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4.1 Introduction

The phylum Sipuncula is a small group of unsegmented coclomate
marine worms noted for its lack of morphological diversity. Comprised
of 17 recognized genera and approximately 320 specics, the group is
distributed throughout the polar, temperate, and tropical oceans
(Stephen and Edmonds, 1972). The worms dwell in benthic habitats,
ranging from intertidal shores to abyssal depths. Commonly they burrow
into sand, mud, or gravel and, in the tropics, are frequently found in
burrows within dead coral or other calcareous rock. Some specics inhabit
discarded mollusc shells and others live under rocks or wedge themsclves
inlo crevices.
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Fic. 1. Dissected specimen of Themiste lissum. A, anus; Fy, Fs, Fs, fixing muscles
of the digestive tract; G, gonad; N, nephridium; NC, nerve cord; RM, retractor
muscle; T, tentacles; INd, desccnding intestine; INa, ascending intestine, (Redrawn
from Fisher, 1932.)

The adult body consists of an elongated cvlindrical trunk with slender
anterior introvert which may be withdrawn into the trunk by the contrac-
tion of one or more pairs of retractor muscles. The introvert is usually
terminated by tentacles surrounding or dorsal to the mouth. The essential
features of sipunculan anatomy are illustrated in Fig. 1, a dissected
specimen of Themiste lissum. A long narrow csophagus, extending the
length of the introvert, is continuous with the intestinal spiral in the
trunk. Recurved, with descending and ascending limbs tvpically coiled
about one another, the intestine opens to the exterior in a dorsal anus
commonly located on the anterior trunk. Two nephridia, reduced in
some species to one, open through ventrolateral pores usually at the
approximate level of the anus. The nervous system includes a supraeso-
phageal ganglion, circumesophageal connectives, and a ventral, un-
patred and unsegmented median nerve cord. The gonad is commonly
located at the base of the ventral retractor museles.

The Sipuncula are classified as coelomate protostomes. Cleavage is
spiral, the mouth forms in the position of the blastopore, and the coclom
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is formed by schizocoely. Characteristically there is a trochophore larva
which in some species may be followed by a second larval type, the
pelagosphera. A protonephridium, found in developmental stages of
many protostomes, is absent in sipunculans. The complete lack of scg-
mentation either during development or in the adult, distinguishes the
Sipuncula from the Annclida and, in the opinion of most contemporary
zoologists, justifies the recognition of the group as a separate phylum.

4.2 Asexual Reproduction

Asexual reproduction is known to occur in two species of sipunculans.
A small, rock-boring species from the Caribbean Sea, Aspidosiphon
brocki, reproduces asexually, dividing into two unequal parts (Rice,
1970). A constriction scparates the smaller posterior daughter portion
from the larger parent at a distance approximately onc-fifth of the total
length of the trunk from the posterior extremity (Fig. 2a). Before the
completion of fission, the parent portion and the daughter portion each
regencrates the structures essential to the formation of a new individual.
In the case of the daughter the regenerated structures include the entire
anterior body and introvert, anterior gut, retractor muscles, and neph-
ridia. Adult structures contributed by the parent and incorporated into
the daughter are one or two coils of the posterior intestinal spiral, poste-
rior parts of the spindle muscle and ventral nerve cord, and coelomocytes
(Fig. 3). The formation of the juvenile is completed at the time of
detachment from the adult or shortly thereafter when the newly regener-
ated introvert is cverted (Fig. 2c). The parent regenerates only the
posterior hody wall which is formed as an invagination anterior to the
constriction and is everted at the time the daughter individual is de-
tached. Asexual reproduction is a naturally occurring phenomenon in
Aspidosiphon brocki and has been found in 15% of the specimens col-
lected in a population in Key Largo, Florida. Sexual reproduction has
not been observed in this species, although gonadal tissue is present
in most individuals at the base of the retractor muscles.

A second asexually reproducing species, Sipunculus robustus, has heen
reported to reproduce both by transverse fission and lateral hudding
(Rajulu and Krishnan, 1969; Rajulu, 1975). The posterior third of the
animal may constrict off by transverse fission to form a new individual or
the posterior one-half or two-thirds may give rise to as many as 5 indi-
viduals simultaneously. The newly formed organs and structures ol the
daughter develop from a blastema composed of coelomocytes and pro-
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Frc. 2. Asexval reproduction in Aspidesiphon brocki. (a) Animal showing posterior
constriction. (b) Recently separated parent and daughter. Nole everted, newly
regenerated posterior end of parent and black anterior cap of daunghter. (¢) Parent
and jll\'('nih’., 2 rinys after separation. H{.‘]_;L‘IIL‘FH[(‘CI anterior end of juw.-nih- has
been everted. (d) Posterior end of parent and (Ianght(‘r individual in process of
separation. Regenerated posterior of parent has been everted and daughter remains
attachedd tmll‘; h)' fraements of the black material of the collar, A, anus; AS, anterior
shield; €, collar on constricted animal or cap on danghter mdividual and juvenile;
I, introvert. (Ifrom Riee, 1970.)

liferations of epidermal and gut cells of the parent. Most of the internal
organs are formed befare fission, but tentacles, introvert, and anus de-
velop after detachment. Lateral buds may be formed in the region pos-
terior to the anus, and at the time of separation from the parent the
daughter individual s completely formed.  Asexual reproduction in
Sipunculus robustus has been ohserved onlv under conditions of stress
such as maintenance of animals in stale sea water in the Ialmmtm'_\'_
Although asexual veproduction has been only recently reported in si-
punculans, their regencrative capabilitics have been recognized for some
time. n experimentally induced regencration of the introvert of several
specicz:, formation of anterior eut, retractor muscles, and brain have been
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6. 3. Diagram of disseeted posterior end of constricted Aspidosiphon brocki
illustrating internal structores of danghter and posterior portion of parent. C, collar;
E, csophagus; 5P, epidermal invagination; G, wonad; INa, ascending intestine;
TN, r]vxw.-.mling intestine; N, 11{']1]11'idimn; NC, nerve cord; R, rectum; RM, vetractor
musele: 8. internal noneellular sheet of constriction; SM, spindle mnscle. (From
Rice, 1970.)

observed (Schleip, 1934: Wegener, 1938). Fetodermal clements have
been presumed to form from a strand of regenerative cells in the nerve
cord and mesodermal clements from coelomoey tes. The literatnre on
regeneration in sipnneulans is reviewed by Hvman (1959).

4.3 Sexual Reproduction

4.3.1 Sexual Dimorphism

As a rule sipunculans are dioecious; however, external signs of sexual
dimorphism are entirely lacking. Only in those species in which the body
wall is translucent and the ooevtes are of a distinctive pigmentation is it
possible to ascertain by gross examination whether an individual is male
or female. For example. in mature specimens of Phascolosoma perlucens
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the female will appear bright red in coloration due to the pigmentation
of the oocytes within the coclom, whereas the males, because of concen-
trations of coclomic sperms, will be pale vellow or white. In many
sipunculans it is possible through most of the vear to determine sex with-
out permanent injury to the animal by cxtracting a small sample of
coclomic gametes with hypodermic syringe and needle and examining
the sample microscopically for developing oocvtes or spermatocytes.

4.3.2 Hermaphroditism

Hermaphroditism has been documented in only one species of sipun-
culan, Golfingia minuta (Akesson, 1958), In this specics, reported to be
a protandrous hcrmaphrodite, coelomic oocytes and spermatocytes may
occur simultancously or only oocytes may be present. Coclomic oocytes
of those animals with gametes of both sexes are immature. As the hreed-
ing season progresses, the percentage of animals with hoth male and
female coelomic gametes decreases, and the percentage with oocytes
only increases. It has been assumed, therefore, that the spermatocytes
require a shorter time than the oocvtes to mature and that an animal
functions as a male before the dcfinitive maturation of the oocytes is
completed. The gonad is divided into specialized regions, the more
median section near the ventral nerve cord producing only oocytes and
the more lateral parts giving rise to both oocytes and spermatocytes.

An unexplained prevalence of females has been recorded in popula-
tions of some species. In a collection of 200 specimens of three different
species of Golfingia (G. elongata, G. vulgaris, and G. minuta), Keferstein
(1863) found only females. Claparéde (1863) examined hundreds of
specimens of Golfingia elongata and found only onc or two males. In
an Indian population of Themiste signifer, Awati and Pradhan (1936)
reported a ratio of 1 male to 60 females. Cole (1952), in a study of
the morphology of Golfingia pugettensis, found only 2 males in 100
specimens. In a later study on the development of this same population,
the male to female ratio was 50:37 with 13% of undetermined sex (Rice,
1966 ).

4.3.3 Anatamy of the Reproductive System

The gonad of most sipunculans extends as a narrow digitate band
of tissue along the base of the two ventral retractor muscles, cxtending
from or necar the lateral edge of onc muscle, under the ventral nerve
cord to the lateral edge of the other muscle (Fig. 1). In specics such
as Phascolion strombi, in which the number of ventral retractors has
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been reduced to one, the gonad may be asymmetric, extending from
the ridge on the base of the muscle fmtenm]\ for a short dlst"mce along
one side of the ventral nerve cord. Male and female gonads are similar
in form, a}thmlg}] in the male the g‘{madal digitations are frequently
more numerons and thinner. The length of the digitations may vary
from 0.1 to 0.5 mm and in those species with a definite breeding season,
the gonad may disappcar or be considerably rednced in size during
part of the year.

Enclosed by a peritoncal sheath and suspended by a peritoneal mesen-
tery, the gonad has been presumed to originate from peritoneal cells
which are transformed into gonia in the proximal region of the organ
(Andrews, 1889; Hérubel, 1908). Within the gonad the gonocytes are
found in a gradient of progressively advanced stages from pm\lmnl
to distal ends of the digitations. At the distal border of the gonad the
gonocytes are released into the coclom where, as frecly floating cells
bathed in coclomic fluid, thev continue to grow and differentiate until
the time of spawning when th(‘_v are dLLuw.nLll(lted from the coclom into
the nephridia.

The nephridium of a sipunculan is an clongated tubular stmeture with
two openings, one external, the nephridiopore, and onc internal, often
referred to as the nephrostome (Fig, 4). Both openings are located

Fie. 4. Diagram of longitudinal section throngh nephridinm and hody wall of
Phascolosoma varians, (From Shipley, 1890.)
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at or near the anterior point of attachment of the nephridium to the
body wall. The internal opening is ciliated and fuunel-shaped and fre-
quently bordered by a crescentic lip. It joins the nephridial and coelomic
cavities by way of a narrow ciliated canal, and it is through this canal
that coelomic gametes are directed into the nephridium before spawning
by some still unknown mechanism. After a short period of storage in
the nephridium the gametes are discharged to the exterior through the
nephridiopore.

4.3.4 Origin of the Germ Cells

There is no evidence concerning the origin of the germ cells in sipuncu-
lans. The similarity in cytology of peritoneal cells and cogonia has led
to the assumption in the past that germ cells arise from the peritoneum
surrounding the base of the gonads. Andrews (1889) proposed that
“ .. the nuclei of the peritoncum multiplied rapidly to form a mass
of germ nuclei.” Later he amended his proposal to suggest that germ
cells might be retroperitoncal rather than peritoneal in origin (Andrews,
1890). Hérubel (1908), in an extensive treatise on the biology of sipuncu-
lans, stated that the oocvtes “. . . sont certaines ccllules péritonéales
qui se différencient.”® Although Conse (1956a) did not refer to the
source of the oogonia, he noted that the cells in the proximal region
of the gonad rescmbled those of the peritoneun. A similarity between
peritoneal and oogonial cells as well as an apparent elaboration or thick-
cning of the peritoneum during the period of gonadal growth has been
reported (Rice, 1973).

The assumption that germ cells are derived from peritoneum does
not take into account the possibility of segregation of the germ hinc
in early developmental stages. The only observation of germ cells during
dcvclupmcnt was made Dby Gerould (1907). He fom:d what he termed
“reproductive cells™ at the base of the ventral rety actm muscles in larvac
of Golfingia vulgaris and Phascolopsis gouldi at 2 to 3 wecks ol age,
but he did not follow the embrvological derivntion of these cells. Until
more information is available any consideration of the origin of the
germ cells in sipunculans remains speculative.

