk to form segmentation spheres, which
after a time arrange themselves in a simple regular ectodermic layer. The central mass
remains, for a considerable time, quite unsegmented, but finally breaks up into large
rounded entoderm cells. Hence it appears that the cleavages do not reach the centre
of the egg until the delamination takes place; and in this case the cause seems pretty
clearly to lie in the greater abundance of deutoplasm in the central portion of the egg.

The principle that unequal distribution of deutoplasm produces unequal rates of
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development in different parts of the egg, will not, however, account for some of the
forms of unequal segmentation in Rentlla. When, for instance, the egg divides into
four larger and four smaller spheres, the former do not contain a greater number of
nuclei than the latter, since at the following cleavage all are divided alike into two
parts, and further, we have seen that the inequality existing at first may be
considerably reduced without the occurrence of any visible cleavage. It is improbable
that the cause is simply a lack of precision in the action of the vitellus, since the
arrangement of the spheres is constant, so far as observed, the larger spheres being at
one pole of the egg and the smaller spheres at the other, The resemblance of the egg
at this stage to an epibolic gastrula has already been noted, and the idea naturally
suggests itself that this resemblance may be due, not to accident, but to actual
reversion of the gastrula jform, though the essential features of the development are
entirely different from those of the gastrula, There are a number of facts which
indicate the derivation of the delaminate planula from an epibolic gastrula like that of
EBuaxes; and if the planula has had such an origin, it is not improbable that it might
occasionally revert to the original unequal form of segmentation.

§ 4. Changes of external form and further histological differentiation.

At the close of segmentation the embryo is roughly spherical in form, varying
considerably in outline. As development proceeds the body elongates slightly so that
a longer axis (antero-posterior) can usually be made out, but the larve both of Renilla
and Leptogorgia assume the most irregular and strange forms (figs. 100% 100% 100,
107). Occasionally a larva develops very regularly, preserving a nearly even oval out-
line until the cilia make their appearance. But in far the greater number large irre-
gular prominences and depressions make their appearance over the whole surface of the
embryo, and the form becomes so strangely modified that it is difficult to believe the
shrunken and distorted larves capable of further development. In fact I unhesitatingly
considered them at first as abnormal or dying specimens, No two of them have the
same form, and they sometimes appear almost like huge Amabe with short rounded
pseudopodia extended in various directions, Nevertheless the larvee are perfectly
normal, as I repeatedly proved by isolating them in small vessels and following thei1
development. A regular oval form is once more gradually assumed (fig. 101), and
most of the larvee of twenty-four hours show no trace of the strange changes of form
through which they have passed. The various prominences and processes are not
capable of active movement, and the change of form is exceedingly slow. I am
entirely unable to say what the significance of this curious change of form may be,
and can hardly find a parallel to it in the development of other animals.

The rate of development varies exceedingly in different individuals, being sometimes
twice as rapid as in other cases. In nearly all instances, however, the embryo acquires
a dense and uniform covering of cilia when about twenty-four hours old, the body
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having meanwhile assumed an oval form. The cilia do not at first possess the power
of movement, but in a few hours become actively vibratile and propel the larva
through the water. As the cilia assume their functional activity the form of the
body becomes pyriform, the future oral end being the larger. This form is sometimes
marked in the larva of twenty-four hours (fig. 101), but the difference between the
oral and aboral extremities is usually less conspicuous than in the specimen figured,
~ The swimming movements become very active in the thirty-six-hours’ larva, and
are very characteristic. ~The Jarva swims with the aboral end directed forwards,
revolving at the same time on the longitudinal axis. The larger (oral) end simply
revolves about its centre while the smaller end describes a circle, ‘8o that the larva
advances by a kind of cork-screw movement. Many of the larvee swim actively
about, but most of “them crowd to the surface, where they arrange themselves in rows
about the edge with their smaller ends turned upwiards and outwards, and the
swimming movements entirely cease. A very similar habit was observed by Lacaze-
DurnIers in the larvee of Astroides. :
* By the end of the third day the body becomes elongated (fig. 103), and exceedingly
contractile and changeable in form. The larva may be at one moment of a worm-like
elongation and at the next instant contract to a short rounded form as in fig. 105.
The cilia begin to disappear and the larva swims very sluggishly near the bottom of
the aquarium. During the fourth day the cilia entirely disappear and the larvee
sink to the bottom, attaching themselves loosely by means, apparently, of a mucous-
like secretion. The larval life is now ended and the tentacles and spicules soon make
their appearance (see § 11).

