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Sipuncula 
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INTRODUCTION 

Sipunculans are a phylum oFnonscgmentcd 
coelomate marine worms. Distributed 
throughout the oceans of the world, they 
range from polar seas to the tropics and from 
intertidal waters to abyssal depths. They oc- 
cur beneath rocks, in crevices, among the 
roots of sea grasses or byssal threads of mus- 
sels, in oyster beds, or burrowed in sandy and 
muddy sediments. Many species are found 
associated with coral reel's, where they in- 
habit borings of their own formation in coral 
rock or calcareous rubble. The size of sipun- 
culan species varies from a length of I mm to 
more than 300 mm. The absence of segmenta- 
tion in both developmental and adult stages 
distinguishes sipunculans from the closely al- 
lied group of annelid worms. 

GROSS MORPHOLOGY 

The body of a sipunculan is divided into 
two regions; a thickened posterior trunk and a 
narrower anterior introvert that can be re- 
tracted into the trunk (Fig. 1). At the distal 
end of the introvert a crown of tentacles usu- 
ally surrounds the terminal mouth. The intro- 
vert commonly bears cuticular elaborations or 

projections such as hooks, spines, and papil- 
lae. 

Internally there is a spacious coelomic cav- 
ity (Fig. 2) filled with fluid in which coelomo- 
cytes and developing gametes are suspended. 
Retractor muscles extend through the body 
cavity from an attachment near the base of the 
tentacles to an attachment on the body wall in 
the trunk. When contracted these muscles 
withdraw the introvert into the trunk. The di- 
gestive tract consists of an elongate esopha- 
gus that extends the length of the introvert 
into the trunk, an intestinal spiral with a de- 
scending loop and ascending loop coiled 
around one another, and finally, the rectum, 
which terminates in a dorsal anus, usually at 
the base of the introvert. A pair of meta- 
ncphridia, reduced in some species to a single 
organ, is suspended in the coelomic cavity 
from ventrolateral attachments in the anterior 
trunk. A ve.ntral nerve cord, median and un- 
paired, joins an anterior supraesophageal gan- 
glion or brain by means of circumesophageal 
connectives. A contractile vessel, a blind sac 
sometimes with extensions known as villi, 
lies along the length of the esophagus and 
unites anteriorly with a ring canal at the base 



r" 

238 MCE 

Tentacles 

Trunk 

© 
Fig. 1.    External anatomy o{Tlwrnisie alulacea. (lUustrated by Carolyn B. Gast.) 
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of the tentacles. The ring canal, in turn, is 
continuous with canals in the tentacles. The 
gonad, either ovary or testis, occurs as a thin 
strand of tissue at the base of the ventral re- 
tractor muscles, extending beneath the ventral 
nerve cord between the two muscles. Ga- 
metes are released from the gonad at an early 
stage into the coelom, where they undergo 
most of their development as freely floating 
cells. At the completion of development they 
arc taken into the nephridium by way of the 
nephrostome, where they arc stored for a 
short period before being released via the 
nephridiopore to the surrounding seawater. 

SYSTEMATICS 

The most recent classifications of the Sip- 
uncula are those of Stephen and Edmonds 
(1972), who divided the group into four fami- 
lies, and of Gibbs and Cutler (1987), who 
defined two classes, four orders, and six fam- 
ilies. The latter classification was based on a 
phylogenetic analysis in which contemporary 
phylogenetic methodology was applied to 
produce an evolutionary tree (Cutler and 
Gibbs, 1985) (Fig. 3). Stephen and Edmonds, 
in their review of the literature, recorded 320 
species, whereas Gibbs and Cutler, after a 
series of taxonomic revisions by Cutler and 
colleagues (cf. references in Gibbs and Cut- 
ler, 1987), reduced that number to 206. 

Using 9 distinguishing characters, Gibbs 
and Cutler described 17 genera (Table 1). 
They defined genera by the presence or ab- 
sence of characters and by a unique combina- 
tion of the designated characters. Examples of 
the generic characters are given in Figures 4 
through 15, which illustrate external and in- 
ternal anatomies of representative species 
from 6 of the 17 described genera, including 
each of the 6 families. 

The family Sipunculidae includes the large, 
sand-burrowing genera Sipunculus, Xenosi- 
phon, Siphonosoma, Siphonomecus, and 
Phascolopsis. With the exception of Phascol- 
opsis, these genera exhibit banding in both the 
circular and longitudinal musculatures of the 
body wall and extensions of coelomic sacs or 

canals into the body wall. In Phascolopsis 
only longitudinal musculature is banded, and 
coelomic extensions are absent. The body 
surface, for the most part, is smooth, but 
marked with grooves that reflect the internal 
banding of the musculature. 

In Golfingiidae, Phascolionidae, and The- 
mistidae, the body wall musculature is contin- 
uous or smooth. Phascolionidae, comprised 
of the genera Phascolion and Onchnesoma, is 
characterized by a fusion, in varying degrees, 
of the retractor muscles and a reduction in the 
number of nephridia from two to one. The- 
mistidae, with the single genus Themiste, has 
two retractor muscles and two nephridia and 
is distinguished by a well-developed tentacu- 
lar crown of elongate tentacles arising in four 
to eight stems from the oral disc. The three 
genera of Golfingiidae (Golfingia. Nepha- 
soma, and Thysanocardia) lack the distinctive 
tentacular crown of Themiste and the modifi- 
cations of retractor muscles and nephridial 
number of species of Phascolionidae, al- 
though they share other characters with the 
two groups (Table 1). 

Tentacles of Aspidosiphonidae and Phas- 
colosomatidae, unlike those of other sipuncu- 
lans, are arranged in an arc dorsal to the 
mouth, rather than in a circle surrounding the 
mouth (Figs. 16-21). In these two families, 
the margin of the oral ridge is expanded as a 
ridge, the cephalic collar. Aspidosiphonidae 
is further distinguished by the presence at the 
anterior end of the trunk of a hardened struc- 
ture termed a shield. In two genera, Aspidosi- 
phon and Lithacrosiphon, the shield, com- 
posed of a horny protein (not chitin), 
displaces the introvert to a ventral position 
(Fig. 8), whereas in the third, Cloeosiphon, 
the shield is composed of calcareous units and 
the introvert remains in line with the longitu- 
dinal axis. In rock-boring species the shield 
may serve as an operculum, closing the mouth 
of the burrow when the introvert is with- 
drawn. Phascolosomatidae lack the shield, 
but generally have well-developed papillae 
that are concentrated at the anterior end of the 
trunk or base of the introvert as well as at the 
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Fig. 3. Phyiogcnclic Ircc ol the genera ol Sipuneula. Synapomorphies are shown by Ihc horizontal bars. 
This is derived from cladograms generated by several phylogcnclie methods, none ol whieh would resolve it 
this completely. (From Cutler and üibb.s, 1985.) 

posterior extremity of the body (Fig. 9). In 
both of these families, the introvert is com- 
monly ornamented by hooks that may occur in 
rings anteriorly and be irregularly scattered 
more posteriorly. Considerable variation is 
found at the specific level in shape and denta- 
tion of hooks (Fig. 22-27). Although intro- 
vert hooks occur in other families, their ar- 
rangement is usually scattered rather than in 
rings and their shape straight and spine-like 
rather than curved (Fig. 28). The function of 

Fig. 2. Internal anatomy of Themisle alulacea. An, anus; Asc 
Ijit, ascending intestine (darker shading); CV, contractile vessel 
with vijli or branches in trunk region; Desint, descending intes- 
tine (lighter shading); Es, esophagus; FM, fixing muscle; G, 
gonad; N, nephridium; Ree, rectum; SpM, spindle muscle; 
VNC, ventral nerve cord; VRM, ventral retractor muscle. (Ulus- 
trated by Carolyn B. Gast.) 

introvert hooks is not clear, but they have 
been implicated in food-gathering and, in 
rock-boring species, as an aid in burrow for- 
mation (Rice, 1969). 

Papillary protrusions of the body surface 
are found in all families, although best devel- 
oped in the Phascolosomatidae. Shape, size, 
and distribution oí papillae vary among spe- 
cies and genera, as well as along the antero- 
posterior axis of a single individual 
(Figs. 29-34). Papillae are associated with 
glandular and sensory epidermal organs thai 
open through permanent pores in the cuticle. 

BODY WALL 

The body wall of a sipunculan consists of 
an outer cuticle, beneath which lie an epider- 
mis, dermis, circular muscle layer, longitudi- 
nal muscle layer, and, lining the coelom, a 
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TABLE 1. Summary of Characters in Sipunculan Genera 

Type of Presence of 
introvert banding in Presence No. of Spindle Presence 

Presence Type of hook longitudinal of canals retractor muscle of villi on 

of anal tentacle when muscle or sacs in muscles attached No. of contractile No. of 

shield anangement" present'' layer body wall apparent posteriorly nephi'idia vessel species 

Sipunculus S • +" + 4 - 2 - 10 

Xenosiphon - S • +" + 4 ^ 2 ^ 1 

Siphonosoma - S S +"= + 4 + 2 +/-' 10 

Siphonomixus - S S += + 2 + 2 • 1 

Phascolopsis - S • + • 4 • 2 ^ 1 

Golfingia - S S - - 4 • 2 ~ 12 

Nephasoma - s s - • 2 • 2 ~ 23 
3 Thysanocardia • s • • • 2 ~ 2 + 

Phascolion - s s - - 4" _8 1  j 25 

Onchnesoma - s • - • 2' • 8 1 ~ 4 

Themiste - (S) s - • 2 • 2 + 25 

Apionsoma - p p - - 4 + 2 ~ 6 

Phascolosoma - p p + - 4 +" 2 • 36 

Aniillesoma - p • + - 4 + 2 + 1 

Aspidosiphon + p p -/+" - 2 + 2 • 45 

Cloeosiphon + p p • • 2 + 2 ~ 1 

Lilliaciosiphon + p p + " 2 + 2 2 

'S, Sipunculidea Ibrm, Icntaclcs surround moulli; P, Ptl¿iscolosomalidca form, leiitacles in arc dorsal lo inoulh. 
''S, Sipunculidea formi hooks .simple, scattered; P, Phascolosomaudea form; hooks curved, in rings on anterior introvert. 
'^^Cireular muscle layer also banded. 
•^Present Aspidosiphon [Paraspidosiphon ). 
'Oilen strongly fused so that number appears lo be fewer (3, 2, or I ). 
tolurnn is entire but thought to be composed of two fused muscles. 
^Spindle mu.sele absent. 
•^Unanached posteriorly in Phoscolosomn peainaium. 
'Absent in some species. 
•'Present in Phasiolion cirralum. 
(From Gibbs and Cutler, 1987.) 

peritoneal layer (Fig, 35). In families Sipun- 
culidae, Phascolosomatidae, and, in part, As- 
pidosiphonidae, the longitudinal muscle layer 
is divided into bundles (Figs, 36, 37). In most 
members of the family Sipunculidae, the cir- 
cular musculature is also in bundles and there 
are extensions from the coelom into the body 
wall (Fig, 37), 

Cuticle 

The cuticle is an extracellular, elastic layer 
that covers the external surfaces of the sipun- 
culan body. It varies in thickness, depending 
on the species, the region of the body, and the 
extent of contraction or extension of tlie ani- 
mal. Thickness is greatest on the anterior 
trunk at the base of the introvert and in the 
posterior body. The thinnest region is that 
covering the introvert, particularly the most 
anterior introvert, and the tentacles. Cuticular 
elaborations include hooks, spines, platelets 
or scales that are condensations in the cuticle 

often associated with papillary protrusions, 
and the shields of the anterior trunk in the 
Aspidosiphonidae (Figs. 8, 22-28), On gross 
examination the cuticle appears externally to 
be smooth and glistening in some species of 
Golfingia, grooved in transverse and/or longi- 
tudinal furrows reflecting arrangement of 
body wall musculature in Sipunculus, rough 
and uneven due to the numerous papillary 
protrusions in most species of Phascolosoma, 
or thickened by cuticular platelets in Aniille- 
soma. 