4.3.5 Cytodifferentiation of the Gametes

4.3.5.1 DrirrereNtiaATION OoF Ovariany QocyTtes

In the ovary of sipunculans, cytodiffcrentiation occurs in sequential
stages from pm\nn'ﬂ to distal ends, beginning with the oogonia or mitoti-

¢ Oceytes “are certain peritoneal cells which are dilferentiated.”
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cally dividing cells at the proximal end and progressing distally through
the successive nuclear states of the meiotic prophase of the primary
oocyte. At the distal border the cells have progressed to the diplotene
stage with notable increases in nuclear and cytoplasmic volumes. It
is at this stage that the oocvtes are liberated into the coelom to undergo
the remainder of their growth. Based on the successive nuclear changes,
Gonse (1956a) has recognized seven regions in the ovary of Golfingia
vulgaris (Fig. 5). In the first and most proximal region, oogonia arc
characterized by small nuclei similar to peritoneal cells and the divisions
are mitotic. Cells of the second region are transitional from cogonia
to the leptotene stage of the first meiotic prophase. The chromosomes
are first condensed into balls in the telophase of the last mitotic division,
then despiralized and grouped at the thin end of the nucleus. A nucleolus
appears in this stage and the nucleus is increased in size. Region 3
consists of the leptotene stage. The chromosomes are strongly despiral-
ized and the zone is narrow, indicating rapid change. The fourth and
fifth regions are, respectively, the zygotene stage of chromosomal synap-
sis and the pachytene stage with thickened and elongated chromosomes
in the bouquet form. The diplotene stage marks the sixth region; chro-
mosomes are spiralized and tetrads are formed. In the seventh and most
distal region the prophase is completed. Chromosomes are despiralized,
nucleoli appear, and the nuclear and cytoplasmic volumes increase. Other
authors have mentioned similar nuclear gradients in ovaries of Phascolion
strombi, Golfingia minuta (Akesson, 1958), Phascolosoma agassizi,
Golfingia pugettensis (Rice, 1974), and Phascolosoma arcuatum (Green,
1975).

Gonse (1956a) noted, in addition to the oocvtes in the ovary of G.
vulgaris, small cells which he designated as “annex cells” and assumed
to be abortive oocytes. These cells, later to become the follicle cells
of the coelomic oocytes, are first distinguishable in region 2 and undergo
the same meiotic changes as the developing oocytes. In the ovaries of
other species, similar small cells, assumed to become the follicle cells
of later stages, have been found among the oocvtes; however, meiotic
changes have not been observed and they have been interpreted as
infolded peritoncal cells rather than as abortive oocvtes (Akesson, 1958;
Rice, 1974).

4,3.5.2 DirrerenTIaTION OoF CoeLoanc OQocyTes

After liberation from the ovary, oocytes of sipunculans undergo vitello-
genesis and the major portion of their growth as freely floating cells
suspended in coclomic fluid and surrounded by coelomocytes. Commonly
the oocytes break off from the ovary in clumps of 10-20 cells, interspersed
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Fic. 5. Diagram of longiindinal scction of ovary of Golfingia culgaris. Ovary
is suspended by peritoneal mesentery from base of retractor musele. Scven regions
of successive nuclear changes are designaled. 1, oogonia; 11, transitional from oogonia
to first meiotic prophase; III, leptotene stage; IV, zvgotene stage; V, pachytene
stage; VI, diplotenc stage; VII, completion of first meiotic prophase; chromosomes
despiralized, nuclear and eytoplasmic volumes increased. (From Gonse, 1956a.)
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with smaller “annex™ or peritoneal cells. Once in the coelom the clumps
soon disperse into single oocytes, the smaller cells arranging themsclves
around the periphery of the oocytes to become the follicle cells. An
cxception is found in oocytes of Phascolosoma, which are usually de-
tached from the ovary as single cells and lack a covering of follicle
cells. During the period of coelomic growth the volume of an oocvte
increases as much as 200 or more times.

Coelomic oogenesis has been studied in four species: Golfingia vulgaris
(Gonse, 1956a,b, 1957a,b), Golfingia ikedai (Sawada et al., 1968), Gol-
fingia pugettensis, and Phascolosoma agassizi (Rice, 1974). Incidental
observations on oogenesis in additional species are found in various
studies on development or reproductive cycles (Gerould, 1907; Akesson,
1958; Green, 1975). In the most comprehensive of the studics on oogene-
sis, Gonse has investigated cytological, cytochemical, and physiological
properties of coelomic oocytes of Golfingia vulgaris. He distinguished
six stages of coelomic oocvtes, which he referred to as 0, 1, T, 2, 3,
and M. Stage 0 is represented by clumps of oocytes and “annex” cells
recently detached from the ovary and stage M is the final or mature
stage which precedes nephridial accumulation and spawning. Stages
0, T, and M are considered to be transitory. Each stage is defined cyto-
logically by size, appearance of nucleus, and kind and localization of
cytoplasmic inclusions. Characteristics of the stages are summarized in
Fig. 6. Similar stages of growth have been demonstrated in coelomic
oocytes of other species, although specific variations occur in the persis-
tence of follicle cells, size and shape of oocvtes, structure of egg envelope,
and localization and relative time of appearance of cell inclusions.

Follicle cells, when present, are detached during coelomic oogenesis,
but the relative time of detachment varics in different species. Detach-
ment occurs in Golfingia vulgaris (stage T) and G. ikedai when the
oocytes rcach a diameter of 680 um. In G. pugettensis it is much later;
in this species at the time the oocvtes attain a diameter of 90 pm the
follicle cells are raised up from the surface of the oocyte, standing out
as blebs over the egg’s surface, but they are not d(,t’lched until the
final stage of coelomic oogencsis when the oocvtes are approximately
150 pm in diamcter (Fig. 7a-d ). In coclomic oocytes of Themiste pyroides,
ranging in diameter from 30 to 190 pm, follicle cells are elevated from
the surface of oocytes at a diameter of 100 pm and are retained to
a diameter of 186 um at which stage thev are replaced by a jelly laver
50 pin in thickess.

While in the coelom as freely suspended cells, oocytes may manifest
their first indication of pohntv Oocvtes of species of Phascelosoma,
released from the ovary as spherical cells usually 20 um in diameter,
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1. 6, Pictorial summary of diflerentiation of coclomic vocevtes of Golfingia vulgaris.,
Six stages of coclomic dillerentiation are t]t“\'i“[mh’t]: O, ooeytes in elumps, recently
detached from ovary along with amex cells; 1, clumps dispersed as single oocytes
with snrrounding follicle (.L”‘.\. growth begins; '|. transitory stage, follicle cells lost;
2 miin p]m.w u[ arowth; 3, :.{I'l’)\.\-’l]‘l decelerated, bhurst of RNA pr:!dm'linn, appearance
of yolk platelets; M, final or “mature”™ stage preceding nephridial acenmulation,
dissolution of germinal vesicle, ( From Gonse, 1956a, p. 222.)

are changed during coclomic oogenesis to slightly Hattened cllipsoids
(Fig. 7e=h) which in P. agassizi measure 140 X 1]() % 90 pm. The polar-
ity and bilateral symmetry exhibited at this phase of oogencsis are re-
tained in the dcu]opm'r Clﬂl)l\() Polarity in coclomic oocytes of Gol-
fingia vulgaris first becomes (ll)p;ll(‘llf when the nucleus umlcnquu an
asvmmetric flattening in stage 3. Oocvtes of most other species of Gol-
ﬁn{_{m and Themisle arc aphcucal thmugh(mt coclomic oogencsis with
little or no manifestation of polarity.

The egg envelope of the fully differentiated coclomic oocyte of
sipunculans is comprised of seve wal lavers and perforated by pore canals.
Cytoplasmic extensions or microvilli extend through the pore canals and
in a few species the entire egg is covered by an outer jelly coat. The
cgg envelope has been ch.n.wtcnzcd L_\tnc‘hcmmally as a mucoprotein
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Fic. 7. Photographs of living coclomic oocytes. (a-d) Golfingia pugettensis; (e=h)
Phascolosoma agassizi. Coclomocytes are secn out of focus in background. Scale,
25 um. fc, Follicle cells. [From (in part) Rice, 1974.]

which is secreted by the oocvte during the period of coclomic growth
(Gonse, 1956a; Rice, 1974).

The envelope of oocytes of Phascolosoma agassizi yeaches a thickness
of 10 wm and fully developed envelopes of Golfingia pugettensis and
G. ikedai are 3 and 2 pm, respectively, In thesce latter specics the number
of layers may be as many as 14. In P. agassizi, three layers are distin-
guishable. As shown in electron micrographs, microvilli pass through pores
in the inner and middle layers, branching into fan-shaped structures
in the outer layer (Tig. 8). Tips of the microvilli are marked by an
amorphons material or fuzz which consolidates in the latest oocytes
as a homogeneous fringe around the cgg and is expanded in the regions
of the animal and vegetal poles. The inner layer gives a strongly positive
reaction for mucoprotcin and a weak response for protein whercas the
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Fic. 8. Electron micrograph of a coelomic wocvte of Phascolosoma agassizi, showing
egg envelope. O, M, I, Outer, middle, and inner lavers of cgg envelope; f, surrounding
fuzz; 1, lipid; mv, microvillus; y, yolk granule. Scale, approximately 1 pm,

reverse is truc of the middle laver. The outer laver has been identified
as an acid mucopolysaccharide and the surrounding fuzz as a
mucoprotein.

On the basis of their clectron microscopic studies on coelomic oocytes
of Golfingia ikedai, Sawadn et al. (1968) have proposed a scheme of en-
velope formation (Fig. 9). The completed envelope of this species is
composed of a fibrous outer layer, a multilamellate middle layer, and
a diffuse inner laver. The carliest oocvtes show no indication of an
envelope, but projecting from the surface are numerous microvilli with
pinocytotic vesicles at their bases. As the oocyte grows, the diffuse mate-
rial of the inner layer, presumed to be preenrsor substances extruded
from the cell surface, condenses to form in succession the 14 middle
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I'1c. 9. Schematic representation of growth of coelomic oocytes of Golfingia ikedai,
based on electron microscopic observations, G, chorion; DS, diffused substances; EV,
endoplasmic vesicles; I, follicle; G, golgi body; IM, inner membrane; |, jelly layer;
M, mitochondria; N, nucleus; OM, outer membrane; PM, p]emna membrane; PV,
pinocytotic vacuole; R, ribosome cluster; RER, rovgh-surfaced endoplasmic retienlum;
V, microvillus; Y, yolk granule. ( From Sawada et al., 1968, p. 37.)

lavers. The origin of the fibrous outer laver is uncertain, but the microvil-
].11 tips have hcen implicated. A jellv Taver swrrounding the oocvte in
the latest stages may also be a secretion of the microvilli,

The nucleus in earlv ooevtes is alwavs rounded, ocecupying a central
position in the cell. Later, but at characteristic times in different species,
the nucleus is marked by numerous peripheral infoldings. In Golfingia
vulgaris and Phascolosoma agassizi this occurs in the final stage of
oogenesis; in the former the f{)]d.s occur on only one side of the nucleus.
The nucleus of G. pugetiensis beecomes scalloped much carlier, when
the diameter of the oocvte is omlv onc-half of its mature dimension.
The nucleoli appear as numerous fragments in the earlv oocvtes of G.
pugettensis and G. vulgaris, later diminishing in G. pugetiensis to two
or three discrete nucleoli with few fragments and in G. vulgaris to several
discrete spherical structures arranged around the periphery, one of which
in the final stage dominates the others in size. The oocvtes of P. agassizi
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have 2-5 nucleoli throughout oogenesis, but in younger stages one is
larger than the others.

Mitochondria, as observed in two species of Golfingia (Gonse, 1956a;
Sawada et al.,, 1968), arc localized in early oocvtes near the periphery
of the cell, but as their numbers increase in later stages thev move
throughout the cytoplasm. In clectron microscopic studies of G. ikedai the
mltochondna are found to be fused with peripheral endoplasmic vesicles
in early coclomic oocytes; in later stages they are associated with one
of two kinds of yolk granules.

Pyroninophilia, interpreted as a probable indication of the presence
of ribonucleic acid, has been demonstrated in the cvtoplasm of coelomic
oocytes of Golfingia vulgaris. Strong perinuclear concentrations oceur
in the earliest stages and again in the latest stage. Electron microscopy
of the oocytes of G. ikedui has similarly revealed an early concentration
of rough endoplasmic reticulum.

Vitellogenesis in Golfingia vulgaris is initiated soon after detachment
of oocytes from the ovary when carbohydrate yolk granules, presumed
to be galactogen, make their appearance at the periphery of the cells.
As the oocytes develop the granules move toward the nucleus, then
are disperscd toward the cortex where, in the final stage (stage M),
they form a layer of cortical granules. A sccond polysaccharide, recog-
nized histochcmically as glvcogen, appears as a diffuse substance in
a perinuclear position late in coclomic oogenesis. Lipid does not appear
until stage 2 when it is fonnd in association with a mitochondrial mass
in the perinuclear zone; later it disperses through the cytoplasm. At
the time of germinal vesicle breakdown (stage M) the lipid is concen-
trated in the peripheral cyvtoplasm. Prominent clongate bodies or yolk
platelets, not defined histochemicallv, but presumed to be proteinaceous
volk, occur in well advanced oocytes of stage 3 (Fig. 6). From investiga-
tions of physiological properties of the oocytes of this species, two peaks
of exogenous respiration have been demonstrated during coelomic oogen-
esis, the earlier corresponding to the beginning of carbohvdrate wntlwm
and both corresponding to periods of high concentrations of ribonucleic
acid, The peaks of respiration were found to be coupled with metabolism
of hexoses and pentoscs (Gonse, 1957a,b).