Leptogorgia agrees in the main with Renilla, but the development takes place more
slowly. The embryo, after passing through the period of distortion, becomes of a
regular oval form and acquires a uniform coating of cilia. The aboral end soon
becomes slightly smaller and the larva swims with the same peculiar cork-screw move-
ment observed in Renilla. The larvee have the same habit of arranging themselves in
rows at the surface of the water. On the fourth day the larvee are much elongated
(fig. 112), and possess the power of active contraction. The larval life is not ended
until about the sixth or seventh day, when the cilia disappear, the larva sinks to the
bottom and once more assumes a short rounded form (fig. 113), and the eight septa
become faintly visible about the eighth day. Some of the larvee attach themselves
firmly by the aboral end, but others remain free as long as they were kept under
observation (seven weeks). In one case two larvee, originally quite distinct, became
attached to each other near their oral ends (fig. 114). The union became very
complete in a day or two, and no line of division between them could be made out..
The larvee were kept for a fortnight, but underwent very little change, and finally
died. T believe their union was due simply to accidental adhesion, and has no signi-
ficance bearing upon the formation of the colony. KowALEVSKY observed in.
Alcyonium that numbers of the larvee fused together in a similar manner, but their
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subsequent history was not followed. It is very probable that in this case also the
union was accidental and was produced by the crowding of the larvee in small aquaria.

The formation of the septa and tentacles will be described in the following section,
and we may now consider the internal histological changes which have been in pro-
gress during the stages just described.

At the close of segmentation, the embryo (fig. 97) is a solid planula consisting of a
central mass of large rounded cells, enclosed by a layer of cuboidal ectoderm cells.
As development proceeds, the cells of both layers continually decrease in size by
multiplication, and those of the ectoderm gradually assume a marked columnar form.
At the same time, the character of the cell-contents changes somewhat, the deutoplasm
spheres disappearing from the ectoderm cells, which accordingly appear less coarsely
granular, and remaining only in the central cells, where they continue to be very
distinet, until a short time before the appearance of the digestive cavity.

The structure of an embryo of the stage superficially shown by figs. 12 and 13, is well
shown in fig. 118. The section figured is from Leptogorgia, chosen on account of its
good state of preservation; but it. agrees in nearly all respects with sections through
the correspondmcr stage of Remilla. The outer envelope consists of a single layer of
cuboidal cells, in many of which are visible large rounded nuclei. The cells are
destitute of membranes. Their contents are granular, but destitute of -distinct
deutoplasm spheres, and are scarcely stained by the picrocarmine. The peripheral
zone of earlier stages is not visible, but in Renilla sections of this stage, it appears
very clearly, as shown in fig. 119, taken from a somewhat later stage.

The central part of the embryo is occupied with a solid mass of large rounded
entoderm cells, or, as they may for the present be called, central cells. The latter are
enclosed by delicate but distinct membranes, which separate them sharply from each
other, and from the surrounding ectoderm. Nuclei are visible in many of them ; and
some of the larger ones, being in course of division, contain two nuclei. The character
of the cell-contents varies somewhat in different parts of the central mass. The
more centrally placed cells are closely pa,cked with clear spherules of deutoplasm left
unstained by the carmine, between which is a kind of network of finely granular,
deeply stained matter. The nuclei appear as clear vesicles, surrounded by deeply
stained, finely granular areas. Passing towards the outer portions of the central
mass, the deutoplasm spheres become less numerous, disappearing almost entirely
in the outermost cells which adjoin the ectoderm.

It is 1mp0rtant to notice this early differentiation in the distribution of the
deutoplasm for it indicates either that the deutoplasm is more abundant here
even m early stages, when no difference between the central and peripheral parts
of the egg is apparent to the eye, or that the protoplasm of the outer portions is
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