The cuticle is composed of layers of fiber 
bundles arranged at right angles to one an- 
other and inclined at an angle of approxi- 
mately 45° to the longitudinal axis of the body 
(Figs, 38^6), First described from light mi- 
croscopic studies on Sipunculus nudus (An- 
drcac, 1882; Metalnikoff, 1900) and 5/p/;om;- 
soma cumanense (Shitamori, 1936), this 
construction has been further delineated in 
more recent ultrastructural investigations on 



Figs. 4-9.    Exiernal analomy of repre.sentalive species of the 
six  families of Sipuncuia.   (Illustrated  by  Ciiarissa  Baker, 
Figs. 4, 8. 9. and Carolyn B. Gast, Figs. 5-7.) 
Fig. 4.    Sipimciiliis midiis (Sipunculidae). 
Fig. 5.    Nephasonmpellucida (Gollmgüdae). 

Fig. 6. Phascolion crvptus (Phascolionidae). 
Fig. 7. Themisle ¡ai>eniformis (Themistidae). 
Fig. 8. Aapidosiphon steensirupii iA^p\áoú^\\on\áac). 
Fig. 9. Phascolosoma varions (Phascolosomatidae). 
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Figs, lf>-2l. Head regions ol representative spceies ot the six 
laniilies of .Si[)uneuia showing tentacle arrangement, oral disc, 
and mouth. CC. cephalic collar; Hk. introvert hooks; M. mouth 
region within the oral di.sc: JNO. nuchal organ, (Illustrated by: 
Charissa Baker, Figs. 16, 20, 21. and Carolyn B. Cast, Figs. 
17-19; From Rice,"1992,) 
Fig, 16.    .V/pí//írfí/«,v íí(/í/H,V (Sipunculidae), 

Fig. 17,    /Vc/)/iíí«)m<j/)t'//i«7í/a (Golfingiidac). Brain and eye- 
spots arc visible through thin cuticle. 
Fig. IK.    P/tfl.vc«/io« crvpíií.v (Phascolionidae), 
Fig, 19,    /'/it'HKs/i'/ííg•i/o/7)i(,í (Themislidae), 
Fig. 20.    Aspidusiphon steenstrupu (A.spidosiphonidae). 
Fig. 21.    Phuscolosomu varians (Phascolosomalidae), 

Figs. 10-15. Internal anatomy of representative species of the 
six families of Sipuncula. Ace In, accessory poste.sophageal 
loop of intestine; An, anus: Ase Int, ascending intestine (dark 
shading): CV, contractile ves,sel (with villi); Des Int, descending 
intestine; DRiM, dorsal retractor muscle; Es, esophagus; G, go- 
nad; Hk. introvert hooks; In, intestinal loop; N, nephridium; 
Rec, rectum; RM, reü-actor muscle; SpM, spindle mu.scle; 
VNC, ventral nerve cord; VRM, ventral retractor luuscle. (Illus- 
trated by: Chari.ssa Baker, Figs. 10, 14, 15, and Carolyn B. 
Oast, Figs. 11-13) 
Fig. 10.    S/pi</ic«;i«n«iiwi(Stpunculidae). 
Fig. 11.    Neplwsomapellucida (Goiiingndac). 
Fig. 12.    P/iaico/ion cryp/Ui (Phascolionidae). 
Fig. 13.    Themisie lageniformis (Thenústidne). 
Fig. 14.    A.cpií/í«íp/ionií£eniín/pi( (Aspidosiphonidae). 
Fig. 15.    FAflícotoíomo variani (Phascolosomatidae). 

Phascolion strombus (Moritz and Storch, 
1970), Sipunculus nudus, and Golfingia vul- 
garis (Goffinet et al., 1978). Three regions 
have been defined, the innermost of which is 
thickest and most highly stratified. The inter- 
mediate region varies in thickness and is com- 
posed of a disorganized array of fibers, some- 
times assembled in clusters or small 
disoriented bundles. The third and outermost 
layer is a thin, irregular, electron-dense bor- 
der (Figs, 38^5). The basic structure of the 
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Figs. 22-24.    The introvert oí Apionsoma misakianu (Pha.sco- Fig. 2.1.     Rows t)f hooks and papilhic on the anterior introvert, 
losomalidae). SEiM. Note eurvature ol hooks and basal spine-hke processes. x60(). 
Fig. 22.    Introvert and head, showing tentacles (T), cephahc i"ig. 24.    Scattered hooks on the posterior introvert. Posterior 
collar (CC), cervical collar (CerC), rings of hooks on anterior hooks lack basal processes and extreme curvature. X6ÜÜ. 
introvert, and scattered hooks on more posterior introvert. x60. 

cuticle is the same, but specific variations oc- 
cur in the microvillar system, the compact- 
ness of fibrils within fiber bundles, and the 
regularity of the arrangement of the bundles. 
In Sipunculus nudus the microvillar system is 
well developed, consisting of regularly 
spaced microvilli extending perpendicularly 
from the epidermis to the outer cuticle. Mi- 
crovilli are more apparent in the thinner and 
less dense cuticle of the introvert (Fig. 41), 
where, in depressions within cuticular swell- 
ings, they may penetrate the external border 
of the cuticle. A second structure that resem- 
bles a microvillus, but is of greater diameter, 
penetrates the cuticle in a helicoidal rather 
than  a  perpendicular  path.   In Phascolion 

Strombus (Moritz and Storch, 1970), Golfili- 
gia vulgaris (Goffinet et al., 1978), and 
Nephasoma pellucida (author's observa- 
tions), microvilli extend only a short distance 
from the epidermis into the fibrous layer, no 
farther than one-third of the width of the strat- 
ified region. Similarly, tonofilaments may ex- 
tend from the epidermal cells farther into the 
cuticle in Sipunculus nudus than in the other 
three species. Unlike Phascolion stromhus 
and Sipunculus nudus, in which the orthogo- 
nal arrangement of compressed layers of par- 
allel fiber bundles is quite consistent, Golfin- 
gia vulgaris and Nephasoma pellucida show a 
breakdown in the regularity of successive lay- 
ers, particularly in the more distal region of 
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Figs. 25-2S.    Hooks, spines, and papillae of the introvert of 
different speeie.s, showing variations in structure and  fonn. 
SEM. 
Fig. 25.     Bidentate. curved and laterally compressed hooks and 
elongated   papilla   from   anterior   iniroverl   oj' Aspidosiphon 
Imicki. X 2.1)00. 
Fig. 26.    Spine-like, conical hooks and conical-shaped papilla 

trom posterior introvert oï Aspidosiphon btocki. x 1 ..550. 
Fig. 27.     Bidentate. curved, and laterally compressed hooks 
and rounded papilla from anterior introvert of Phuscolosumu 
/¡(•rhiri'iis. X 1,000. 
Fig. 2S.    Spine-like, simple hooks and rounded papillae from 
anterior introvert of a juvenile Ncphusoma peiiittidu. x2,750. 

the stratified layer. In the latter two species, 
small electron-dense granules (48 nm in Golf- 
ingia vulgaris) are scattered throughout the 
cuticular matrix, and in Nephasomapellucida 
the bundles are not as tightly compressed and 
the granulofjlamentous matrix is relatively 
more abundant (Figs. 42^5). The fiber bun- 
dles are formed by compactly arranged elec- 
tron-dense fibrils in all species studied except 
Sipunculus midus in which the fiber bundles 
are electron lucent and the fibrils not evident. 

Although no periodic substructure indica- 
tive of collagen has been identified in the fi- 
brous material of the sipunculan cuticle, the 
presence of collagen has been demonstrated 

in a number of species by histochemical tests 
and by the chemical isolation of a soluble 
trichloroacetic fraction identified as collagen. 
(Voss-Foucart et al., 1977, ¡978). \n Sipun- 
culus nudus, Golfingia vulgaris, and Aspi- 
dosiphon clavatus {=Aspidosiphon muelleri) 
the cuticular collagen was found to be similar 
to that of two polychaetes, Arenicola marina 
and Pectinaria koreni (Voss-Foucart et al., 
1978). The polypeptide fraction remaining af- 
ter the extraction of collagen differed in the 
hardened shield of Aspidosiphon clavatus by 
the presence of an additional polypeptide pro- 
posed to have a possible role in the hardening 
process of the shield. A specific enzymatic 
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Figs. 29-34.    Papillae from introverts and trunks of various 
species showing inlra- and interspecific diversity in form and 
structure. SEM. 
Fig. 29.    Papillae from anterior introvert of P/îflico/oio/noper- 
lucens, with sensory processes protruding from central pore 
surrounded by distinctive collar, X580. 
Fig.  30.    Dome-shaped papillae from posterior introvert of 
Phascolosoma perlitcens. X368. 
Fig. 31.    Cone-shaped papillae from posterior trunk of Phosco- 

losoma perliKcns. X440. 
Fig. 32.    Unusual flower-like papillae on posterior trunk of 
Apionsoma niisakiana. X796. 
Fig. 33.    Holdfast or attachment papillae characteristic of the 
genus Phascolion on  anterior trunk of Phuscalion ciypnis. 
X320. 
Fig. 34.    Subtriangular, scale-like papillae on distal introvert 
oí Sipunculus nucliis and junction with nonpapillar region. Note 
that each papilla bears several pores. X 120. 