In the claboration of yolk there is little consistency among diffcrent
species in the sequence in which carhohvdrate, protein, and lipid make
their appearance in the developing oocvtes, or in the form and localiza-
tion of the volk granules within the cells. The carbohvdrate yolk of
Phascolosoma agassizi differs from that of Golfingia vulgaris in that
it is associated with protein as a carbohydrate—protein complex in the
form of distinctive volk granules of irregular staining pattern. The gran-



4. SIPUNCULA 83

ules are visible first in the perinuclear zone, rather than at the periphery
as in G. vulgaris, and after dispersal through the cytoplasm they move
in later stages away from the periphery leaving a clear cortical area.
The earliest oocytes of G. pugettensis that have been cxamined show
carbohydrate \«olk granules midway betwcen nucleus and periphery;
no tests for protein have been made. Lipid in this species is present
as large droplets at the periphery in the early oocytes, appearing relatively
sooner than in G. vulgaris. It is then dispersed and finally, in late oocytes,
as in G. vulgaris, it is localized in the peripheral cytoplasm. The large
and rather rare lipid droplets of P. agassizi have not been seen until late
in oogenesis, but very small granules, suspected to be lipid, arc distrib-
uted through the cytoplasm in the earlicst stages of coelomic oocytes.
Characteristic of lipid, these small granules appear after centrifugation
in the centripetal half of the egg and in electron micrographs they are
seen as homogenous spheres without surrounding membranes (Fig. 8).

Recently spawned, unfertilized eggs of many species of sipunculans
have been described in studics on development. Sizes of the eggs of
17 species can be found in Table II (see Section 4.4.2). All sipunculan
eggs are encompassed by a thick characteristic envelope which is com-
posed of several layers and perforated by pores, There is considerable
variation among specics in the thickness of the envelope and the number
of its layers as wcll as in the size, shape, pigmentation, and yolk content
of the eggs (Fig. 10 a—e). The eggs of most sipunculans are spherical,
but those of a few species, such as Paraspidosiphon fischeri and Golfingia
minuta are oval and those of the genus Phascolosoma are typically flat-
tened ellipsoids, frequently with depressed apexes. Sipunculan eggs are
commonly various shades of red or yellow. Large eggs with high yolk
content, such as eggs of Themiste, may be white or grayish and eggs
low in yolk, as found in species of Sipunculus and Siphonosomna, are
transparent. At the time of spawning, the germinal vesicle of the eggs
has broken down and meiosis is arrested in the first meiotic mctaphase
(see Sections 4.3.8,4.4.1).

4.3.5.3 DIFrFERENTIATION OF MALE GAMETES

Little is known about cytodiffcrentiation of male gametes. The cytology
of the malc gonad of Phascolosoma arcuatum has been reported to resem-
ble that of the ovary, as described by Gonse (1956a) for Golfingia vul-
garis, with the cxception that the cytoplasmtc volume of the distal sper-
matocytes is less than that of the oocytes in that position (Green, 1975).
Spermatocytes break off from the testis as looscly associated clumps
of cells which undergo two mciotic divisions and differentiate into sper-
matids while floating as morulac in the coelomic fluid. The cells within
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Fic. 10. Recently spawned gametes of sipunculans. Photographs of living eggs
and sperms. Eggs are unfertilized. (a) Egg of Phascolosoma agassizi. (b) Egg
of Phascolosoma perlucens. (c) Egg of Phascolosoma antillarum. (d) Egg of Phasco-
lion cryptus. (e) Egg of Themiste pyroides. Note thick jelly layer. (f) Spermatozoa
of Themiste pyroides. Seale a—-e, 25 gm. (a and ¢ from Rice, 1967. b, ¢, and
d from Rice, 1975).

a clump increasc in number as divisions occur and in cach cell the cyto-
plasmic volume decreases and a flagellum develops. The elumps of
differentiated spermatids break up into free spermatozoa in the coeloms
of G. pugeitensis and Themiste pyroides where they may be seen through
most cf the year. In P. agassizi a few spermatozoa are free in the coelom
at the time of the brecding season, but the majority remain in clusters.
In P. arcuatum, spermatids and free spermatozoa occur in the coelomic
fluid only a short time before spawning.

Spermatozoa of sipunculans have the typical morphology of the primi-
tive sperm as defined by Franzén (1956). Similar to those of other
species which discharge their gametes frecly into the scawater, they
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are comprised of low acrosomal caps, midpieces each with four mitochon-
drial spheres, and long filamentous tails. The sperms of Themiste pyroides
are somewhat modificd in that they possess a highly developed acrosomal
cap with pointed tip and swollen basal rim (Fig. 10f). It is probable
that this increased complexity is associated with the thick jelly coat
of the cgg through which the sperms must pass (Rice, 1974).

4.3.6 Gametogenic Cycles

Annual reproductive cycles arc known for four species of sipunculans:
Golfingia vulgaris (Gonse, 1956b), G. pugettensis (Rice, 1966), and two
populations of Phascolosoma agassizi (Rice, 1966; Towle and Giese,
1967), all from temperate waters, and one tropical specics, Phascolosoma
arcuatum (Green, 1975). Cycles have been defined in these stndies by
estimations of breeding scasons from observations on spawning, cyto-
logical examination of gonads, and measurements of coelomic oocytes
throughout the ycar. Oocyte measurements have been expressed in rela-
tive frequencies and no absolute estimations are available of the various
sizes of cells.

Golfingia vulgaris has a limited breeding season lasting from June
to September in Roscoft, France. The [_‘Oll’ld however, is conhnuously
active, rcleasing small oocvtes into the coelom throughout the year,
with reduced activity in the winter. Monthly measurements of coclomic
oocytes over a ycar show that although oocytes are alwavs present in
the coelom their growth is arrested during part of the year (Tigs. 6
and 11). In the winter all of the oocvtes are small, i.c., less than 61
pm, and the size-frequency curve is unimodal, indicating arrested
growth, Growth commences in the spring and with the appearance
of a slightly larger group of cells the size-frequency curve becomes
bimodal, the second mode at 66 um, close to the first. In the summer
the latter mode disappears and all sizes of oocvtes are found: the
smallest oocytes persist as a prominent mode, intermediate oocvtes
are present but in low frequencics, and a population of large oocvtes
makes its appearance, forming a sccond mode at 154 pm. In the au-
tumn, at the conclusion of the breeding season, growth of small oocvtes
is again arrested and oocvtes of intermediate and large size gmdu.‘n”y
disappear. Low frequencies are interpreted as indicative of a rapid
rate of growth and high frequencies as slow growth. Thus, those popu-
lations that form prominent modes, that is, the small and large cells,
grow more slowly than the cclls of intermediate size (Fig. 6).

In the annual cycle of Golfingia pugettensis, endemic to the Northwest
Pacific Coast of the state of Washington, the breeding season occurs



86 MARY E. RICE

]
Frequency

Fic. 11. Three-dimensional diagram of size-frequency curves of coelomic oocytes
of Golfingia tulgaris over a period of 1 vear. The absolute valie of the frequency
of the small cocytes is arbitrarily kept constant except in the autumn when the
ovary is less active and the production of coclomic oocytes is decrcased. (From
Gonse, 1956b, p. 232.)

in October, November, and December. During this period size-frequency
curves show, as for G. vulgaris, two major populations of coelomic
oocytes, one of small oocvtes and one of large, with only a small propor-
tion of oocytes of intermediate size (Fig. 12). In January, after the
breeding season, large oocytes are no longer present but the population
of small oocytes persists and a new population of slightly larger cclls
becomes evident. This exists through the spring but disappcars in the
summer at the same time several small populations of cclls of intermedi-
ate size arc formed.

Although the breeding periods of Golfingia pugetlensis and G. vulgaris
are at different scasons, the latter spawning during the summer months,
there is, nevertheless, the same scquence of oocyte growth with similar
phases of apparent arrest and acceleration. However, the relative time
of appearance of the various phascs differs. In G. pugettensis there
is an apparent arrest of growth of small vocytes during the breeding
season, and after the large eggs are discharged by spawning, the small
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Fic. 12. Size-frequency curves of coelomic oocytes of Golfingia pugettensis
(1962-63). In January 450 eggs were mecasured, 50 from each of 9 animals. In
both July and November, 300 eggs werc measnred, 100 from each of 3 animals.
{ From Rice, 1966.)

eggs begin to grow. In G. vulgaris the frequency of small eggs passing
into the intermediate stage is much higher; growth of small oocytes
continues throughout the breeding season and is arrested only after
spawning, the period of arrest lasting for several months. Thus during
the period of spawning in G. vulgaris intermediate oocytes are prevalent.
Those remaining after spawning are presumably resorbed. In G. puget-
tensis by the time of spawning most of the intermediatc cells have
already given rise to mature cells and the growth of the oocytes has
ceased or been considerably reduced.
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The oogenic cycle of a population of Phascolosoma agassizi in the
San Juan Archipelago off the Northwest Pacific Coast of Washington,
differs from that of both Golfingia pugetiensis and G. vulgaris in that
oocvtes of all sizes, small, intermediate, and large, are present throughout
the year (Rice, 1966). An examination of the frequency polygons reveals
that there are always two principal size groups of cells, the largest oocytes
usually predominating except immediately after spawning (Fig. 13).
This population of P. agassizi spawns from carly June through August.

20 —== LENGTH
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>
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SIZE OF COCELOMIC QOCYTES wm

Fii. 13, Size-frequency curves of coelomic oocyvtes of Phascolosoma agassizi from
the San Juan Archipelago, Washington (1964-1965). Mceasurements each month
represent a total of 500 oocytes, 100 from cach of 5 animals. (From Rice, 1966.)
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FiG. 14, Monthly changes in size of coelomic oevtes of Phascolosoma agassizi
from Monterey Bay, California (1960-1961). Frequency distribution cach month
represents measurements of 300 oocvtes, 20 from cach of 25 females. [From Towle
and Gicse, 1967, fig. 1 (in part), p. 232.]

A population of the same species at Monterey, California spawns three
months carlier, in March, and for a 3-month period following spawning
hoth male and female gametes are absent in the majority of animals
(Towle and Giese, 1967). By the fourth month, July, all sizes of coelomic
oocytes are found, including high proportions of both small and large
oocytes (Fig. 14). During the fall and winter the frequency of the
small oocytes diminishes while the large oocytes proportionately increasc
until a month before the March spawning, when approximately 90%
of the coelomic oocytes are large. By contrast, the month before the
breeding season in the population from the San Juan Archipelago only
55% of the coelomic oocytes are in the large size group. An important
difference in the oogenic cycles of the two populations seems to be
the degree and duration of reduction in gonadal activity. The gonad
of the Monterey animals is active for only a limited time during the
vear and after a temporary disappearance, again develops following
the spawning scason. In the animals from San Juan Island the gonad
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is continually active but partially reducced before and during the breeding
season.

In summary, the growth of the coelomic oocytes of Golfingia pugetten-
sis and G. vulgaris is not continuous, but is characterized by phases
of arrest and acceleration. In contrast, the coclomic oocytes of Phascolo-
soma agassizi, including both the population from Monterey and San
Juan Island, appear to undergo continual growth, although not neces-
sarilv at a continuous rate, until the definitive size is attained.

A tropical specics, Phascolosoma arcuatum from Quecnsland, Australia,
breeds from December through February and, like the population of
P. agassizi from Montercy, California, but unlike other species from
higher latitudes, it lacks coclomic ooevtes entirely for a 2-month period
following the brecding scason (Green, 1975). Morcover, in P. arcuatum,
spermztocytes ave released from the testis only a short time before breed-
ing begins in Dccember and development into spermatozoa is rapid.
This is in contrast to other species of sipunculans in which male gametes
are present in the coelom much of the year (Section 4.3.5.3).

4.3.7 Factors Influencing Gametogenesis

Little is known of the factors controlling the growth of gamctes in
sipunculans. It has been snggested (Akesson, 1961a) that neurosecretory
products may play some role in the reproductive cycle since Carlisle
(1959), in studies of Sipunculus nudus, found a greater amount of neuro-
secretory material in animals before the breeding season than following
it. Nevrosceretory material has been demoustmted in other sipunculans
(Gabe. 1933; Akesson, 196la), but its significance in reproduction has
not been investigated.

The possible influence of cxogenous factors such as temperature on
gametogencsis of sipunculans is suggested by the difference in the dura-
tion of breeding seasons of some tropical and temperate species. Observa-
tions on spawning in certain tropical or subtropical species, e.g., Phascolo-
soma perlucens, Themiste alutacca, and T. lageniformis, indicate that
breeding may occur thronghout the year (Section 4.3.8). However, no
information is available on gametogenesis in these species, and in other
tropical species, such as P. arcuatum, the breeding season is known to be
restricted, as it is in all species from temperate waters. In species with
well-defined brecding seasons differences may be found in the time of
initiation of br eedmg in the same species at different latitudes. At Mon-
terey, California, Phascolosoma agassizi breeds 3 months earlier than
at 11° farther north in the San Juan Archipelago, Washington (Rice,
1966; Towle and Giese, 1967). However, in two populations of P. arcua-
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tum in Australia, separated by 8° in latitude, correlation between temper-
ature and spawning is tlie reverse, that is, the population at the higher
latitude spawns first (Green, 1975).

4.3.8 Spawning and Breeding Periods

Gametes are spawned from the nephridia by forceful ejection through
the nephridiopores into the seawater where fertilization occurs. When
spawning is imminent the nephridiopores are often swollen and the ani-
mals may become quite active, frequently extending and retracting the
introverts, Phascolosoma agassizi, when maintained in an aquarium with
sand and gravel, has been observed to extend the anterior end above
the surface of the substratum so that the nephridia are well exposed,
and at the time gametes are released the body is cxtended and turgid
(Rice, 1966). Although usually in sipunculans all of the gametes from
both nephridia are spawned at once, variations of this process have
been observed. A male specimen of Paraspidosiphon fischeri spawned
7 times in the laboratory over a period of 40 minutes, first several times
from the right nephridium, then from the left. Phascolion cryptus, with
only a single nephridium, was observed to spawn short intermittent
spurts of sperm over a period of 15 minutes (Rice, 1975).

Since sipunculans, along with the majority of marine invertchrates,
spawn their gametes into the seawater, synchronization of spawning
is essential to assure fertilization and the survival of the species. Synchro-
nization in sipunculans is dependent on the regulation of two separate
events: (1) uptake of coclomic gametes by nephridia; (2) release of
gametes from the nephridia into the seawater. Factors controlling these
events have not been analyzed, but hvpotheses have been proposed
for nephridial uptake and data have been accumulated on such aspcets
of spawning as sequence of male and female activity, time of day that
spawning occurs, and intervals between spawnings within a breeding
season.

Before spawning, gametes arc accumulated into the nephridium from
the coelom by way of the internal funnels or nephrostomes. The process
of ncphridial selectivity by which the most mature gametes, either
oocytes or sperm, are taken into the nephridium, while the immature
gametes and coelomocytes are rejected, is poorly understood. Since
oocytes are known to enter the nephridium soon after breakdown of
the germinal vesicle (Gerould, 1907; Akesson, 1958; Rice, 1966) it can
be assumed that nephridial selectivity is related to the initiation of matu-
ration of the gametes. (It should be noted, however, that maturation
divisions do not occur until after sperm entry; see Section 4.4.1.) Gerould
(1907) noted in Golfingia vulgaris that before spawning the nephridia
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became greatly distended with fluid, which he presumed to be seawater
taken in through the nephridiopores. Assuming that the eggs selected
by the nephridium were hydrotropic becausc of their lower specific grav-
itv, Gerould proposed that these eggs were accumulated in the region
of the nephrostome and dirccted bv ciliary currents into the ||(phnd1.1
where thev resorbed water. Akesson (1‘)5&) further suggested that a
chemical chanqe occirring in the oocyte at breakdown nf thv germinal
vesicle might alter the direction of nephridial cilia which would then
move ithese eggs into the nephridium. In explaining nephridial uptake
of mature sperm, Akesson noted that seawater induced motility of
coelomic sperm. He then hypothesized that as the nephridia filled with
seawater, some of the water passed into the coelom through the nephro-
stomes and the mature sperm were activated to swim toward the increas-
ing concentration of scawater to the nephridium,

Breakdown of the germinal vesicle in the coclom and dispersal of
coelonic sperm clusters are apparent prerequisites for nephridial uptake,
In many species oocytes of maximum size with intact nuclei are present
in the coelom through much of the year (Section 4.3.6), but onlv during
the brecding season shortly before spawning does dissolntion of the germ-
inal vesicle occur. Few studies have heen made of the mechanisms regu-
lating the maturation of gametes. Pasteels (1935) carried out in vitro
studies on the breakdown of the germinal vesicle in coelomic oocytes
of Phascolion strombi. e found that the addition of increasing quantities
of calcium ions induced maturation of the eggs. In preliminary studies
(Rice, 1966) it was found that crude extracts of coelomic sperm, coclomic
oocytes, coelomocytes, brain, und muscle all induced germinal vesicle
breakdown in vitro of coclomic oocytes of Phascolosoma agassizi. The
‘n]'ll()llty of coelomic sperm in P, agassizi remain in the form of clusters
until a short time before nephridial uptake when the clusters break
down into free spermatozoa. Experimental dispersal of spermatid clusters
was accomplished in vitro by exposure to hvpertonic seawater. The
resultant frec spermatozoa became motile within 24 hours after transfer
to seawater.

After nephridial wptake gametes remain in the nephridium only a
brief perfod before spawning occurs. Geronld (1907) noted in Golfingia
vulgaris and Phascolopsis gouldi that the nephridia filled with gametes
a few hours before spawning. Akesson (1958) reported that oocytes
of Phascolion strombi underwent germinal vesicle breakdown 12 hours
before spawning. In small transparent specimens of Paraspidosiphon
fischeri in which nephridia were distended with gamctes at the time
of collection, spawning occurred within periods varving from 1 to 24
hours.
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The sequence of male and female spawning is variable in different
species. At least two species of sipunculans, Golfingia vulgaris and Phas-
colion strombi (Gerould, 1907, Akesson, 1938), follow Thorson’s rule of
cpidemic spawning in which the males spawn first, stimulating the
spawning of the females (Thorson, 1946). In populations of Phascolo-
soma agassizi from Monterev, California (Towle and Giese, 1967) and
from the San Juan Archipclago (Rice, 1967), spawning of females has
been observed to precede that of males. In the latter population the
female spawning may be followed by the male or either sex may spawn
independently. Only a small proportion of the animals placed in one
container spawned at the same time. It was found that spawning can
often be triggered in the laboratory, if gametes are present in the neph-
ridia, by a change to freshly aeratcd water or a sudden change in tem-
pevature. No observations have hcen made on the spawning  of
sipunculans under natural conditions in the field.

Geronld (1907), in his stndies of Golfingia vulgaris and Phascolopsis
gouldi, reported that spawning is confined to hours of darkness between
2000 and 0400 or 0500. He stated further that when animals were main-
tained continuonsly in a dark aquarium the rhvthm was interrupted
and spawning sometimes occurred during the dav. Ilis explanation for
spawning at night was that the sipunculan’s body relaxes in darkness,
resulting in distension of the nephridia with consequent nephridial up-
take of surrounding seawater and accumnlation of mature hvdrotropic
cggs from the coelom. Spawning at night has also heen reported for
Phascolion strombi and Golfingia elongata ( Akesson, 1938, 1961a). HOw-
ever, in Phascolosoma agassizi spawning did not occur exclusively a
night. Of a total of 89 spawnings, 9% spawned during davlight ]101115.
38% at night but in the artificial illumination of the laboratorv, and
53% in darknosq Thus Gerould's explanation for night spawning would
not be applicable in 47% of these cases. Again, in Themiste pyroides,
of the spawnings of 20 animals recorded over a 3-year period, 55% oc-
curred overnight, the remainder during daylight hours (Rice, 1967).

The only snggestion for periodicity in spawning in sipunculans is
found in records for Phascolosoma agassizi (Rice, 1967). A total of
99 spawnings were rccorded in the laboratory over a period of 3 vears.
The data, summarized in I'ig. 15, reveal a peak of maximum spawning
each vear as well as a certain periodicity throughout the hreeding scason.
In 1962 and 1963 the periodicity between spawning peaks ranged from
21 to 29 days. There was no obvious correlation of spawning periods
with either tides or phases of the moon. Since thesec observations were
made under uncontrolled conditions in the laboratorv it cannot be as-
sumed that the same periodicity exists in the natural habitat.
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Fic. 15. Spawning dates and number of spawnings of Phascolosoma agassizi
from the San Juan Archipelago, Washington, Spawnings were recorded in the labora-
tory from 1962 to 1964. ( From Rice, 1967, p. 147.)

Although there may be a periodicity in spawning during the breeding
season there is not a complete gametogenic cycle between each spawning
in sipunculans. A single animal may spawn repeatedly during a breeding
scason as cvidenced in the six recorded spawnings of a single female
of Themiste pyroides during an 8-weck period (Rice, 1967). [t scems
probable that each spawning is preceded by a maturation of only a
certain percentage of the largest oocytes in the coelom which are then
collected by the nephridium.

Estimations of breeding periods have been made for 10 species of
sipunculans by onc or more of the following methods of study: observa-
tions on spawning in the laboratory over a period of a year, annual
studies of gametogenic cycles with periodic examination of coelomic
oocytes and gonads, or from studics concerned primarily with develop-
ment. Additional observations on spawning of 9 species have been made
at sporadic intervals, but not carried out over a period of a year. Tt
is important to note, therefore, that in these instances the times of re-
corded spawning are not indicative of the range or duration of breeding
scasons, but show only the months in which spawning was observed
and can be expected to occur, The information is included for its possible
value to persons who may wish to carry out further investigations in
the Jocalities named. The data are summarized in Table T.
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Of the 10 species for which the breeding season has been determined
with some certainty, 6 are temperate and 4 tropical or su])trnpica]. All
of the temperate species and onc of the tropical specics (Phascolosoma
arcuatum) have well-defined breceding scasons. Three of the tropiceal or
subtropical species, Themiste lageniformis, T. alutacea, and Phascolosoma
perlucens, appear to spawn throughout much of the year.

4.4 Development

4.4.1 Fertilization

Sipunculan eggs when spawned into the seawater are arrested in the
first meiotic metaphase. The process of fertilization, beginning with the
entrance of the sperm into the cgg, includes the extrusion of the first
and second polar hodies and enlargement of the sperm nucleus to form
the male pronuclens, and, finally, the fusion of the female and male
pronuclei.

Gerould (1907) described fertilization in the eggs of Golfingia vulgaris
and Phascolopsis gouldi, but he was unable to observe sperm penetration.
Both Gerould (1907) and Akesson (1938) supposed the sperm to enter
through a pore of the cgg membrane. Ilowever, the width of the sperm
head exceeds that of the pore several times and, in more recent studies
(Rice, 1966), it has been demonstrated that sperm penctration is cected
by the formation of a hole in the egg covelope. Penetrating sperm or
the resultant sperm cntry holes have been observed in }i\rinq and/or
sectioned eggs of the {ol]owmﬂ species: Phascolosoma agassizi, P. per-
lucens, P. varians, Golfingia pugettensis, G. pellucida, and Themiste
pyroides. In addition to the sperm entry holc in the cgg cnvelope, the
penetrating sperm of Themiste pyroides also leaves behind it a clearly
discernible track in the thick jellv coat of the egg. Before penetration
this sperm extends an acrosomal filament 50 pm in length from the
edge of the jelly to attach to the egg envelope. The sperm entry hole
may persist for 2 to 3 days in the developing embrvo.

bnlloumg sperm penetration, maturation of the egg is completed with
the formation of the two polar bodies. In the elliptical cggs of Phascolos-
oma the cytoplasm rounds up, pulling away from the cgg envelope
at the two poles, and the polar bodies are formed at the animal pole.
In spherical eggs such as those of most Golfingia and Themiste, a spacce
between egg envelope and cytoplasm forms at the animal pole at the
time or shortly hefore extrusion of the polar bodies.
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Details of sperm migration and zygote formation have been studied
in Golfingia vulgaris and Phascolopsis gouldi (Gerould, 1907). In these
species, the sperm, after entrance into the egg, rotates until its long
axis is parallel to the surface of the egg. An aster with centrosome
appears at the base of the nucleus and within about 10 minutes the
sperm, led by the aster, migrates to the center of the egg where it
increases in size and the chromatin becomes separated into a loose nct-
work. At the same time the astrosphere enlarges and from it promi-
nent fibers radiate throughout the cytoplasm except in the direction
of the animal pole.