'L^ 

SIPUNCULA 249 

H 

^       ^ ...~      ,. Cu 

Figs. 3.S-.^7. Transverse sections ol body walls, showing dit- 
Icrent niuscle and cuticular arrangements. CC, coeloniic canals; 
CM. circular niusclc layer; Cu, cuticle; Ep. epidermis; LM, 
longitudinal mu.scle layer; P, papilla with epidermal organ; Pe. 
peritoneum. 
Fig. 35. Light micrograph of A'í7)/7a.ví)mu/>í'//ut7í/íí. Inner lon- 
gitudinal inuscle layer i.s smooth, i.e.. not subdivided into bun- 

dles. x368. 
Fig. .36.    Light micrograph oíPliascolo:^onw íitinenie through 
posterior trunk with epidermal organs protruding into cuticular 
papillae and longitudinal muscle hiyer in bundles, x 71. 
Fig.   .37.    SEM  of Sipumitius nudus.  showing  longitudinal 
muscle bundles and coelomic canals, X 158. 

test lor the presence of chitin in the cuticle, in 
both .soft parts and hard parts such as hooks 
and shields, proved negative. This is confirm- 
ing evidence for previous reports of the ab- 
sence of chitin which were based on the solu- 
bility of cuticular structures in hot KOH 
(Andreae, 1882; Andrews, 1890). 

In a series of histochemical and chemical 
analyses of sipunculan cuticles, Manavalara- 
manujam ( 1978a,b, 1979) reported the distri- 
bution of protein, lipid, calcium, and carbo- 
hydrate in Sipunculus robustas, Themiste 
lagenifonnis, and Cloeosiphon aspergillus. 
The carbohydrate component, an acid muco- 
polysaccharide identified as hyaluronic acid, 
and a protein resembling collagen were found 
throughout the cuticle in all regions of the 
body. However, in studies oí Sipunculus ro- 
hustus, the cuticle of the tentacles and midre- 

gion of the trunk differed from other regions 
by the presence of organic sulfur in the form 
of sulfhydryl groups and the absence of aro- 
matic substances, lipid, and calcium. 

The cuticle serves as the barrier through 
which osmotic regulation is maintained and 
through which respiratory gases may be trans- 
ported (see Respiration). In addition, it pro- 
vides the structural and chemical basis for the 
strong contractility and extensibility of the 
body as well as the locomotory and burrowing 
activities of the animal. Along with the mus- 
culature of the body wall, the orthogonally 
arranged fiber layers, which are cross-heli- 
cally wound around the outer body, form the 
support for the hydrostatic skeletal system of 
these worms. 

Both in the field and in the laboratory, si- 
punculans are observed occasionally to shed 
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Fig. 38. Schematic Ulustration of the integumenl of PhascoUon strombus. Cuticle (CU) showing layered 
organization of fiber bundles; epidermal cells (Ep) with basal infoldings, junctional interdigitalions of 
plasmalemma, Golgi apparatus, scattered mitochondria, and tonofilaments; dermis (D) with nerve (N) and 
connective tissue cell. (From Moritz and Storch, 1970.) 
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Figs. 39-41. Cuticle oíSipwuidus nudiis. TEM. B, electron- 
dense border; cl. clusters; EP. epidermis; m, sinuous epidermal 
plasma membrane; mi, miciovilli; mx. matrix; IR, intermediate 
region; SR. stratified region; T. tonolilament bundles; ¿a, 
zonula adhaerens. (From GotTinet et al., 1978.) 
Fig. 39. Trunk cuticle showing typical orthogonal arrange- 
iment of tibcr bundles, x 10,597. 
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Fig. 40. Enlargement of ouler electron-dense border and inter- 
mediate region of trunk cuticle, .showing clusters of fibers. 
X34,667. " 
Fig. 41. Introvert cuticle, thinner than the trunk cuticle, show- 
ing penetration of epidermal microvilli (mi) and underlying epi- 
dermis (EP). X9,353. 

parts of their cuticle. The morphological and 
physiological implications of this process 
have not been investigated. 

Epidermis 

The epidermis underlying the cuticle is 
composed of a single layer of cuboidal cells, 

the relative proportions of which can vary de- 
pending on the state of contraction or exten- 
sion of the body (Figs. 38, 42, 45, 47). Later- 
ally the cells are strongly interdigitated, and 
cell membranes are joined near their apical 
borders by structures resembling zonulae ad- 
haerentes and more basal ly by septate desmo- 
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Figs. 42^5.    Cuticle of Nephasoma pellucida. TEM. B, outer electron-dense border; D, dermis; Ep, 
epidermis; Hd, hemidesmosome; T, tonofilament. 
Fig. 42.    Section Ihrougi) entire cuticle and epidermis. x4,800. 
Fig. 43.    Outer cuticle, showing electron-dense border and irregular array of fibers, x 16,320. 
Fig. 44.    Stratified region of orthogonally aixanged fiber bundles in the midcuticle. x 14,880. 
Fig. 45.    Inner stratified layer of cuticle with smaller fiber bundles and epidermis, x 14,160. 
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Fig. 46. Cuticular libéis of Pluiscolion sp., a small inlerstilial 
sipunculan. Outer cuticle ha.s been removed to show stratified 
region of orthogonal layers of fiber bundles. SHM. X7.0ÜÜ. 

somes (Figs. 41, 42, 45, 47). Abundant tono- 
filaments fasten the basal plasmalemma to the 
cuticle, extending from hemidesmosome-like 
structures attached to the extracellular basal 
lamina to the apical surface of the cell and 
frequently into the microvilli at the junction 
with the cuticle (Figs. 45, 47). The cytoplasm 
of epidermal cells is characterized by numer- 
ous lysosome-like bodies, an even distribu- 
tion of mitochondria, and a sparsity of endo- 
plasmic reticulum and granules. The Golgi 
apparatus is lateral or apical to a chromatin- 
rich nucleus containing a nucleolus. In Phas- 
colion Strombus glycogen rosettes occur 
mostly in the basal folds of the cell, and at the 
base of the microvilli are small vesicles or 
bladders, suggestive of secretory activity 
(Moritz and Storch, 1970). Presumably the 
material composing the fibrous cuticle is se- 
creted at the apical surface of the epithelial 
cells as fine fibers, which then self-assemble 
to form the orthogonal arrays of fiber bundles. 
This presumption is supported by the small 

size of the fibers in the innermost cuticle ad- 
joining the epidermis. 

Epidermal organs, containing glandular 
and sensory elements, extend as bulbous pro- 
trusions into the cuticle where they open 
through pores to the exterior (see Glandular 
Organs, below). 

Dermis 

A basement membrane of fine filaments 
lies immediately beneath the epidermis, adja- 
cent to the underlying dermis or connective 
tissue that separates the epidermal layer from 
the circular and longitudinal muscle layers. 
The dermis is of variable thickness through- 
out the body, but, as in the case of the cuticle, 
is several times thicker in the posterior trunk 
than in the introvert or midbody. It consists of 
scattered collagenous fibers with undeter- 
mined periodicity embedded in an electron- 
lucent homogeneous matrix (Fig. 47). The 
dermis is often protracted between the bases 
of the epidermal cells. A variety of cells and 
structures occur within the dermis, including 
pigment cells, pigment granules, granulo- 
cytes, nerves, proximal projections of epider- 
mal organs, and, in some species, coelomic 
extensions. 

Body Wall Musculature 

The structure of the circular and longitudi- 
nal layers of muscles in the body wall will be 
considered in conjunction with the retractor 
muscles in the section on the muscular sys- 
tem. 

Peritoneum 

Forming the inner lining of the body wall, 
the peritoneum consists of a thin layer of 
squamous cells, generally with prominent nu- 
clei, but sparse cytoplasmic components. The 
cells may be nonciliated or multiciliated 
(Fig. 48). Chlorogogue cells, defined by their 
large storage granules, are scattered in the 
peritoneal layer. Some cells are differentiated 
into fixed urns, as noted in the section on 
coelomic elements. 
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Fig. 47. Epidermis and dermis oí Nephasoma pellucida. TEM. BM. basement membrane; Cu, cuticle; D. 
dermis; G, Golgi apparatus; L, lysosome-like bodies; M, muscle cell; N, nerve; PM. folded plasma 
membrane; T. tonofilamenl. Arrow points to zonula adberens. x 10,560. 

GLANDULAR ORGANS 

Epidermal organs are the most numerous 
and prominent glandular organs of sipuncu- 
lans. Commonly comprised of both glandular 
and sensory elements, they are distributed 
over the surface of the body, opening to the 
exterior through cuticular pores usually situ- 
ated in the centers of papillary elevations or 
sometimes in cuticular depressions 
(Figs. 49-54). Because of the close associa- 
tion in the epidermal organ of sensory cells 
with gland cells, the sensory component will 
also be considered in this section. 

The size, configuration, and number of or- 
gans vary among different species as well as 
in different regions of the body in the same 
species. Bordered laterally by epidermal 
cells, from which the glandular portion is dif- 
ferentiated, the organs extend into the cuticu- 
lar layer. Large epidermal organs or those in 
regions of thin cuticle may bulge inward into 
the dermis or circular muscles. Typically, the 
epidermal organ is spherical or onion shaped 
with a central cavity that opens distally into an 
elongate duct leading to the surface. In the 
basic type, there are two kinds of gland cells 
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Fig. 48. Mulliciliated peritoneal cell on ihe Inner body wall of 
Sipunculus nudus. TEM. X 10,000. Nole the abundance of mi- 
tochondria (Ml) and long ciliai-y roollet.s (R). (Courlesy of E. 
Ruppert.) 

and a cluster of sensory cells that open exter- 
nally through a common pore. The gland cells 
are distinguished by the type of secretory 
granules and whether they empty directly into 
the central cavity or by way of intracellular 
cavities or receptacles. The secretory material 
of the former is usually in the form of large 
granules and is acidophilic, whereas that of 
the latter is amorphous and may be basophilic 
(Âkesson, 1958). Variations in this typical 
form include the presence of only one of the 
two types of gland cells, as is characteristic of 
species of Phascolosoma and Aspidosiphon, 
and the separation of sensory and glandular 
elements, as found in Sipuiiculus. The typical 
form of epidermal organ is characteristic of 
the Golfingiidae and is considered by Akes- 
son (1958) to be primitive. 

In certain species, one epidermal organ 
may have several openings to the exterior. For 
example, in a small, meiobenthic species of 
Phascolion the gland cells have separate 
pores, as does the sensory component 
(Figs. 55-57). There are two distinct types of 
gland cells: one with small (0.4-0.6 \x,m di- 

ameter), mostly spherical, electron-dense 
granules of varying degrees of density and the 
other with large (2-3.7 \x.m diameter), tightly 
packed, polygonal granules filled with a fine, 
light granular material (Fig. 57). Processes of 
the sensory cells extend to a central pore at the 
apex of the papilla; the glandular pores appear 
to be lateral and inferior. 