During this period of sperm cnlargement the two polar bodies arc
given off by the egg. According to Gerould’s account, the reduction
or transverse division occurs at the first polar body division and the
equational or longitudinal division takes place at the second division, the
reverse of the usual process. During maturation divisions the number of
chromosomes is reduced from 20 to 10, the haploid number. After extru-
sion of the second polar body the nucleus of the egg is broken up into
10 chromatic vesicles which soon fuse to form the female pronucleus.
A centrosome, from which astral fibers radiate, lies in a fold of the
pronucleus toward the center of the cgg. As the two pronuclei move
toward cach other, the astral ravs of the female pronucleus become
less prominent and the centrosome moves to one side, about 90° from
that point which will first contact the sperm nucleus. As the sperm
nucleus moves toward the animal pole, its astrosphere moves to one
side and decreases in size. At the time the two pronuclei unite, their
astrospheres arc of approximately the same size, but the astral fibers of
the male pronuclcus, are much more prominent. As the first cleavage
approaches, the two asters are equal in size.

4.4.2 Embryonic Development

4.42.1 CLEAVAGE

Cleavage of the sipunculan cgg is spiral, unequal, and holoblastic
(Fig. 16a,h). Cell lincage of one species, Golfingia vulgaris, was studied
through the 48-cell stage by Gerould in 1907. Starting with a dexiotropic
cleavage at the third division, the cleavage planes alternate in direction
to the 4S-cell stage, after which the spiral pattern continues onlv in
certain areas of the egg. A characteristic feature of the cleavage of Gol-
fingia vulgaris is the relatively large size of the micromeres at the S-cell
stage. At the 16-cell stage, the 8 micromeres of the animal hemisphere,
all of approximately equal volume, exceed in size all of the cells of
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Frc. 17. Forty cight-cell stage of Golfingia vulgaris, anterior hemisphere, showing
the molluscan cross and intecrmediate cells. Rosette cells are dotted, cross cells
are dashed, and intermediate cells bharred. Prototroch cells are around the periphery.
(Redrawn from Gerould, 1907, fig. D, p. 99.)

the vegetal hemisphere except those of the D quadrant; the 2d cell
or somatoblast is the largest cell at this stage and the second largest is
the 2D. The relative size of the micromeres in early cleavage is reflected
in the extraordinarily large size of the prototroch cells in the embrvo.
At the 48-cell stage the animal hemisphere consists of the 32 cells which
make up the apical plate and the prototroch. The spiral pattern is inter-
rupted at the 48-cell stage by the radial division of the lq'*, the result
of which is the formation of the apical cross. The cross cells are in
the position of the molluscan cross, that is, the arms extend out from
the rosette cells along the future sagittal and frontal planes of the embryo
in a radial direction rather than in the interradial direction characteristic
of the annelidan cross (Fig. 17). This feature has been misunderstood
by many authors probably because of Gerould’s adoption of terminology

FiG. 16. Diagrammatic representation of developmental stages of Phascolosoma
perlucens, illustrating events in the metamarphosis of the trochophore. (a) Two-cell
stage. (b) Eight-ccll stage. (¢) Early trochophore. (d) Late trochophore. (e—f)
Premetamorphosis stages. (g) Planktotrophic pelagosphera larva, immediately after
trochophoral metamorphosis, 214-3 days of age. (h) Pclagosphera larva, about 1
week old. As the trochophore elongates during metamorphosis (e,f) the egg envelope
loses its porosity and lamellation and is transformed into the cuticle of the pelago-
sphera larva (gh). Immediately before metamorphosis (f) the gut cavity and
coelomic cavity are formed and metatrochal cilia appear. At the time of metamorpho-
sis the anus and mouth are opened to the exterior, the prototroch reduced and
terminal organ everted (g). a, anus; at, apical tuft; cu, cuticle; en, egg envelope;
es, esophagus; in, intestine; m, metatroch; mo, mouth; p, prototroch; s, stomach;
st, stomodeum; to, terminal organ.
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previously used for polychaetes (Clark, 1969); however, when using
these terms he places them within guotation marks. Thus he labels the
cross cells “intermediate” cells, apparently referring to the intermediate
cells of annelids, not of sipunculans. In his figure of the apical region
of the 48-cell stage, reproduced here (Fig. 17), the prominent cross
cell are clearly seen to be in the radial position. The 4 cells of the
rosette and the 16 cells of the prototroch are notable for their large
size, The pmtotrm'h derived from the trochoblasts, 1g* cells, consists
of a girdle of 16 primary cells at the 48-cell stage; later three secondary
cells, probably derived from intermediate cells, are added to complete
the prototrochal girdle of the trochophore. A gap persists in the proto-
troch between cells of the C and D quadmnts, joining apu,.\l and somatie
plates, and has been designated as the dorsal cord. The division of
3D gives rise to 4d which immediately divides to form two equal cells
which sink below the surface to form the mesodermal teloblasts.

Additional information available on carly cleavage of other species
indicates that the relatively large micromeres are a feature of volky
eggs and lecithotrophic d(,\t]()l)n‘ltllt whereas in eggs with rele ltwch
small amounts of volk, micromeres are smaller than, or in some casces
equal to, the macromeres. For example, in the 8-ccll stages of Phascolo-
soma agassizt and P. perlucens, species with cggs low in volk content,
the micromeres and macromeres in the A, B, and C quadrants are all
approximately the same size; 1d is slightlv larger and 1D is by far the
largest of the 8 cells. The largest cell of the 16-cell stage of P. agassizi
is the somatoblast 2d which is nearlv twice the size of 2D. The r(?ahw'
size of micromeres and macromeres at the 8-cell stage of 10 species
of sipunculans is found in Table I1.

4422 Guneral, DEVELOPMENTAL PATTERNS

Several patterns of development are known to occur in the Sipuncula.
Onc is direct development, defined here as nonpelagic development in
which ciliated stages are absent and the embryo transforms directly
into a small, crawling worm, usually hatching from one or more egg
coats. The remaining patterns are classified as indireet development and
include either one or both of the following swimming larval stages:
(1) trochophore, characterized by ciliated prototroch and apical toft,
and (2) pelagosphera with prominent ciliated metatrochal band, lacking
a prototroch or with considerably reduced prototroch.

Information is now available on the development of 17 species of
sipunculans, 1:1{‘]11(]1115_, 5 species of Golfingia, 4 species of Phascolosoma,
3 of Themiste, 2 of Phascolion, and one each of Phascolopsis, Paraspidosi-
phon, and Sipunculus. Table II lists the species according to devel-
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opmental patterns. Four common catcgorics are designated: 1, direct
development; II, indirect development with one larval stage, the tro-
chophore, which transforms into the vermiform stage; III, indirect
development with two larval stages, the trochophore and lecithotrophic
pelagosphera; and 1V, indirect development with two larval stages, the
trochophore and planktotrophic pelagosphera. The species listed range in
distribution from the cold waters of the Northeastern Pacific and North
Atlantic to the tropical waters of the Atlantic.

Three species are known to undergo direct development: Golfingia
minuta from Kristineberg, Sweden (Akesson, 1938), Phascolion cryptus
from Virginia Key, Florida (Rice, 1975), and Themiste pyroides from
San Juan Archipelago, Washington (Rice, 1967). The cggs are rich in
yolk, blastulae arc solid, and gastrulation occurs by epiboly. In two
of the species in which 8-cell stages have been examined (Themiste
pyroides and Phascolion cryptus), the macromeres in the A, B, and C
quadrants are smaller than their respective micromeres. Derivatives of
the large micromeres, the prototroch cells, form a prominent band of
noncilated cells of extraordinary size. At this stage, comparable to the
trochophore although lacking cilia, the cytoplasm is retracted from the
egg envelope in the pretrochal area around the apex of the cmbryo,
forming an apical groove which delimits the cells of the nonciliated
rosette, Joining pretrochal and posttrochal hemispheres a dorsal groove
interrupts the prototrochal band and immediately posterior to the proto-
troch a space between cytoplasm and cgg envelope marks the position
of the stomodcum.

At the age of 2 davs (25°C), Phascolion cryptus hatches as a crawling
worm from the anterior portion of the egg envelope and the surrounding
jelly coat (Fig. 18). The embryo first elongates posttrochally, rupturing
the jelly coat posteriorly and then the pretrochal region, followed by
the prototrochal, separates from the cgg envclope resulting in a large
anterior cavity. As the rctractor muscles become functional the head
is extended and withdrawn and through this activity the anterior egy
envelope is severed from its posttrochal connection to the embryo. Thus
the jelly coat and anterior cgg envelope are discarded, a new cuticle
is formed to cover the pretrochal and prototrochal regions, and the post-
trochal egg envelope is transformed into the posterior cuticle of the
vermiform stage.

In Themiste pyroides, the entire egg cnvelope appears to be retained
as the cuticle of the vermiform stage. The embryo develops within the
envelope and surrounding jelly coat until the age of 8 to 9 days
(12°-13°C) when, by a series of movements extending and contracting
the body, it hatches out of the jelly coat as a small, crawling worm.
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Fic. 18. Developmental stages of Phaseolion cryptus, depicting direct development
and partial hatching from egg envelope. Photographs of living embryos. Seale,
25 pm. (a) Two-cell stage. Presence of adhesive jelly layer is indicated by attached
debris. (b-e) Egg envelope has detached in pretrochal and prototrochal regions.
Anterior space develops between envelope and embryo. Anterior end can be retracted
as in (b) or extended as in (¢), and by such movements the envelope is eventually
ruptured at the posttrochal junction. (d) Hatched vermiform stage. Head is retracted.

Anterior egg envelope is completely detached and posterior egg envelope has been
transformed into cutiele. [From Rice, 1975 (in part).]

The sticky jelly coats of the eggs of Themiste pyroides and Phascolion
cryptus cause adhesion to any surface contacted; thus these embryos
develop attached to the substratum in the area of spawning. The dircet
development of Golfingia minuta, exemplifying a form of primitive brood
protection, takes place over a period of 3 to 4 wecks within the burrows
occupied by the females. The embryos do not develop prototrochal cilia,
but eytoplasmic blebs, similar to those noted in other species before
formation of cilia, have been interpreted by Akesson to indicate that
lack of prototrochal cilia in this species is secondary rather than
primitive. An extremcly weak and temporary ciliation with no loco-
motory function forms on marginal and rosctte cells. The egg on-
velope transforms into the cuticle of the juvenile, but bencath it a
definitive cuticle is apparent. Development is slow in this species;
voung worms begin to migrate from the burrow at 1 month, but heads
are not retractable until the age of 6 weeks.

The development of both Phascolion strombi from Kristineberg,
Sweden (Akesson, 1958) and Phascolopsis gouldi from Newport, Rhode
Island and Woods Hole, Massachusetts (Gerould, 1907) is marked by
a single pelagic larval stage, a lecithotrophic trochophore (Category
II, Table I1). Eggs of the two species are macrolecithal with micromeres
exceeding macromeres in size in the A, B, and C quadrants at the 8-cell
stage, the blastulae are solid, and gastrulation occurs by epiboly. Trocho-
phores are characterized by rosette cells with long cilia and a band of
ciliated prototroch ceils (Fig. 19a). Marginal cells on cither side of
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e 19, Trochophores of sipimculans. (a) Trochophore of Phascolopsis gouldi.
Sinface views 20 hours. (Redvawn from Geronld, 1907, plate 8, fig. 39.) (D)
Trochophore of Golfingia clongata. Diagram of sagittal scetion. (Redrawn  [rom
Akesson, 1961a, p. 516.) (c) Trochophore of Golfingia vulgaris. Ventral view,
indicating ccll outlines; about 40 hours. (Redrawn from CGerould, 1907, plate 7,
fg. 50.) (d) Trochophore of Sipunculus nudus. Lateral view. Ligg cnvelope an
underlying cell Tayer (scrosa) have split at posterior end, preceding shedding of
envelope. (Redrawn from Hatschek, 1883, plate 3, figure 45.) a, anns; ag, apical
groove; at, apical tuft; bo, buccal organ; em, coclom; ¢, eve; end, endodern;
Ig, lip gland; m, metatroch; p, prototroch; se, serosa; st stomodeum,

the prototroch of Phascolion strombi are weakly ciliated and anterior
to the prototroch of Phascolopsis gouldi is a band of well-developed
preoral cilia. At metamorphosis the prototroch cells degenerate and the
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trochophore is transformed into an elongate worm, capable of extending
and retracting the anterior portion of the body. The cgg envelope of
Phascolopsis gouldi is shed at metamorphosis, but in Phascolion strombi
it is rctained as the cuticle.

A developmental pattern consisting of two pelagic larval stages, a leci-
thotrophic trochophore and a lccithotrophic pelagosphera, is found in
the following species: Golfingia elongata, G. pugettensis, G. vulgaris,
and Themiste alutacea (Category III, Table II). All are temperate or
cold-water species except T. alutacea which ranges from the temperate
water off North Carolina and Brazil to the tropical waters of the Carib-
bean Sea. In these species a pelagic lecithotrophic trochophore metamor-
phoses into a lecithotrophic pclagosphera which swims for a short time,
often near the bottom, undergoes a gradual loss of cilia, and transforms
into the veriform stage. The 4 species within this pattern show a gradient
in development from least to most highly modified from that of the pre-
ceding pattern. The devclopment of Golfingia vulgaris most nearly re-
sembles that previously described, whereas that of G. pugettensis is
probably the most highlv modified. In G. vulgaris the cgg is rich in
yolk and gastrulation is epibolic (Fig. 20a). There is no abrupt formation
of metatrochal cilia since these are developed in the trochophore stage
(Fig. 19¢). Metamorphosis of the trochophore occurs at 2 days when
the egg envelope is ruptured and cast off and the anterior end of the
body becomes retractable (Iig. 21e,d). Prototrochal cilia appear often
to be destroved, but metatrochal cilia slip through the envelope without
injury. The larva continues to twirl, usually near the bottom, by means
of the metatroch until the cilia arc lost at 5 days of age and the young
vermiform stage assumes an clongate shape and begins to creep along
the bottom (Gerould, 1907).

Development of Golfingia elongata is similar, except that during gas-
trulation an archenteren is formed. The trochophore is spherical with
a long apical tuft, short prototrochal cilia, and long metatrochal cilia
(Fig. 19b). Mctamorphosis consists of elongation, beginning at 48 hours
(17°C), and disintegration of the prototrochal cells. The egg envelope
is transformed into the cuticle of the vermiform stage.

The trochophore of Themiste alutacea changes from the spherical
shape of the blastula to an oval shape with a prominent equatorial band
of prototrochal cilia and a long apical tuft, Metamorphosis, beginning
at 28 hours (25°C) with clongation of the trochophore, results at 32
hours in a lecithotrophic pelagosphera, During metamorphosis a well-
developed circlet of mctatrochal cilia and a postmetatrochal sphincter
appear, the stomodeum opens through the egg cnvelope to form the
mouth and ventral ciliated surface of the head, and the cgg envelope
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Fic. 20. Gastrulation and mesoderm formation. Prototroch cells are marked by
dashes, other ectoderm cells are clear; endoderm is dotted; mesoderm is barred.
(a) Sagittal section of embryo of Golfingia vulgaris showing blastopore. Castrulation
is epibolic; 1415 hours. (Redrawn from Gerould, 1907, plate 6, fig. 40b.) (h)
Cross section of embrvo of Golfingia vulgaris; 24 hows. Mesodermal bands have
split into splanchnic and somatic lavers. (Redrawn from Gerould, 1907, plate 6,
fig. 45. Prototrochal cilia, althongh described in text, are not shown in Gerould’s
fignres.) (c) Optical median section of embryo of Sipunculus nudus showing (orma-
tion of eclodermal somatic plate and embolic gastrulation. (Redrawn from Hatschek,
1883, plate 2, fig. 15.) (d) Optical median section of embryo of Sipunculus nudus,
later than (c¢). Prototroch cells Lave surrounded embrvo. (Redrawn from Hatschek,
1883, plate 2, fig. 23.) ag, apical groove; at, apical tuft; bp, blastopore; de, dorsal
cord; end, endoderm; mes, mesoderm; p, prototroch; pe, posterior cavity; r, rosette
cells; sp, somatic plate; st, stomodeum,

is transformed into the larval cuticle. Transformation into the juvenile
may begin as carly as 7 to 8 davs with loss of metatrochal cilia, and
by 2 weeks the coclomic yolk has been absorbed and the gut completed.
Within 1 month it has assumed the shape of the juvenile with clongated
introvert and 4 ciliated tentacular lobes.

The trochophore of Golfingia pugettensis resembles that of Themiste
alutacea, but a characteristic feature in this species is the presence
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Fic. 21. Mctamorphosis of Phascolopsis gouldi and Golfingia culgaris, (a) Trvocho-
phore of P. gouldi, 48 hours, showing circlet of preoval cilia and developing cuticle
beneath egg envelope. Lateral view. (Redrawn from Cerould, 1907, plate 8, fig.
62.) (b)) Metamorphosing trochophore of P gouldi in provess of shedding cgg
envelope; 43 hours. Dorsal view. (Redrawn from Gerould, 1907, plate 8, fig. 66.)
(¢) Mectamorphosing trochophore of G. vulgaris, Egg envelope has heen cast off,
prntutrm.'llal cilia lost, and prototrochal cells are in process of degeneration, Dorsal
view. (Redrawn from Geronld, 1907, plate 7, fig. 52.) (d) Lecithotrophic pelago-
sphera larva of G. vulgaris; 60 hours. Lateral view. Gut is incomplete. { Redrawn
from Gerould, 1907, plate 7, fg. 34.) at, apical tuft: ¢, euticle; ¢, eye; en, egg
envelope; in, intestine; m, metatroch; mo, mouth: p, prototroch: pr, preoral cilia;
st, stomodeum.
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of conspicuous lipid droplets in the prototroch cells. Metamorphosis
of the trochophore occurs at 8 days (8°-9°C). Differing from others
with this devclopmental pattern, the lecithotrophic pelagosphera of
Golfingia pugettensis has a well-developed terminal organ by which it
attaches to the substratum.

A species with an apparently highly modified development, similar
to that described above but not readily classified in any of the develop-
mental categories commonly found in sipunculans, is Themiste lageni-
formis. Its early dcvelopment is essentinlly the same as that of dnu‘ﬂy
developing species in that it lacks a pelagic trochophore stage. However,
the nonpelagic stage, comparable to a trochophore, metamorphoses to
a lecithotrophic pelagosphera with metatroch and terminal attachment
organ (Williams, 1972).

The final developmental pattern known to occur in the phylum in-
cludes two larval stages: a pelagic lecithotrophic trochophore and a
planktotrophic pelagosphera (Category IV, Table I1I). The develop-
ment of 7 species falls within this classification. Four belong to the genus
Phascolosoma: P. agassizi, P. antillarum, P. perlucens, and P. varians.
Other species are Golfingia pellucida, Paraspidosiphon fischeri, and
Sipunculus nudus. Phascolosoma agassizi is a cold- to temperate-water
species; others are either tropical or range from temperate to tropical
waters. With the exception of Sipunculus nudus in which the trochophore
is uniquely modified, the development is very similar in all species.

Some of the characteristic features of this developmental pattern are
summarized in Fig. 16, a diagrammatic representation of development
through metamorphosis to the pelagosphem larva in Phascolosoma per-
lucens. The egg of this spvcus is relatively low in volk content, the
blastula has a small blastocoel in the anterior hc‘mu;phu e, and gastrula-
tion, although mostlv epibolic, is in part achieved by invagination with
the formation of a small archenteron. During the tm<hnphme stage
the gut and mesodermal bands are diffcrentiated and posttrochal Dlm]ga—
tion beging (Fig. 16c-e). Long prototrochal cilia, extending through
the pores in the egg envelope function to propel the larva in a spiral
swimming movement while the cilia of the apical tuft are directed for-
ward. Metamorphosis of the trochophore into the planktotrophic pelago-
sphera takes place at 21 to 3 days of age (25°C) and lasts over a period
of several hours. Metamorphosis is marked by formation of a new ciliary
band, the metatroch, reduction of the prototroch, loss of the apical tuft,
posttrochal elongation, expansion of coelom, rupture of the egg envelope
in the region of the stomodeum to give rise to the ventral ciliated
surface of the head and mouth, opening of the anus to complete the
gut, and formation of the adhesive terminal organ (Fig. 16f-h). Pelago-
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sphera larvae of P. perlucens have been maintained in the laboratory
as long as 6 months, but a sccond metamorphosis into the juvenile
form has not been observed.

Other species included within this pattern, except Sipunculus nudus,
show essentially the same developmental features. The early development
of S. nudus is unique, particularly in the claboration of prototroch and
embryonic cavities. Blastomeres are nearly cqual in size, but slightly
larger at the vegetal pole. In the blastula a nearly central blastocoel
is displaced slightly toward the animal pole. Gastrulation occurs by
invagination of the endoderm cells which pull away from the cgg enve-
lope at the vegetal pole, leaving a posterior cavity (Fig. 20c,d). At the
same time the cells of the apical plate swrrounding the rosette cells
sink from the envelope forming an apical groove or cavity of the head
around the central rosctte, The posterior cavity and the apical groove
are connected by a narrow dorsal canal which results from the sinking
of a double row of small cctoderm cells. Ciliated cells, assumed to be
homologs of trochoblasts (Gerould, 1903), then spread out to swround
the embryo and form in conjunction with the egg envelope a structure
which has been termed a “serosa” (Hatschek, 1883). The trochophore
develops within the serosa and at the time of metamorphosis to the
planktotrophic pelagosphera the cntire serosa is shed (Figs. 19d and
22a,b). The pelagosphera has a ciliated metatrochal band and is similar
to other such larvae in this developmental category. After 1 month
in the laboratory a second mctamorphosis occurs inta the juvenile form

(Fig. 22¢).
4.4.2.3 GASTRULATION AND FoORMATION OF MESODENM

In species with macrolecithal eggs, as in the first threc developmental
categories, gastrulation occurs entirely by epibolic movements with the
exception of Golfingia elongata in which a small archenteron is formed.
This mode of gastrulation, best described for Golfingia vulgaris and
Phascolopsis gouldi (Gerould, 1907), occurs by an overgrowth of the
cells of the dorsal somatic plate ventrally and laterallv to enclose the
solid mass of large endoderm cells. The blastopore is represented by
the narrow ends of the club-shaped endoderm cells which maintain
contact with the egg envelope until closed over by the somatic plate
(Fig. 20a,b). Descendants of the stomatoblasts divide rapidly and in-
vaginate in the region of the trochoblasts at the anterior end of the
blastopore to form the stomodeum.

In species with less yolky eggs and planktotrophic larvae, as found
in the fourth developmental category, gastrulation is accomplished in
part by invagination, but the major role is usually played by epiboly.
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Fre. 22, Metamorphosis of Sipunculus nudus. (a) Trochophore hatching from
Userosa,” e, egg envelope plus pratotroch cells. Serosa is still attached in head
vegion. (Redrawn from Hatschek, 1883, plate 5, fig. 49.) (b) Pelagosphera larva,
2 days after shedding of serosa, (Redrawn from Hatschek, 1883, plate 5, fig. 51.)
(¢) Juvenile, after metamorphosis of pelagosphera. (Redrawn from Iatschek, 1883,
plate 6, fig. 71.) a, anus; b, brain; bo. buccal organ; e, eye; in, intestine; g,
lip gland; m, metatroch; mo, mouth; n, nephridium; rm, retractor muscle; s, stomach;
s¢, serosa; vne, ventral nerve cord,

Endoderm cells in blastulae of species of Phascolosoma, such as P. agas-
sizi and P. perlucens, arc sceparated from the egg envelope by a large
space around the vegetal pole. During gastrulation, cells of the somatic

plate grow down over the centomeres filling the space in an epibolic
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gastrulation. A narrow slit in the region of the Dlastopore marks an
invagination leading into a narrow archenteron. Endodermal invagination
is the primary process of gastrulation in Sipunculus nudus (¥Vig. 20c.d).
Closure of the blastopore in this specics is achieved by a forward and
ventral growth of cctoderm of the dorsal lip: this cctodermal growth
at the same time gives rise to the median somatic plate.

Mesoderm is derived from a pair of mesodermal teloblasts located
on cither side of the endoderm cells. Proliferation of these eells, observed
in Golfingia vulgaris, Phascolopsis gouldi (Gerould, 1907), Sipunculus
nucdus (1atschek, 1883), and Phascolosoma agassizi (Rice, 1967). results
in the formation of the Jateral bands of mesoderm (Fig. 20b).

4.4.3 lLarvae

4.4.3.1 Trocuoriiorr Lanrva

A trochophore stage is a characteristic phase in the development of
all sipunculans, although in some species it may be highly modified.
Trochophores of several species are illustrated in Fig. 19. The apical
plate of the pretrochal hemisphere consists of numerous small c¢ctoderm
cells which later give rise to the head cctoderm and brain and of a
central circle of large rosctte cells, usually bearing the long cilia of
the apical tuft. The apical groove around the rosette cells mav persist
in the carly trochophore, but later it is filled by a growth of ectoderm
cells, Embedded in the apical plate in a dorsal position just anterior
to the prototroch is a pair of small cvespots. The somatic plate covers
the posterior hemispherc and is the source of the cctoderm of the trunk,
The stomodeum is in a medioventral position, cxtcuding anteriorly into
the region of the prototroch. The large cells of the prototroch (19 in
Golfingia vulgaris) form a prominent equatorial band which spreads
out over a large proportion of the surface of the larva. Prototroch cells
are usually ciliated and always concentrated with yolk granules. The
early trochophore retains the shape of the egg, but then an oval shape
is assumed and in later stages the length increases as posttrochal elonga-
tion begins. Enclosed by the overlying egg envelope, trochophores of
all specics of sipunculans are lecithotrophic. Rudiments of most internal
adult organs are present at this stage. Three regions of the gut (esopha-
gus, stomach, and intestine) are differentiated and mesodermal bands,
two cell layers in thickness, arc present on either side of the gut.