Epidermal organs of Sipuiiculus nudus, 
highly modified from the basic plan, are well- 
known from numerous light microscopic 
studies (Andreae, 1882; Ward, 1891; Metal- 
nikoff, 1900; Âkesson, 1958). There are two 
types of glandular organs, multicellular and 
bicellular, each with characteristic secretory 
granules and separate sensory organs 
(Figs. 58-63). Sensory pores are recognized 
by their large size and terminal receptors 
(Fig. 63). Ultrastructural studies of the bicel- 
lular glands reveal an abundance of endoplas- 
mic reticulum in the cytoplasm and an amor- 
phous secretory product. Mitochondria are 
concentrated toward the periphery of the cell. 
The secretory material is, for the most part, 
not enclosed in granules. It appears to be 
composed of a fine granular material that is 
released into the central cavity or receptacle 
by way of numerous microvilli. 

The function of the epidermal organs is not 
known. Hyman (1959) suggested that secre- 
tions from the glandular component may 
serve to protect the animals on exposure at 
low tide. The adherence of mud to the body 
surface of some species has been attributed to 
the epidermal secretions (Akesson, 1958). 
Other authors have considered the possibility 
that the secretions might be involved in the 
dissolution of limestone and other calcareous 
substrates (Schmidt, 1865; Rice, 1969). 

MUSCULAR SYSTEM 
Body Wall Muscles 

The body wall musculature consists of an 
outer circular layer and an inner longitudinal 
layer (Figs. 35-37, 64, 65). In some species 
oblique fibers may be found between the cir- 
cular and longitudinal layers. The longitudi- 
nal muscle layer occurs in bundles in the 
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Figs. 49-54. Schematic illuslralions of sections of various 
types of epidermal organs. Organs usually have both sensory 
and glandular components that open through pores on papillae or 
in cuticular depressions. Sensory cells have a characteristic po- 
sition in organ, either to one side of or in center of gland cells; 
terminal receptors extend to distal pore. Gland cells may have 
amorphous secretory product or granules, the former secreting 
into receptacles and the latter directly to the pore or pore canal. 
CM, circular muscle; Cu, cuticle; Ep, epidermis; GC, gland 
cell; GCl, gland cell I; GC2, gland cell 2; LM, longitudinal 
muscle; NC, nerve cell; Rec, receptacle. (Redrawn from Âkes- 
son, 1958). 
Fig. 49. Organ opening on papilla, from trunk of Golfingia 
procera. 

Fig. 50.    Organ opening on papilla of introvert of Golfmiiia 
ehngata. 
Fig. 51. 
Golfingia 
Fig. 52. 
stromhus. 
receptors 
(GC2). 
Fig. 53. 
Fig. 54. 
glandular 
his nudus 

Organ opening in cuticular depression on trunk of 
elongala. 
Organ from smooth region of trunk of Phasculiini 
with one opening for gland cell I (GC I ) and sensory 

and separate openings for receptacles of gland cell 2 

Enlargement of Figure 52. 
Separate sensory epidermal organ (a) and sensory 

organ (b) from smooth region of introvert ot Sipiincii- 

genera Antillesoma, Aspidosiphon (in part), 
Lithacrosiphon, Phascolopsis, Phascolosoma, 
Siphonomecus, Siphonosoma, Sipunculus, and 
Xenosiphon, but is continuous in others. The 
circular muscle layer, usually continuous, is 
divided into distinct bundles in the genera 
Sipunculus and Xenosiphon and into anas- 
tomosing bundles in Siphonosoma and Si- 
phonomecus. 

Ultrastructure, previously reported only for 
the longitudinal muscles of Sipunculus nudus, 
reveals constituent fibers, oval or polygonal 
in section, ranging in diameter from 2 to 15 
(Jim (Fig. 66) (Eguileor and Valvassori, 
1977). Nuclei are usually peripheral, and the 
few, small mitochondria (0.1-1 |xm) are dis- 
tributed just beneath the sarcolemma or cen- 
trally in the fiber. Contractile material, which 
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Figs. 55-51.    lipideniial organs of Phasiolkm sp., a small 
irilcrslitial sp•ics. Cu, culicle; CM, circular muscle; Kp, epi- 
dermis; HpO. epidermal organ; GCI, gland cell 1; GC2. gland 
cell 2; LM. longitudinal muscle; Pe, periloneum. 
Fig. 55,    Fight micrograph of epidermal organ and body wall 

of posterior Irtiak. Transverse section. x,5,54. 
Fig. 56.    Surface pores of epidermal organs. SEM. x 1,975, 
Fig,  57.    Epidermal  organ  from  posterior trunk,  showing 
several   pores   (arrow   to  pore  of sensory   receptor).   TEM. 
X4,014. 

takes up most of the non-nuclear area of the 
cells, consists of thick and thin filaments that 
show no particular geometric pattern of ar- 
rangement (Figs, 67-69), The thick filaments 
range in diameter from 20 to 60 nm and may 
be oval or in the shape of a "figure 8" in cross 
section. The thin filaments have a relatively 
constant diameter of approxiinately 7 nm. 

Smooth reticulum is localized at the cell pe- 
riphery as subsarcolemmal cisternae. The sar- 
colemma is well developed and may form 
deep invaginations into the cell, sometimes 
dividing the cells into lobes (Fig, 66, 67, 69), 
Electron-dense formations, found among the 
cisternae and on both the inner and outer sides 
of the membrane, are interpreted as hemides- 
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Figs. 58-63. Epidermal organs oí Sipiinculus nudus. CC, co- 
elomic canal; CM, circular muscle; Cu, cuticle; D, dermis; Ep, 
epidermis; GO, glandular organ; GP, glandular pore; N, nerve; 
Pe, peritoneal cell; Rec, receptacle; SO, sensory organ; SP, 
sensory pore. (Sections for Figs. 58-61 courtesy of E. Ruppert.) 
Fig. 58. Light micrograph of sagittal section of body wall 
showing mullicellular glandular and sensory organs from trunk. 
X352. 
Fig. 59. Light micrograph of sagittal sectionof large bicellular 
glandular organ from trunk. x352. 

Fig. 60.    Epidermal glandular organ and pore. TEM. x2,6O0. 
Fig. 61.    Enlargement of epidermal organ shown in Figure 60 
(different section) showing cytoplasniic secretory organdíes and 
outer dermal and peritoneal covering. x7,500. 
Fig. 62.    Light micrograph of transverse section of sensory and 
mullicellular glandular organs from terminal region of body. 
X480. 
Fig. 63.    Pores on the surface of the terminal region. SEM. 
X3,000. 



Figs. 64•66. Body wall muscles of Sipunculus nudus. Trans- 
verse sections. (From Eguileor and Valvassori, 1977.) 
Fig. 64. Light micrograph of body wall. A circular muscle 
layer (CM) lies beneath the cuticle and to the outside of the 
longitudinal muscle layer (LM), which is divided into separate 
bundles. X80. 

Fig. 65.    Detail showingarrangcmentof fibers of circular mus- 
cle (CM) and longitudinal muscle (LM). X25Ü. 
Fig. 66.    Individual fibers (cells) of longitudinal muscle. The 
sarcolemma forms deep invaginations into the cells. TEM. 
X5,000. 



Figs. 67-69.     Longitudinal body wall muscles oí Sipimculus Fig.   68.    Detail  showing crowns  of thin  (actin)  niaments 
nudus. Transverse sections. TEM. (From Eguileor and Valvas- around thick (myosin) filaments, x 130,000. 
sori.   1977.) Note subsarcolemmal cislernae (SC). peripheral Fig. 69.    Stretched muscle, showing two types of bands: 1) thin 
mitochondria (Mt), and dense bodies (DB). filaments with central row of dense bodies; 2) combined thick 
Fig. 67.    Contracted muscle. Thick and thin filaments are more and thin filaments. X 21,000. 
or less uniformly distributed. X36,000. 
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mosomes that serve for attachment of the thin 
filaments to the sarcolemma. 

In contracted muscle, the thick and thin 
filaments are distributed more or less uni- 
formly, except for a greater density of thin 
filaments in the vicinity of their points of at- 
tachment to the randomly distributed dense 
bodies, similar to the Z bands of striated mus- 
cle (Figs. 67, 68). The thick filaments in con- 
tracted muscle occur in curving rows around 
the dense bodies and may be surrounded by a 
crown of up to 17 thin filaments. In the de- 
contracted or extended muscle the two types 
of filaments apparently "slide apart," result- 
ing in two defined zones: zone I of thin fila- 
ments only and zone A of combined thick and 
thin filaments (Fig. 69). The zones are radial 
from the center, the dense bodies occurring in 
rows at the center of the I zone. Hemidesmo- 
somes, points of anchor of thin filaments to 
the sarcolemma, are found among the sar- 
colemmal cisternae around the periphery of 
the cell. 

Smaller muscle cells, 1-3 |xm in diameter, 
have been distinguished in the center of the 
muscle bundle of Sipuiiculus nudus. The thick 
filaments of these cells are especially large, 
having diameters up to 100 nm. At the periph- 
ery of the longitudinal muscle bundle toward 
the body cavity the cells tend to be more oval 
and smaller in diameter and more closely 
packed. The fewer subsarcolemmal cisternae 
in these cells occupy only 35% of the mem- 
brane as contrasted with 55% in the larger 
cells, but the mitochondria arc more dense, 
covering up to 7% of the cross section of the 
cell as opposed to 0.1% in other cells. No 
distinctive function has been attributed to the 
smaller cells. The longitudinal muscles of 
Nephasoma pellucida show a similar ultra- 
structure to Sipunculus nudus in that there are 
scattered dense bodies and peripheral subsar- 
colemmal cisternae, although the sarcolem- 
mal invaginations are lacking (author's obser- 
vations) (Fig. 70). Associated with the 
sarcolemma are numerous prominent 
hemidesmosomes. Differing from this ar- 
rangement, the muscle cells of Apionsoma 

misakiana have conspicuous Z rods extending 
into the fiber from their peripheral attach- 
ments to the sarcolemma (Figs. 71, 72). 

The body wall muscles of sipunculans are 
similar to the helical muscles described for 
annelids, except that no H zone (all thick fila- 
ments) has been detected in the decontractcd 
state. Myofilaments, both thick and thin, 
show no pattern of arrangement, and, in at 
least one species, Sipunculus nudus, dense 
bodies with attached thin filaments are dis- 
persed at random. 

Retractor Muscles 

Retractor muscles traverse the body cavity 
from a point of attachment on the inner wall 
of the head to an attachment in the mid- to 
posterior body. These exceptionally long 
muscles serve, upon contraction, to retract the 
anterior introvert into the trunk. The number 
of muscles varies from one to four. 