The pattern and functional significance of ciliation varics among difter-
ent species. Directly developing species, such as Phascolion cryptus and
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Themiste pyroides, lack cilia entirely; Golfingia minuta shows a weak
and temporary ciliation on pretrochal, posttrochal, and rosette cells, but
not on prototrochal cclls. All other species posscss ciliated prototroch
cells and an apical tuft of cilia. Prototrochal cilia are well developed
and serve as the means of locomotion in species of Phascolosoma and
in Golfingia pugettensis, G. pellucida, and Paraspidosiphon fischeri. In
trochophores of G. elongata, G. vulgaris, and Phascolopsis gouldi, pre-
trochal and metatrochal bands of cilia are also present; metatrochal cilia
are by far the longest in the two former spccies and most significant
for larval locomotion, whereas in the latter the pretrochal cilia are the
longest and the metatrochal vestigial. Metatrochal cilia are present in
the trochophore of Sipunculus nudus but, enclosed by the serosa, are
not functional (Fig. 19d).

4.4.3.2 METAMORPHOSIS OF TUE TROCHOPHORE

Metamorphosis of the trochophore may result in one of several devel-
opmental stages. In those species with only one pelagic stage, it may
end the pelagic phase of development, the trochophore mectamorphosing
into a vermiform stage which gradually transforms into the juvenile
form. It may result in a second pelagic larval stage, the lecithotrophic
pelagosphera, which swims for a short time in the plankton or near
the bottom before transforming into the vermiform stage. Finally, it
may give rise to a planktotrophic pelagosphera which swims in the
plankton for a prolonged period before a sccond metamorphosis into
a juvenile form. Main events of metamorphosis into a planktotrophic
pelagosphera are illustrated in the diagram of development of Phascolo-
soma perlucens (Fig. 16).

Metamorphosis is characterized by reduction or loss of the prototroch,
formation or expansion of the coelom, transformation or shedding of
the egg envelope, and, in those specics with pelagosphera larvae, by
the claboration of the metatroch as the principal locomotory organ.
Muscular activity is initiated either at metamorphosis or shortly there-
after with the introversion and cxtrusion of the introvert.

In species which undergo dircct development without a pelagic trocho-
phore stage, changes occur at the time of transformation into the vermi-
form stage which are comparable to those of the metamorphosis of the
trochophore, c.g., elongation, formation of the coelom, dissolution of
prototroch cells, and the beginning of muscular activity.

The coelom is formed by schizocoely or a splitting of the meso-
dermal bands into two layers, one of which forms the inner layer of
the body wall and the other an outer covering of the gut. In species



114 MARY E. RICE

with relatively microlecithal eggs and planktotrophic pelagosphera the
coclom is formed before metamorphosis of the trochophore, but under-
goes a great expansion at this time. The coelom of species with yolky
eggs forms simultaneously with other events of metamorphosis.

The egg envclope of most species appears to be transformed at the
time of metamorphosis into the larval cuticle. Transformation is ac-
companied by a loss of porosity and lamellation, first immediately
posterior to the prototroch in the region of initial elongation, and later
throughout. At the same time, as the larva stretches and the muscles
become functional, the previously rather rigid egg envelope becomes
elastic and flexible. Two species, Phascolopsis gouldi and Golfingia
vulgaris, have been reported to shed the egg envelope at metamor-
phosis and another species, Phascolion cryptus, loses the prototrochal
and pretrochal portions (Figs. 18b-d and 2lab). Sipunculus nudus
sheds not only the egg envelope, but also the underlying ciliated cells
(Tigs. 19d, and 22a).

Prototroch cells, usually heavily laden with yolk, releasc their yolk
granules during mvt'u'notphosls into the coelomic cavity, thus contribut-
ing a substantial source of nutrition for the developing jarva. The signifi-
cance of this contribution is greatest in species with macrolecithal eggs
and lecithotrophic development. Entire cclls of the prototroch of Gol-
fingia vulgaris and Phascolopsis gouldi, including nuclei and cytoplasm,
are cast into the coelom at metamorphosis and the region of the proto-
troch is overgrown by ectoderm cells. In Golfingia elongata and Phas-
colion strombi the prototroch cells degenerate, releasing lipid and yolk
granules into the coelom, after which they are lcpldced with cctoderm.
Prototroch cells of G. pugeltensis are marked by characteristic large
lipid glohules which at the time of metamorphosis are released into
the coelom wherc thev are readily recognizable; the cells, although re-
tained as a ptotntloclnl band on the head of the pelagosphera, arc
much reduced in size. The large yolk-laden prototroch cells of G. minuta
and Themiste pyroides begin to degenerate at the time of coelom forma-
tion relcasing their granules into the coelom. In specics of Phascolosoma,
release of yolk from the prototroch cells begins at an early stage of
development when granules are passed from the cells into cavities formed
along the inner sides of the prototroch. As the prototrochal cells decrease
in size, the size of the “prototrochal cavities” becomes larger. The gran-
ules appear to break down in the cavitics where presumably they provide
nutrition for the developing embryo. At metamorphosis the prototrochal
cells, reduced in size, persist in the pelagosphera as a weakly devcloped
dorsal band of cilia on the head. Before metamorphosis in Sipunculus
nudus, the size of the cclls of the serosa is diminished as they gradually
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liberate nutrients into the anterior and posterior cavities (Figs. 19 and
20). By the time of metamorphosis of P. agassizi and S. nudus all of
the prototrochal yolk has been discharged inte embrvonic cavities.

At metamorphosis of the trochophore the metatroch assumes the role
of the principal organ of locomotion. In Golfingia vulgaris and G. elon-
gata the metatroch is present and well developed in the trochophore
stage along with the prototroch, but at metamorphosis the prototroch
diminishes and the metatroch remains as the sole locomotory organ.
In G. pugettensis the metatroch is established late in the trochophore
stage, but is elaborated at the time of metamorphosis when the proto-
troch regresses. In spccics of Phascolosoma metatrochal cilia are devel-
oped at the time of metamorphosis. In Sipunculus nudus metatrochal
cilia appear before metamorphosis but become functional only when
the serosa is shed.

4,433 PeLacosPHERA Lanva

Following the stage of trochophore, the pelagosphera larva, whether
lecithotrophic or planktotrophic, is characterized by a prominent band
of metatrochal cilia and a regionalization of the body into head, meta-
trochal region or “thorax,” and elongated trunk (Figs. 23-25). The head
and thorax are retractable into the trunk and later become the introvert
of the adult. Dorsally the head Dbears at least one pair of cyespots.
Posterior to the eyespots and along cither side of the hcad, a prototrochal
ridge forms a U-shaped band of weakly devcloped cilia. The ventral
head is ciliated and divided into two lobes by a median groove which
continues into the mouth. Posterior to the head the metatrochal region
or thorax is greatly distended when the larva is swimming and at its
maximum extension is by far the widest portion of the larva (Fig. 25a).
The posterior boundary of the thorax is marked by the metatrochal
sphincter muscle, which is usually contracted when the larva is swimming
and when the anterior end is completely retracted (Figs. 23-25). The
clongated trunk may vary somewhat in shape depending on the degree
of extension or contraction of the flexible larval body. At the posterior
tip of most larvae there is a tenninal attachment organ. Ter minal or gans
arc absent in a few planktotrophic larvae and in the lecithotrophic larvae
of Golfingia vulgaris and Themiste alutacea (Figs. 21d and 24a), al-
though the posterior end of the latter species does possess adhesive
properties. Terminal organs of planktotrophic pelagospheras, in contrast
to those of lecithotrophic larvae, are retractile, being withdrawn into
the body by the contraction of a single pair of retractor muscles, originat-
ing from the dorsal bodv wall near the anus (Fig. 24b,c). In lecitho-
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Fic. 23. Pelagosphera larva of Phascolosoma perlucens. Diagram showing internal
structures at 1 week of age. Left, lateral view; right, ventral view; a, anns; bg,
buccal groove; bo, buccal organ; ¢, cuticle; drim, dorsal retractor muscle; e, eye; ep,
epidcrmis; es, esophagus; in, intestine; 1, lip; lg, Iip gland; Ip, ]ip pore; m, metatroch;
n, nephridium; p, prototroch; pr, posterior retractors; s, stomach; to, terminal organ;
vne, ventral nerve cord; vrm, ventral retractor muscle. ( From Rice, 1975.)

trophic pelagospheras the gut cavity is incomplete and, although the
mouth is usually open, the anus has not broken through the larval cuticle.
The gut of planktotrophic larvae is complete, the anus opening dorsally
on the middle or the anterior region of the trunk and the larvae are in-
dependent feeders. Associated with the feeding process are structures not
present in lecithotrophic larvac: the lower lip, a projection forming the
posterior boundary of the mouth, and two organs associated with the
lip, the buccal organ and lip glands. The buccal organ is extrusible
through a transverse slit or buccal groove at the base of the lip and
the lip glands open through a pore on the lip.

In addition to the 7 species of planktotrophic larvac known from
developmental studies (Table IT), numerous larvae of uncertain species
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Fic. 24, Photographs of living pelagosphera larvae, reared from spawmngs in
the laboratory. (a) Lecithotrophic pelagosphera of Themiste alutacea; 3 days. Lateral
view. Terminal organ is absent. (From Rice, 1975.) (Db) Lecithotrophic pelagosphera
of Golfingia pugettensis; 13 days. Dorsal view. Note presence of terminal organ.
(From Rice, 1967.) (¢) Planktotrophic pelagosphera of Phascolosoma perlucens;
about 7 days. Lateral view. (From Rice, 1975.) Scale, 25 um. a, Anus; m, metatroch;
p. prototroch; to, terminal organ.

have been reported from the oceanic plankton. Such larvac were first
recognized as belonging to the Sipuncula by IHiicker (1898) from plank-
ton collections in the North and South Atlantic Occan. Comparing them
with Sipunculus nudus known from Hatschek's studies, he described three
larval types which he named “Baccaria oliva,” “Baccaria citrinella,” and
“Baccaria pirum,” distingnishing them by body shape and form of cuticu-
lar papillae. These larvac are less spectacular in size and form’ than
the large, transparent planktonic larvae described by later workers.

Unaware of earlier work, Mingazinni (1905) described a larva from
ome preserved and contracted specimen collected in the plankton from
a depth of 500 m between New Caledonia and New Zealand. Ile errone-
ously assumed the larva to be an adult, ereating @ new genus and species,
Pelagosphacera aloysii. Senna (1906 ), working with material from the same
expedition but from waters off India and Ceylon, suggested that struc-
tures identified by Mingazinni as gonads were instcad the glandular
appendages of the esophagus which are now referred to as lip glands
(Jigersten, 1963). Although Mingazinni's error was soon realized, the
name pelagosphera remains entrenched in the literature and is todav
used to designate the larval stage of sipunenlans which succeeds the
stage of trochophore (Rice, 1967).



118 MARY E. RICE

Fic. 25. Photographs of living planktotrophic pelagosphera larvae from oceanic
plankton. (a) Larva of unknown adult. From plankton of Florida Current. Antero-
dorsal view of swimming larva with extended metatroch. (1) Same specimen as
(a) in quiescent position with terminal organ extended. Metatroch partially extended.
(¢) Larva of Sipunculus polymyotus. From plankton of Florida Current, Larva
swimming with metatroch extended. (d) Same specimen as (c). Larva quicscent;
metatroch withdrawn. Scale, 250 wm.
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Other reports of oceanic planktotrophic larvae of sipunculans have
been made by Heath (1910), Dawydoff (1930), Stephen (1941), Fisher
(1947), Akesson (1961b), Damas (1962), Jigersten (1963), Murina
(1965), Scheltema and Hall (1965), and Hall and Scheltema (1975).
Most of the earlier observations werc made on preserved and contracted
specimens, and only in more recent studies on living material (Jigersten,
1963; Murina, 1965; Hall and Scheltema, 1975) has the morphology of
oceanic larvae been correctly interpreted. Jigersten gave the first accu-
rate description of the head region, pointing out the relationships be-
tween lip, lip glands, and buccal organ. He examined several larval
types which he divided into two groups, those with a “smooth” body
surface and those with a “rough” or papillated body cuticle.