The retractor muscles of sipunculans have 
been the subject of several physiological and 
biochemical investigations (cf. Prosser, 1973; 
Iwamoto et al., 1988), but few ultrastructural 
studies (Reger, 1964; Ernst, 1970; Ruppert 
and Rice, 1983). The most comprehensive 
treatment is that of Ernst (1970), who carried 
out light and electron microscopic investiga- 
tions of the introvert retractor of Phascolopsis 
( = Golfingia) gouldii in different states of 
contraction. Although Reger (1964) first re- 
ported two types of muscle cells in an ultra- 
structural observation of the retractor of 5/- 
punculus nudus, it was Ernst (1970) who 
described in great detail the ultrastructure of 
large and small muscle cells in the retractor of 
Phascolopsis gouldii and hypothesized the 
manner in which they functioned in contrac- 
tion of the muscle. She demonstrated that the 
large cell folds on contraction, whereas the 
small cell remains straight, providing evi- 
dence for the theory advanced earlier by Mat- 
sumoto and Abbott (1968) that large fibers 
fold passively at contraction due to the "active 
shortening of small fibers." 

The large muscle cell in the retractor of 
Phascolopsis gouldii is 5.3 [xm in diameter 
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and 570 ¡JLITI long, whereas the small is 2.3 
fjim in diameter and 440 [xm long. The ratio of 
large to small cells is approximately 3 to I, 
increasing slightly from periphery to center. 
Muscle cells or fibers are spindle shaped and 
separated from one another by connective tis- 
sue consisting of a ground substance and col- 
lagenous filaments (Ernst, 1970) (Fig. 73). 
When the large muscle cell folds on contrac- 
tion, it "pleats in a zigzag fashion" (Ernst, 
1970). The myofilaments within the large cell 
are arranged in segments between the angles 
of the pleat so that there is no breaking of 
filaments on folding. 

The size, arrangement, ratios, and compo- 
sition of myofilaments differ in the two sizes 
of muscle cells (Figs. 73-75). In the large 
cells thick filaments are about 27 nm in diam- 
eter. The ratio of thick to thin filaments is 
1:6.9, with 12 actin filaments surrounding 
each myosin, indicating that one actin is 
shared by two myosin filaments (Fig. 75). 
Thick and thin filaments are arranged in a 
spiral or concentric circle around dense bod- 
ies. Similar to striated muscle, thick filaments 
appear to be in a hexagonal pattern. In small 
muscle cells the thick filaments are 34 nm in 
diameter and up to 30 ixm in length. There are 
also 12 actin filaments surrounding each my- 
osin, but the ratio of thick to thin is I.T5, 
suggesting a different arrangement than in the 
large cells. A further difference between thick 
filaments in the two cell sizes is the presence 
of both myosin and paramyosin in the small 
cells, but myosin only in the large cells. 

In cells of both sizes, dense bodies are ran- 
domly distributed in the cytoplasm. Mito- 
chondria are few and, along with small vesi- 
cles of sarcoplasmic reticulum, occur just 
under the sarcolemma. A single nucleus also 
lies near the periphery. Hemidesmosomes. at- 
tached randomly along the sarcolemma, serve 

Figs. 70-72.    Longitudinal body wall muscles. Transverse sec- 
tions. TBM. 
Fig. 70.    Nephiisuma pellucida, showing peripheral nucleus 
(N). milochondria (Ml), and dense bodies (DB). x 14,640. 
Figs. 71,72.    Apionsoma misakiima showing Z rods (ZR). Fig. 
71, X 13,920. Fig. 72, X22.32S. 
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Fig. 73. Large (L) ¡má small (S) muscle cells in Ihe retractor 
muscle of Phascolopsis {=Golfingia) ^ouktii. The small cell has 
a smaller number of myofilaments per unit area than does the 
large cell. The thick filaments arc larger in the small cell, and 
the glycogen appears to be in greater abundance. TEM. 
X 14.150. (From Ernst. 1970.) 

as anchors for the thin filaments. Glycogen 
content is constant in the small cell, but vari- 
able in the large. 

The retractor muscles of sipunculans show 
an extraordinary extensibility, reported for 
Phascolopsis gouldii to be five times the rest- 
ing length (Matsumoto and Abbott, 1968). 
Contraction of the muscle cannot be accom- 
plished solely by the increase in diameter of 
the large cells that would be necessary for the 
shortening of the muscle, because of struc- 
tural limitations. The shortening, however, as 
noted previously, is accomplished by their 
folding. The sipunculan retractor muscle is 

/ 



the only muscle in which such folding has 
been reported. 

Physiological studies of living muscles 
have provided further data on the folding of 
fibers at relative muscle lengths (Matsumoto 
and Abbott, 1968; Abercrombie et al., 1984; 
Abercrombie and Bagby, 1984). Fold angles 
and fiber diameters of retractor muscles of 
Phascolopsis gouldii were measured from bi- 
réfringent banding patterns in resting and con- 
tracted muscles, and a correlation was found 
between the extent of folding and relative 
muscle length. Furthermore, a bimodal 
length-tension curve was interpreted to indi- 
cate the presence of two populations of cells; 
straight fibers interspersed among folded fi- 
bers (Abercrombie et al., 1984). Configura- 
tions of the foldings were elucidated by scan- 
ning electron micrographs of glycerinated 
muscle cells, fixed at different lengths (Aber- 
crombie and Bagby, 1984). The folding is 
seen as three-dimensional and spiraled 
(Figs. 76-78). 

Other Musculature 

Muscle layers of the digestive tract consist 
of an inner longitudinal layer adjacent to the 
epithelium and an outer circular layer covered 
by the peritoneum of the body cavity. Other 
musculature includes the spindle muscle, 
which runs through the center of the intestinal 
spiral, the dorsal muscle of the ventral nerve 
cord, and the muscle fibers in the nephridia. 
These muscles are similar in morphology in 
Phascolopsis gouldii; thick filaments of all 
contain paramyosin as indicated by size and 
banding patterns. However, they may differ 
in cell size and in number of mitochondria and 
hemidesmosomes (Ernst, 1970). The role of 
paramyosin in the nephridium is uncertain, 
but in the spindle muscle and dorsal muscle of 
the nerve cord it functions in sustained con- 
traction of these organs during prolonged con- 
tractions of the body. 

The musculature of sipunculans has been 
generally classified as smooth. However, the 
presence of Z rods in the body wall muscula- 
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Figs. 76-78. Muscles glycerinated al different relative lengths (L/Lo) and teased to reveal individual 
fibers. L/Lo equals 0.5, 1.0, and 1.3, respectively. SEM. Note folding and spiral configuration of contracted 
fibers and decrease in folding with extension, x 1000. (From Abercrombie and Bagby, 1984.) 
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ture of Apinosoma misakiana (Figs. 71, 72) 
suggests that, in this species, the muscles may 
be obliquely striated and that further compar- 
ative investigations are required for a general 
classification of sipunculan muscles. In a pre- 
vious study of a sipunculan larva, tentatively 
identified as Apioiisoma misakiana, the re- 
tractor muscle of the terminal organ was de- 
fined as intermediate between sinooth and ob- 
liquely striated (Ruppert and Rice, 1983). Z 
rods were found to radiate centripetally from 
their origin on the sarcoiemma, although not 
in the regular order of obliquely striated mus- 
cles of many annelids. Other observations 
showed the ratio of thick to thin filaments to 
be 1:12-14, the former measuring 30-5Ü nm 
in diameter and the latter .5-6 nm. Peripheral 
couplings were present as subsarcolemmal 
cisternae of sarcoplasmic reticulum coupled 
with sarcoiemma. 

DIGESTIVE SYSTEM 

The digestive tract of a sipunculan may be 
two to seven times the length of the body. 
Typically an elongate esophagus extends at 
least the length of the introvert into a recurved 
intestine with descending and ascending arms 
coiled around one another in a double spiral 
(Figs. 2, 10-15). The intestine ends in a 
straight rectum, which opens at a dorsal anus, 
usually at the base of the introvert or anterior 
trunk. Other regions that have been distin- 
guished in some species are pharynx, a short 
muscular area at the beginning of the esopha- 
gus, and stomach, an area at the end of the 
esophagus marked by prominent inner longi- 
tudinal folds (cf. Stehle, 1953, for review). 
At its beginning the esophagus is surrounded 
by the retractor muscles, which unite anteri- 
orly to form a sheath. The level of union of 
the retractors and the extent of the sheath vary 
among species. Posterior to the point of 
union, the retractors remain attached by me- 
senteries to the esophagus for most of its 
length. Thin filamentous muscles, usually 
two to five, often form attachments between 
the body wall and posterior esophagus and/or 
anterior intestine (Fig. 2). Passing through the 

center of the intestinal coil is a strong spindle 
muscle (Fig. 79). Connected by mesenteries 
to the ascending and descending arms, it 
arises anteriorly on the body wall near the 
anus or on the rectum and in many species 
attaches posteriorly to the body wall 
(Figs. 10, 14, 15). Except for this posterior 
attachment and occasional lateral mesenteric 
connections, the intestinal coil hangs freely in 
the body cavity. Characteristic of most spe- 
cies is a diverticulum or cecum at the begin- 
ning of the rectum. Exceptions to this general 
arrangement are found in the Sipunculidae in 
which the descending intestine forms an addi- 
tional loop (Fig. 10) and in the Phascolionidac 
in which the intestine forms a series of loops 
rather than a coil (Fig. 12). 

Food is moved into the digestive tract 
through a heavily ciliated mouth region sur- 
rounded entirely or partly by tentacles 
(Figs. 80, 81). Ciliary tracts or grooves along 
the oral surface of the tentacles create feeding 
currents that move paniculate matter into the 
mouth, while tentacular glands secrete mucus 
to which the particles adhere. Tho.se species 

Fig. 79. Drawing of spindle muscle (SpM) in sagittal section 
and cross sections of coiled ascending intestine (Ascin) showing 
ciliated groove (CG) and mesenteric attachments to muscle. 
Phascolopsis gouldii. (Redrawn from Andrews, 1890.) 
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Fig. 80.    Tenlacular crown of Themisle lageniformis.  Apical view.  Blongatc lenlacles arise from the 
periphery of the oral disc and surround Ihe central inoulh (M). SEM. X4.3. 
Fig. 81.    Tenlacular crown of Phascolosoma períitcens. Lateral view. Tentacles a• in an arc dorsal to the 
mouth. Note ciliated tenlacular grooves leading to mouth region (M) in both species. SEM. X65. 

with highly developed tentacular crowns are 
suspension feeders, extending tentacles for 
long periods above the substratum. Burrow- 
ing species, such as Sipunculus nudus with 
broad, leaf-like tentacles, engulf sediment as 
they burrow. 