Characters generally used to distinguish pelagosphera larvae externally
are texture of cuticle, presence and form of cuticular papillac, pigmenta-
tion, shape of head and lip, number and color of evespots, geneval body
form, and presence or shape of the terminal organ (Fig. 25). Some
distinctive internal characters are number of lobes of lip gland, number
of retractor muscles, shape and pigmentation of nephridia, and presence
and number of longitudinal muscle fibers. Pigmentation in different larval
forms may vary from brilliant orange to various shades of pink, yellow,
green, and brown. The body mayv be white or transparent with pigmented
nephridia and buccal groove. Evespots are either red or black and usually
two in number, but in some species therc arc accessory spots lateral
or anterior to the larger ones. The retractable terminal organ may be
a thick elongated cvlinder or thin narrow rod, or in some instances
no more than a rounded knob. The terminal organ in some species may
be extended frequently, rarely in others, and in a few no terminal organ
has been observed (Hall and Scheltema, 1975).

Spedific affinitics have been tentativelv assigned to three of the oceanic
planktotrophic larvae. Fisher (1947), basing his identification on the
number of muscle bands, designated a larva collected oft Cape Hatteras,
North Carolina as Sipunculus polymyotus. Murina (1965) identified
larvae from the Gulf of Aden as S. aequabilis and from the Northwest

Pacific as S. norvegicus. Hall and Scheltema (1975) described external
and internal morphology of 10 larval tvpes from the North Atlantic.
Of these, 7 were previously undeseribed and the following 3 were rede-
seribed: Sipunculus pof_:,-'mg,-'oms “Baccaria oliva,” redeseribed as Tvpe
C, and “Baccaria citrinclla,” redeseribed as Type A, The latter was as-
signed to the genus Aspidosiphon, but wo other adult affinities were
determined.

The pelagosphera larva of Sipunculus polymyotus is large and trans-
parent (Fig. 23¢,d), often 4-5 mm in contracted length, commonly found
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in the Gulf Stream (Fisher, 1947; Hall and Scheltema, 1975). The head
is simple with a single pair of black cyespots and accessory pigment
spots. The lip is bifurcated by a groove marked by a \’(“LI\\]\]I -grecn
pigment. Similarly pigmented are the duct of the lip gland, the metatro-
chal band at the hase of the cilia, the entive vecurved gut, and the
small rounded nephridia. The cuticle 18 smooth and iridescent. Internally
the body wall nsculature is divided into approximately 50 longitudinal
muscle bundles. There are three pairs of retractor muscles of the introvert,
two dorsal and one ventral,

The most commonly oceurring larva in the North Atlantic is “Baccaria
citrinella” or Tvpe A (IHall and Scheltema, 1975). The cuticle is “rough”
with numerous enticular elevations arranged in a characteristic pattern
of regularly crossing rows on the trink. Each elevation or euticular
papilla is rounded and surmounted by a smaller cap. Pigmentation of
the opaque body wall varies in living specimens from dark to light
pink or pinkish white and in presevved specimens the color is changed
to yellow. The metatrochal region and head are pale yellow and on the
dorsal head there is a single pair of small red eves. Thc lip is a simple
thin lobe, slightlv heart-shaped and flattened, but with no bifurcating
ciliated groove. The body, when contracted, is “lemon-shaped™ and from
the hhunt posterior end a thin, rod-shaped terminal attachment organ
can be extended.,

Planktotrophic pelagospheras mav swim  throughout the water by
means of the prominent metatrochal collar (Fig. 25a-c), but most fre-
quently under laboratorv conditions their activity is carricd out on or
near the hottom. Young larvac of Phascolosoma agassizi, veared in the
laboratory, have been reported to be chiefly bottom feeders although
they are also able to feed on planktonic mieroorganisms (Rice, 197! ﬁ
The larva may attach bv the terminal organ and extend out from this
point of attachment either parallel to the substratum or upward at any
angle. With head upward,’ food may he dirccted into the mouth bv
the cilia of the ventral surface of the head, or, still attached, the larva
may bend downward, applying the ventral surface of the head to the
substratum with lip extended posteriorly, grazing over the bottom. The
larva is able to releasc itself from its terminal attachment and glide
along with terminal organ directed upward and head flattened against
the bottom. Frequently the larvae lic in a quiescent state or they may
erawl in the manner of an inchworm, presumably scraping material
from the bottom. The continual cversion of the buccal organ during
feeding probably aids in the removal of food from the snbshatum This
tough muscular organ is belicved to function in breaking up material
into small particles for feeding and to aid also in the rejection of un-
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wanted material or in swallowing. The secretion of the lip glands is
presumed to have some function in feeding, but the nature of the secre-
tory product is unknown (Rice, 1973). A peculiar behavior pattern
of uncertain significance is the insertion of the terminal organ or posterior
tip of the larva into the mouth. Jigersten (1963) has suggested that
by this action the larva may discharge some secretion from the terminal
organ into the mouth.

The pelagosphera larva is a significant agent in the dispersal of species
over wide geographical areas. Planktotrophic pelagospheras have becen
found in warm and temperate waters around the world. Studies in the
North Atlantic Ocean of at least 5 species of pelagosphera larvae show
that the larvac occur along the entire length of the major east-west
currents and that, because of their long larval life (Section 4.4.3.5),
may be transported hetween continents ( Scheltema and Iall, 1965, 1975:
Scheltema, 1975).

4.4.3.4 LanvaL ORGANOGENESIS

Derivation of tissues and organs has been studied in 7 species of
sipunculans, representing all developmental patterns: Golfingia minuta,
Phascolion strombi (Akesson, 1938), Phascolopsis gouldi, Golfingia
vulgaris (Gerould, 1907), G. elongata (Akesson, 1961a), Phascolosoma
agassizi (Rice, 1973), and Sipunculus nudus (Tatschek, 1853).

As in all protostomous coelomates, the endomesoderm is derived from
the 4d cell and the coelom originates by a splitting of the mesodermal
bands of the trochophore into splanchnic and somatic lavers. The coelom
forms before trochophoral me tmnorphos‘iﬁ in specics with planktotrophic
development and relatively later in species with more volky cggs and
lecithotrophic development (Section 4.4.3.2). In all specics volk granules
are released from the regressing prototroch cells into the developing
coelom where they Iurmah an important source of nutrition for the larva.

The stomodeum develops as an ectodermal imvagination at the ante-
rior site of the closed blastopore and pushes farther anteriorlv into the
region of the prototroch. At the time of metamorphosis of the trocho-
phmv the stomodeum ruptures through the egg envelope to form the
month and the ventral ciliated surface of the head. The esophagus is
derived from the stomodeum and, in planktotrophic species, the buceal
organ (in part) and the lip gland, both appendages of the mouth, are
also derived from the stomodeum. Entomeres, frequently marked by
distinctive pigmentation, give rise to the stomach and intestine. A
stomach is present only in planktotrophic larvae and disappears at meta-
morphosis of the pelagosphera. The anus and rectum are derived from
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a proctodeal invagination which is located in a dorsal position in the
middle or posterior trunk.

Larval retractor muscles, retained as the muscles of the adult, are
reported to arise from ectomesoderm in all species except Sipunculus
nudus. Ilatschek (1883) proposcd that in the latter specics the retractors
originate from somatic mesoderm, although he was unable to observe
their early development. Reports of the origin of body wall musculature
are conflicting. In S. nudus both cirenlar and longitudinal muscles are
supposed to form from endomesoderm (Ilatschek, 1883). Circular mus-
cles of Golfingia vulgaris and Phascolopsis gouldi arc presumed to be
derived from ectomesoderm, but no information is available on the source
of the longitudinal muscles in these species (Gerould, 1907). Circular
musculature of G. minuta and Phascolion strombi is believed to originate
from ectomesoderm and longitudinal musculature from endomesoderm
(Akesson, 1958).

Descriptions of the derivation of the nephridia vary for different spe-
cies. Observations on development in Phascolion strombi, Golfingia min-
uta, G. vulgaris, and Phascolopsis gouldi (Gerould, 1907; Akesson, 1958)
indicate that the nephridia arc composite structures, conforming to the
concept of mixonephridia by Goodrich (1945). In these species the
nephridium proper has been reported to arise from an ectodermal in-
vagination and the internal funncl from peritoncum. In Sipunculus nudus
and Phascolosoma agassizi, on the other hand, a purelv mesodermal
origin of the n(.phndm has been suggested (lhtschel\ 1883; Rice,
1973).

The larval cuticle in most species is formed by a transformation of
the egg envelope at m(‘tnmorphusis of the trochophore. However, in
three species, Phascolopsis gouldi, Golfingia vulgaris, and Sipunculus
nudus, the egg envelope is shed at the time of metamorphosis and the

cuticle of the larva is a newly formed secretion of the epidermis (Section
44.3.2).

4435 METAMORPHOSIS OF THE PELAGOSPHERA

The end of the pelagosphera stage is marked by the loss of metatrochal
cilia in both lecithotrophic and planktotrophic pelngnsphens Lecitho-
trophic larvae, which live in the plankton for only a short time, change
to the adult form gradnally, passing through a vermitorm stage and
sometimes requiring scveral weeks to attain the form of the juvenile.
During this time the coclomic volk is entirely absorbed, the gut is com-
pleted, and that portion of the body anterior to the postmetatrochal
sphincter is clongated to form the introvert with terminal ciliated tentacu-
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lar lobes. In Golfingia pugettensis 7 wecks may elapse before these
changes are completed; in Themiste alutacea the change may take 3-4
weeks.

Planktotrophic pelagospheras, after a prolonged period in the plankton,
undergo a relatively rapid metamorphosis into the juvenile form. After
a month in the plankton, the larva of Sipunculus nudus elongates and
sinks to the bottom where metamorphosis takes place over a period
of 1 or 2 days (Fig. 22c). The metatroch and associated organs of
the mouth are lost, the mouth moves anteriorly, a tentacular lobe forms
on either side of the mouth, and the hcad becomes proportionately
smaller (Hatschek, 1883). Unidentified planktotrophic pelagospheras
from the oceanic plankton have been reported to undergo a similar meta-
morphosis with regression of the lip and formation of tentacles on the
rim of the mouth (Jigersten, 1963). Metamorphosis of “Baccaria citri-
nella” or Type A larvac is marked by an elongation of the introvert
to a length three times that of the trunk with 35 rings of hooks at
its anterior end. Over a period of several wecks, the juvenile develops
anterior and posterior shields which characterize it as belonging to the
genus Aspidosiphon (Hall and Scheltema, 1973).

Metamorphosis of oceanic pelagospheras, of unknown adult affinities,
has been observed in the laboratory from 11 to 129 days after collection.
Maximum duration of larval life has been calculated from approximations
of age at the time of collection to be 254 days (Scheltema and Hall,
1975). Metamporphosis of planktotrophic pelagospheras reared from
spawnings of known adults in the laboratory has not been observed,
although larvae of Phascolosoma agassizi have been maintained in culture
to an age of 7 months.

4.4.4 Summary of Developmental Patterns

The most common developmental patterns in the phylum Sipuncula
are summarized in the schematic diagram (Fig. 26). As shown for Cate-
gory I, the embrvo mav develop directly within the egg coats with
no ciliated stage, hatching out as a small, crawling worm which gradnally
transforms into a juvenile, or it mayv develop into a lecithotrophic trocho-
phore with ciliated prototroch and apical tuft which then develops
further along one of three pathways, represented by Categories 11, 111,
and IV. In Category Il the trochophore transforms dnrectlv into the
vermiform stage, ending the pelagic phase, or the trochophore mav meta-
morphose, as in Categories III and 1V, into a second larval stage, the
pelagosphera with metatrochal band of cilia. The pelagosphera of Cate-
gory III is lecithotrophic, remaining in the plankton only a short time
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Fre. 26. Diagrammatic summary of chief developmental patterns in the Sipuneuli.
Category L Direet development with no pelagic stages. Category 11 Pelagie, Tecitho-
trophic trochophore which transfarms into vermiform stage. Category 111 Pelagie,
lecithatraphie trochophore metamorphoses into second  larval stage, lecithotrophic
pelagosphera, which then transforms into vermiform stage, Category IV, Pelagic,
lecithotrophic trochophore metamarphoses into second larval stage, planktotrophic
pelagasphera. After a prolonged period in the plankton the larva, having increased
in size, undergoes a second metamorphosis into the juvenile form. (From Rice,

1975.)

before transforming into the vermiform stage, then gradually assuming
the features of the juvenile. The planktotrophic pelagosphera of Category
IV lives for a prolonged period in the pinnkton, increasing cnnsiderabl}*
in size, before undergoing a sccond metamorphosis directly into the
juvenile form.
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