The sipunculan tentacle is usually triangu- 
lar in cross section, with a ciliated oral sur- 
face, often grooved, and a convex nonciliated 
aboral surface. Three canals pass through 
each tentacle as part of a tentacular system, 
which will be considered in the section on 
respiration. Ultrastructural studies of the 
elongate, filamentous tentacles of Themisle 
lageniformis reveal that cells of the oral epi- 
dermis, characterized as columnar epithe- 
lium, are joined laterally by zonulae adhér- 
entes (Pilger, 1982). Their apical surface is 
marked by numerous microvilli (1.4 |xm); bi- 
furcated tips of the microvilli protrude 
through the cuticular layer to the surface of 
the tentacle (Fig. 82). Also extending from 
the apical surface of each cell are several 
cilia. Each cilium has a single rootlet that is 
protracted obliquely at an angle of about 100° 

from the basal body toward the midline and 
base of the tentacle. The apical cytoplasm 
contains electron-dense bodies, presumably 
lysosomes, and numerous mitochondria that 
are often in contact with the ciliary rootlets. 
The nucleus is in the central or basal region of 
the cell, which is in contact with a connective 
tissue or extracellular matrix, made up of col- 
lagenous fibers. Nerves and muscle cells are 
embedded in this matrix (Fig. 83). Mucous 
cells occur within the oral epidermis and in 
the oral and aboral transitional zones 
(Fig. 82). These cells are packed with mucous 
droplets (up to 1 |xm in diameter) to the exclu- 
sion of most other organelles. 

With the exception of scattered ciliary tufts 
(presumably sensory) the aboral epidennis is 
nonciliated (Fig. 83). Cells are cuboidal, be- 
coming more coluinnar toward the oral sur- 
face. The apical arrangement of microvilli 
and cuticular matrix is similar to the oral epi- 
dermis. Projecting into the apical cytoplasm 
from the inicrovilli are parallel microfila- 
ments, probably providing rigidity to the ten- 
tacular structure. 
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Little information has been published on 
the ultrastructure of the digestive tract (Brown 
et al., 1982), but the histology of several spe- 
cies is well known (Andrews, 1890, iov Phas- 
colopsis goiiklii; Shipley. 1890, (or Phasco- 
losoma varians; Metalnikoff, 1900, for 
Sipunculus nudus; Awati and Pradhan, 1935, 
for Themiste lagenifonnis: for species of 
Golfingiidae: Cuénot, 1900; Paul, 1910; 
Stehle, 1952, 1953). The basic construction 
of the digestive tube consists of an inner cy- 
lindrical epithelium lining a central lumen, a 
layer of connective tissue with embedded 
muscle fibers, and a peritoneal covering. The 
thickness, degree of epidermal folding and 
ciliation vary in different regions 
(Figs. 84•86). Longitudinal folds are charac- 
teristic of the lining of the esophagus, de- 
scending intestine, and rectum, but not of the 
thinner ascending intestinal loop. Running the 
length of the ascending intestine in most spe- 
cies is a ciliated groove, which ends at the 
rectal diverticulum or cecum (Fig. 79); in Sip- 
unculus nudus it runs from the mouth to the 
rectal diverticulum (Metalnikoff, 1900). The 
groove of Sipunculus nudus and Phascolopsis 
guuldii is reportedly marked by a reddish col- 
oration. Phascolosoma varians lacks both the 
groove and rectal cecum (Shipley, 1890). 

Ultrastructural descriptions to follow are 
based on Brown et al. (1982) for Phascolopsis 
gouldii: Dybas (personal communication) for 
Phascolosoma perlucens; Ruppert (personal 
communication) for Phascolosoma varians, 
Aspidosiphon steenstrupi, and Themiste la- 
gcniformis; and author's personal observation 
for Phascolion sp. 

The epithelial lining of the esophagus is 
composed primarily of multiciliated columnar 
cells (Fig, 87) interspersed with occasional 

Figs. 82. IÍ3. Epithelium of oral and aboral surfaces of the 
tentacle of Themiste lagenifonnis. TEM. C, cilium; CM. cbcu- 
lar muscle; D. dermis; L, lysosome; LM, longitudinal muscle; 
Mi, microvilli; Mu, mucous cell; Nu, nucleus; Pe, peritoneum; 
TC, tentacular canal. Arrows point to zonulae adhérentes. 
Fig. 82. Ciliated columnar epithelium of the oral surface. 
X9.125. (From Pilger, 1982.) 
Fig. 83.    Nonciliated cuboidal epithelium of the aboral wall. 
x9,840. (Micrograph courtesy of J. Pilger.) 

Figs. 84-86.    Light micrographs oí Phnsiolion sp.. a small 
interstitial species. Transverse sections. 
Fig. 84. Section through posterior body, showing asceitding 
intestine (Ascin), coelomic cavity (Co) with coeloniocyles. de- 
scending intestine (Desin), nephridium (N). retractor muscles 
(RM), and ventral nerve cord (VNC). Note epidermal organs in 
outer cuticular layer of body wall. X 149. 
Fig. 85. Section of descending intestine. Wall is thick, inter- 
nally folded, and marked by characteristic dark granules in inner 
epitiielium. x373. 
Fig. 86.    Section of ascending intestine. Intestinal wall is rela- 
tively Ihin and inner epithelium markedly ciliated. x373. 
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secretory cells identified by their concentra- 
tion of electron-dense granules (Fig, 88). Nu- 
clei arc situated in the basal region of the 
cells. The apical surface of the ciliated cells 
bears a dense array of microvilli, parallel and 
of similar height, forming a characteristic 
brush border. Frequently bifurcating near 
their tips, the microvilli possess an electron- 
dense terminal knob and are surrounded later- 
ally by an extraneous coat of fine granular 
extracellular material. The cilia are of the typ- 
ical 9 + 2 pattern of microtubular arrange- 
ment. Basal bodies of the cilia are anchored 
by two rootlets: one short horizontal and one 
long vertical, which extends far into the cell. 
Epithelial cells are attached to one another 
near the apical surface by zonulae adhérentes 
and more distally by septate junctions 
(Figs. 87, 88). Considerable infolding of the 
plasmalemma may occur in the mid- and basal 
portions of the cell. Cytoplasmic components 
include lysosome-iike bodies of varying size 
and density and numerous mitociondria. 
C'iand cells, scattered among the other epithe- 
lial cells, are characterized by an absence of 
cilia and by an abundance of electron-dense 
spherical granules in the proximal portion of 
the cell (Fig. 88). Cytoplasm in the mid- and 
basal regions of the cell is dominated by 
smooth and rough endoplasmic reticulum; a 
prominent Golgi apparatus lies in the vicinity 
of the nucleus,  and mitochondria arc ran- 

Figs. 87-91. Esophagus. TEM. C. cUium; Co. coelom; D, 
dermis; G, Golgi apparatus; Hd, hemidesmosomal atlachmenl; 
L, lysosome-llke body; Lu, lumen; M. mu.scle cell; Mi. mi- 
crovilli; N. nerve; Nu, nucleu.s; Pe, peritoneal lining; Sc, secre- 
tory cell; T, lonotllamenls. Arrow points to Z rod of muscle cell. 
(Micrographs courtesy of L. Dybas, Figs. 87, 91, and E, Rup- 
pert. Figs. 88-90.) 
Fig. 87.    Ciliated columnar epithelium lining the esophageal 
lumen oíPhascolosoma perLucemi. X7,175. 
Fig. 88.    Secretory cell in the esophageal epithelium oïPhas- 
colosoma varions. X 8,160. 
Fig. 89. Basal region of esophageal epidermal cells of Aspi- 
dosiphon .steenslrupii, showing tonofilament with hemidesmo- 
somal attachment and mu.scle cells. X 13,200. 
Fig. 90. Nerve, composed of small groups of neuntes sur- 
rounded by glial cells, within the esophageal connective tissue 
of the dermis of Aspidosiphon steenslrupii. X 5,890. 
Fig. 91. Chlorogogue cells of the peritoneal lining (Pe) of the 
esophagus of Phüscolosoma perlucens. x3,895. 

domly dispersed. Extending into the basal cy- 
toplasm of the epithelial cells are tonofila- 
ments, forming an attachment to the 
underlying basal lamina and connective tissue 
layer through hemidesmosomes (Fig. 89). At 
the bases of the epithelial cells, frequently 
within the connective tissue projecting be- 
tween the infoldings of the plasmalemma, are 
muscle cells and small groups of neurites sur- 
rounded by glial cells (Fig. 90). The connec- 
tive tissue layer, composed of collagenous fi- 
bers of undetermined periodicity, may also 
harbor cells resembling coelomic granulo- 
cytcs and hemerythrocytes. The peritoneum 
covering the esophageal tract consists of both 
ciliated and nonciliated cells. Frequently as- 
sociated with the esophagus, chlorogogue 
cells occur as part of the peritoneal lining 
(Fig. 91). These cells are characterized by 
large membrane-enclosed granules, possibly 
functioning for storage. 

in a orief description of the epithelial cells 
in the anterior descending intestine of Phas- 
colopsis gouidii. Brown et ai. (1982) noted 
numerous granules of varying densities and 
some vacuoles in the apical region of the cells 
(Fig. 92). They further reported microvilli on 
the apical surface and cilia with long rootlets 
penetrating deeply into the cell, in the intesti- 
nal lumen, cytoplasmic blebs containing 
granules were interpreted as evidence for apo- 
crine secretion. Cells emitting blebs had 
swollen microvilli and no cilia (Fig. 93) (see 
later discussion for correlation with enzy- 
matic analyses). In an early light microscopic 
study, a similar phenomenon of bleb produc- 
tion and loss of cilia was reported in the pos- 
terior descending intestine of Phascolopsis 
gouldii (Andrews, 1890). Ultrastructural ob- 
servations on the digestive tract of a small, 
meiofaunal species of Phascolion revealed 
the descending intestine to be distinguished 
by an abundance of cells having typical secre- 
tory features (author's observations) 
(Fig. 94). These elongate, columnar cells are 
packed with smooth and rough endoplasmic 
reticulum. There are prominent mitochon- 
dria, and, in the upper portion of the cell. 
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some large granules of varying density. Cyto- 
plasmic blebing was not documented, al- 
though blebs of various sorts occur in the lu- 
men. Adjacent cells are joined apically by 
zonulae adhérentes and more basal ly by sep- 
tate junctions (Fig. 95). 

Unlike the elongate epithelial cells of the 
esophagus and descending intestine, those of 
the ascending intestine are more cuboidal in 
shape and have fewer granules or lysosome- 
like bodies. As observed in the small meio- 
faunal species of Phascolion, the apical sur- 
face of the cells bears multiple cilia and a 
brush border, composed of numerous, closely 
packed microvilli, of similar height and paral- 
lel configuration, surrounded by a coat of 
well-developed extraneous material (Fig. 96). 

The ciliated groove is marked by a dense 
array of exceptionally long cilia extending 
into the lumen of the groove. In the terminal 
portion of the intestine of Themistc lageni- 
formis these cilia have two rootlets: one hori- 
zontal across the apical portion of the cell and 
another penetrating vertically deeply into the 
cell (Figs. 97, 98). Prominent, elongate mito- 
chondria are closely associated with these 
rootlets. Microvilli project from the surface 
between the cilia. Extending from the desmo- 
some-like junctions near the apical borders of 
the cells arc fine filaments, which form the 
terminal web and provide mechanical support 
for the cell. Designed for strong ciliary beat- 

Figs. 92. 93. Anicrior descending intesli^ie of PImscolopsis 
¡^oiildii. TEM. (From Brown et al. 1982.) b, bleb; c, cilium; g. 
granule; mv, microvilli. 
Fig. 92.    Apical region or glandular epithelium. X5,I3.1. 
Fig.  93.    Cyloplasmic bleb of apical region of epithelium. 
X12,780. 
Fig. 94. Secretory cells from the descending intestine of Phtis- 
colion sp., a small, interstitial species, showing an abundance of 
cytoplasmic rough endoplasmic rcticulum and a few cleclron- 
dense granules. TBM. X4,Ü50. nu. nucleus. 
Fig. 95. Apical junction between secretory cells of descending 
intestine ot Phascolion sp, Zonula adherens followed by septate 
junction, X57,400. 
Fig, 96, Transverse section through ascending intestine of 
Phascolion sp. Note apical cilia (c) and bntsh border arrange- 
ment of microvilli (mv). To the outside of the cuboidal epider- 
mal cells lies the dermis (d) with scattered muscles covered by 
the peritoneum. 01, muscle cell; nu, nucleus; pe, peritoneum. 
X12.000. 

ing and for moving water, the groove also 
shows some evidence of secretory activity. 
Certain cells with denser cytoplasm of fine 
granular material appear to extrude material 
into the lumen of the groove (Fig. 97). 

No information is available on the ultra- 
structure of the rectum, but histological stud- 
ies have shown it to have a thick, highly 
folded columnar epithelium of either simple 
ciliated cells (Andrews, 1890, i'ov PImscolop- 
sis gouldii) or ciliated and vacuolated cells 
(Shipley, 1890, for Phascolosoma varians). 
The musculature is generally more developed 
than in other regions of the digestive tract. 

Functions of different regions of the diges- 
tive tract, inferred from what is known of the 
histology and ultrastructure, can be summa- 
rized as primarily absorptive for the esopha- 
gus and a.scending intestine, both of which 
have well-developed microvillar systems that 
increase the epithelial surface area, and as 
primarily secretory for the descending intes- 
tine, which appears to have the greatest con- 
centration of secretory cells. Cilia, present 
throughout the tract, serve to move particulate 
matter and fluids, but the prominence of cilia- 
tion in the esophagus and ascending intes- 
tine•especially the ciliated groove•denote 
particular significance for this activity. Ultra- 
structural investigations to date are at best 
superficial; more detailed studies, using la- 
bels and markers, are necessary to identil'y 
regions and clarify mechanisms of uptake and 
secretion. 

Information available from physiological 
inquiries, including histochemical and enzy- 
matic analyses, confirms and expands the in- 
terpretations of digestive processes based on 
histological and ultrastructural observations. 
Histochemical studies on Phascolion strom- 
bus (Arvy and Gabe, 1952) identified glyco- 
gen in the e.sophageal epithelium, but no di- 
gestive enzymes. The descending intestine, 
on the other hand, was designated as the main 
site of both digestion and absorption, because 
a number of food stores (carbohydrates, in- 
cluding glycogen, osmiophilic lipids, and ri- 
bonucleic substances) were located through- 
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Figs. 97, 98.    Ciliated groove of ascending intestine of Themisie lageniformis. TEM. (Micrographs cour- 
tesy of E. Ruppert.) 
Fig. 97.    Columnar epithelium lining ciliated groove. Note scattered secretory'cells (SC). X5,I30. 
Fig. 98.    Enlargement of Figure 97, showing ciliary rootlets (R), microvilli (Mi), mitochondria (Mt). Short 
arrows point to zonulae adhérentes, long arrows to terminal web. x22,800. 
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out the epithelial wall, and enzymes (lipases 
and alkaline phosphatases) were reported in 
the more posterior portion. No enzymes were 
found in the ascending intestine, nor food 
stores except in the surrounding chlorogogue 
cells. Walter (1973), in a study of three spe- 
cies of sipunculans {Golfingia elongata, Golf- 
ingia vulgarLs, Phascolosoma granulatum) 
demonstrated that sediment structure changed 
in different regions of the digestive tract, de- 
creasing from anterior to posterior in the 
meiofaunal component and increasing in 
compactness. Both Walter and subsequently 
Hansen (1978) divided the gut into three re- 
gions for analyses, but unfortunately these are 
not correlated with histological structure or 
conventional morphological designations. 
Hansen, in the sediment-feeding Sipunculus 
nudiis, showed that calorific values of gut 
contents decrease 70% from anterior to mid- 
dle gut and another 19% in the posterior intes- 
tine. Brown et al. (1982) surveyed the distri- 
bution of cells containing zymogen granules 
in the digestive tract of Phascolopsis gouldii 
and found them to be concentrated in the ante- 
rior descending intestine. Electron micro- 
scopic examination of this area also revealed 
secretory cells (see above. Fig. 92). Activity 
of a chymotryptic-like enzyme, isolated from 
a complement of digestive enzymes, was 
greatest, however, in the posterior intestine, 
the posterior loop, and the beginning of the 
ascending intestine. The discrepancy in the 
distribution of secretory cells and enzymatic 
activity may be explained by the flow of the 
secretion produced in the anterior descending 
intestine in a posterior direction to accumulate 
in the posterior loop. Other enzymes demon- 
strated in the digestive tract and/or intestinal 
contents are chitinases in Sipunculus nudus 
and Golfingia vulgaris (Jeuniaux, 1969) and 
cellulase as well as chitinase in Phascolosoma 
japonicum (Elyakova, 1972). 

CIRCULATION AND RESPIRATION 

The phylum Sipuncula lacks the morpho- 
logically conventional circulatory and respi- 
ratory systems that can be identified in most 

large, triploblastic animals. However, the pri- 
mary functions of these systems, fluid trans- 
port and gas exchange, are served by the spa- 
cious, fluid-filled coelomic cavity of the body 
(including trunk and introvert) and by a sec- 
ond smaller coelomic compartment, the ten- 
tacular system, comprised of tentacular canals 
and one or two continuous elongate sacs that 
extend posteriorly along the esophagus into 
the body cavity. Both the primary coelomic 
cavity and the tentacular system function in 
gas exchange and waste transport. The main 
coelomic cavity serves further as a hydrostatic 
skeleton, a repository for gametes, for inter- 
nal fluid transport, and, through the functions 
of its numerous coelomocytes, for cellular de- 
fense and immunological responses to foreign 
matter. A discussion of the cellular elements 
of the primary coelomic cavity is presented 
first, followed by an account of the tentacular 
system. 

Coelomic Elements 

The coelomic cavity contains a number of 
different types of freely floating coelomic 
cells that arc moved about either through the 
contractions of the body and introvert or by 
the activity of ciliated cells distributed 
throughout the peritoneum. Over the past 100 
years, sipunculan coelomocytes have been the 
subject of great interest among biologists. 
The considerable literature that has resulted, 
including different classifications of cell types 
and various terminologies, has been reviewed 
by Dybas (1981a), who recognizes five cate- 
gories of coelomocytes. They are hemocytes 
(=hemerythrocytes), granulocytes, large 
multinuclear cells (including cell pairs and 
enigmatic vesicles), ciliated urns, and imma- 
ture cells. The relative frequencies of these 
cell types, as reported for the species Phasco- 
losoma agassizii, are 90% hemerythrocytes, 
4.9% ciliated urns, 4.9% granulocytes, and 
0.2% large multinuclear cells (Dybas, 1975). 
Immature cells were not observed in this 
count. Ultrastructural studies of sipunculan 
coelomocytes, on which the discussion to fol- 
low is based, are those of Stang-Voss (1970), 
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Ochi and Ohnishi (1971), Ochi (1975), Dybas 
(1975, 1976, [98la,b), Nemhauser et al. 
(1980), Valembois and Boiledieu (1980), and 
Terwilligeretal. (1985). 

Hemerythrocytes, cells bearing the respira- 
tory pigment hemerythrin, are the most abun- 
dant of the coelomocytes (Figs. 99-101). 
Ranging in diameter from 6 to 32 ¡jim in dif- 
ferent species, they vary in shape from bicon- 
cave or biconvex discs to circular or ellipsoid. 
Electron microscopic studies reveal an amor- 
phous, electron-dense cytoplasm and a small 
dense,       frequently      eccentric      nucleus 

(Figs. 102-104). The density of the cyto- 
plasm is explained as due to the iron in the 
respiratory pigment, hemerythrin (Valembois 
and Boiledieu, 1980; Terwilliger et al., 
1985). Cytoplasmic organdíes include small 
mitochondria, iysosome-like vacuoles, lipid 
droplets, and, in some species, glycogen ro- 
settes. Typically, the mature hemerythrocyte 
has few and poorly developed organdíes. 
Stang-Voss (1970) considers the small mito- 
chondria and lack of Golgi apparatus to indi- 
cate a degenerative state, whereas Valembois 
and Boiledieu (1980) attribute the few or- 

Fig. 99.     Hemerylhrocyles in a sample of coelomic fluid from a 
living specimen oíSipunculus nudiis. Nomarski optics. X 138. 
Fig.   100.    Enigmatic vesicles,  hemerylhrocyles, and sperm 
plate from coelomic fluid of a living specimen of Sipunculus 
mtdits. Nomarksi optics. X 144. 
Fig. 101.    Coelomocytes from coelomic fluid of a living speci- 
men of Phascolowma perlucens. including hemerylhrocyles, 

granulocytes with extended p.seudopods, and urns (arrow). 
Nomarski optics. x350. 
Fig. 102. A coelomic hemerythrocyte of Themistc dyscriia. 
TEM. Cytoplasm contains glycogen rosettes; electron-dense 
background presumably corresponds with hemerythrin. L. lipid; 
M, mitochondria; N, eccentric nucleus. Arrows point to mem- 
branous tubules. Bar = 1 (xm. (From Terwilliger el al.. 1985.) 
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gancUcs to a low metabolic requirement. A 
.specific variation in the hemerythrocyte of 
Themiste dyscriia is the occurrence of mem- 
branous lamellae, which appear in cross sec- 
tion as hollow tubules (Fig. 102). No function 
is ascribed to these structures, but their asso- 
ciation with mitochondria is noted as well as 
their similarity to the dark bands reported by 
Valembois and Boiledieu (1980) in the hem- 
erythrocyte oí Sipuncitliis nudus (Figs. 103, 
104). Marginal band microtubules, which 
serve as cytoskeletal support in nonmamma- 
lian vertebrate erythroeytes and mammalian 
platelets, occur in the hemerythrocytes of 
Phascolopsis gouldii (Nemhauser el al., 
1980). Membrane-bound vacuoles containing 
a dark, flocculent material, presumed to be 
ferritin, have been observed in Phascolosoma 
scolops (Ochi and Ohnishi, 1971), Phascol- 
opsis í^oLíldii (Stang-Voss, 1970), Themiste 
minor (Ochi, 1975), and Phascolosoma af'as- 
í/zí/(Dybas, 1981a). In a survey of hemeryth- 
rocytes of five species of sipunculans, Ochi 
(1975) noted specific variations in lysosomal 
structure and glycogen content. Glycogen 
particles are distributed uniformly through the 
cytoplasm in Golfingi.a nif^ra and Golfingia 
ikedai, in numerous small areas in Themiste 
minor, and in a few large patches in Phasco- 
losoma scolops. Glycogen particles do not ap- 
pear in hemerythrocytes of Siphonosoma cii- 
manense. 

Immature cells in the coelomic fluid oi'Sip- 
unculus nudus, interpreted by Valembois and 
Boiledieu (1980) to be hemerythroblasts or 
stem cells, are 8 |xm in diameter with a rela- 
tively large nucleus and sparse cytoplasm 
containing large mitochondria, free ribo- 
somes, and well-developed Golgi bodies 
(Figs. 105, 106). These cells are often in mi- 
tosis. A later transitional stage (10-20 fxm 
diameter) has a greater proportion of cyto- 
plasm that, similar to the mature hemerythro- 
cyte, consists of an amorphous matrix but, 
unlike the mature cell, has an accumulation of 
numerous large mitochondria at one pole. 
Stang-Voss (1970) described "prohemocytes" 
in coelomic fluid of Phascolopsis gouldii and 

he also noted numerous, well-developed mi- 
tochondria. As proposed by earlier authors 
(cf. Ohuye, 1942), Stang-Voss suggested that 
immature hemerythrocytes arise from a pro- 
liferation of peritoneal cells. Reports of both 
Stang-Voss (1970) and Valembois and 
Boiledieu (1980) noted small ciliated cells in 
the coelomic fluid that they interpreted as 
stem cells of cither hemerythrocytes or urns. 
The function of hemerythrocytes is consid- 
ered in the next section on the tentacular sys- 
tem. 

Granulocytes, often termed amebocytes 
and/or leukocytes in the literature, are more 
variable in form and structure both within and 
among species than are hemerythrocytes. In 
numerous studies in the past, they have been 
variously classified on the basis of characters 
deñned by the use of light microscopy: for 
example, behavioral characters such as amebo- 
cytic or phagocytic, size of cells, presence or 
absence of granules, size of granules, and 
staining properties of granules such as acido- 
philic or basophilic (cf. Dybas, 1981a, for 
review). More recent ultrastructural studies 
consider the different forms as a continuum of 
differentiating stages of one cell type, the 
granulocyte (Valembois and Boiledieu, 1980; 
Dybas, 1981a,b). Valembois and Boiledieu 
use the term small hyaline leukocyte for the 
early granulocyte prior to differentiation of 
granules and large hyaline leukocyte for the 
older granulocyte in which granules are de- 
generating. 

The granulocytes of Sipunculus nudus, in 
Uving preparations, are 8-15 \xm in diameter, 
oval to round, and sometimes with pseudopo- 
dial extensions. In an animal in which the 
volume of coelomic Huid is 12 ml, the total 
number of granulocytes (excluding "hyalo- 
cytes") is estimated to be from 16 to 24 mil- 
lion (cf. Valembois and Boiledieu, 1980). 
The nucleus is irregular in shape, and, as re- 
ported in ultrastructural studies by the above 
authors, it has aggregates of dense material 
concentrated toward the periphery. The cyto- 
plasm contains cylindrical mitochondria, 
well-developed Golgi  bodies,  rough endo- 



Figs. 103-106. Hemerj'throcyles oíSipuncuhis nudus. TEM. 
Figs. 103, 104. Mature hemer>'lhrocyles. Cytoplasm has a 
dense, amorphous matrix with scattered "ribs" of dense material 
(ajTOws). Nucleus (n) is surrounded by small vesicles (v). (From 
Valembois and Boiledieu, 1980.) 

Figs. 105, 106. Immature hemerythrocyles (hemcrythro- 
blasts) have relatively large nuclei and little cytoplasm. Mito- 
chondria (m) are large and suiTounded by granular material 
(arrows). (Micrographs courtesy of P. Valembois and D. 
Boiledieu.) 
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plasmic reticulum, and membrane-bound, 
electron-dense granules measuring 0.01-0.1 
|xm (Fig. 107). Granules are enclosed by two 
trilaminar membranes and are observed in as- 
sociation with degenerating mitochondria and 
engulled material (Figs. 108-110), Small 
granules are composed of noncrystalline and 
homogeneous material, becoming heteroge- 
neous and clearer in larger granules. There is 
some evidence that small granules may coa- 
lesce to form larger granules. Although gran- 
ules were not observed in association with 
Golgi in Sipunculus nudus, new granules 
have been observed to form from Golgi in 
granulocytes o'i Phascolosoma scolops (Ochi, 
1975) and Phascolosoma agassizii (Dybas, 
198la,b). In Phascolosoma af^assizii it was 
further noted that granules were of a homoge- 
neous density except in the region of the 
Golgi where they showed an electron-dense 
core surrounded by a clear zone. Granules of 
the smaller cells generally were acidophilic in 
Wright's blood stain, whereas those of larger 
cells were basophilic (Dybas, 1981b). 

Cells both larger and smaller than the gran- 
ulocyte, but lacking granules ( = hyalocytes), 
have been identified in the eoelomic fluid of 
Sipunculus nudus and related to the granulo- 
cytc through intermediate stages (Valembois 
and Boiledieu, 1980). Large granulocytes 
with degenerating organdíes are considered 
as intermediate between granulocytes and the 
large clear cells (Fig. 110). Cytoplasm of the 
latter contains vesicles, residual bodies, and a 
dense granular material that may be enclosed 
in vacuoles. Typically the nucleus is small, 
and mitochondria are swollen and degenerat- 
ing. Small hyalocytes, on the other hand, are 
considered to give rise to the large granulo- 
cytes. Lacking cytoplasmic granules, they 
have a large, dense nucleus and a relatively 
small cytoplasmic component with well-de- 
veloped mitochondria and numerous ribo- 
somes and vesicles. Similar cells, but con- 
taining a few granules, are regarded as an 
intermediate stage (Fig. 111). In Phascolo- 
soma scolops, Ochi (1975) also suggested 
that small "hyaline ameboeytes" differentiate 

into granulocytes; he further defined four 
types of granular cells with granules of differ- 
ent sizes and staining properties. Origin of the 
stem cells is uncertain, but earlier researchers 
have reported coelomocytcs of various spe- 
cies of sipunculans to originate from the peri- 
toneal cells lining the coelom, especially 
along the intestine and contractile vessel 
(Hérubel, 1907; Volkonsky, 1933; Ohuye, 
1937, 1942). 

The role of granulocytes in cellular defense 
has been well established by numerous in vivo 
and in vitro studies on the phagocytic activity 
of these cells (Cuénot, 1900; Hérubel, 1907; 
Cantacuzène, 1922; Volkonsky, 1933). An 
account of phagocytosis at the ultrastructural 
level is provided by Valembois and Boiledieu 
{\9m) ïovSipunculus nudus (Figii. 109, 110) 
and by Dybas (1981b) for Phascolosoma 
agassizii. Studies of the latter species demon- 
strated a breakdown or dissolution of the 
granules into phagocytotic vacuoles in which 
foreign material (e.g., polystyrene latex 
beads or bacteria) was trapped and at the same 
time a formation of new granules in the vicin- 
ity of the Golgi apparatus. Membranes of the 
granules fused with membranes of the phago- 
somes as granular contents were released into 
the phagosome, diffusing throughout the phag- 
ocytic vacuole. Granules reacted positively to 
tests for acid phosphatase, alkaline phos- 
phatase, lipase, and peroxidase. As the same 
enzymes are known to be involved in diges- 
tion in vertebrates, the positive tests indicate a 
similar role by sipunculan granulocytes dur- 
ing phagocytosis. 

Granulocytes are also capable of encapsu- 
lation of foreign material that is too large for 
phagocytosis. Studies have demonstrated en- 
capsulation of a variety of material introduced 
into the eoelomic cavity, e.g., autograph and 
homograph tentacle transplants in Themiste 
zostericola (Triplettet al., 1958) and homolo- 
gous eggs treated by heating, staining, or son- 
ification (Gushing and Boraker, 1975). 

In addition to the cellular defense reactions 
of phagocytosis and encapsulation, numerous 
immunological responses have been reported 
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Figs.   107-109.    Granulocyles  of Sipiincuhis inidus.  TEM. 
(From Valemboisand Boiledieu, 1980.) 
Fig. 107.    Mature granulocyte. Characteristic dense granules 
(g) may be of heterogeneous composition. Golgi bodies (G) are 
surrounded by small vacuoles, m, mitochondrion; r, endoplas- 

mic retieulum. 
Fig.  108.    Enlargement of dense granules shows them to be 
enclosed by two trilaminar membranes (arrows). 
Fig.   109.    Granulocyte in process of phagocytosis of waste 
particles (p). 
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Figs. 110, 111. Large and small "hyalocylcs" of 5//)iímute 
miíius. Tl-M (Fnini V:ileiTibt»is and Boiledicu, 1980.) 
Fig. J \0. Old granulocytc (large "hyalocyle") in which most 
dense granules and cytoplasmic organelles are absent, presum- 
ably lost, V, vesicular component; b, bacterium undergoing 
phagocytosis. 

Fig. 111. Small "hyalocyle" (bottom cell), similar to transi- 
tional granulocytes but with tew dense granules (g), has rela- 
tively large nucleus and numerous mitochondria (m), Cytoto,\ic 
activity follows contact with target cell, ,shown here as the upper 
cell, a xenogenic hemerythrocyte from Sipumiilus arcasson- 
ense. 

in sipunculans. These include the production, 
under experimental conditions, of lysins, ag- 
glutinins, and bactericidins (cf. Dybas, 
1981b, for discussion). Although the cellular 
role in these responses is generally not 
known, in one instance immature granulo- 
cytes and stem cells (small hyalocytcs) have 
been implicated in cytotoxic activities in Sip- 
unculus nudus. Contact between these cells 
and foreign hemerythrocytes results in lysis of 
the latter (Boilcdieu and Valembois, 1977; 
Valcmbois et al., 1980; Valembois and 
Boiledieu, 1980) (Fig. 111). Because of their 

morphology, particularly their large number 
of ribosomcs and their "natural killing reac- 
tion," they have been compared with verte- 
brate lymphocytes by these authors. 

In neither cellular nor humoral immune re- 
sponses has an immunological memory been 
demonstrated. Thus the sipunculan defense 
system is relatively simple and as such is of 
interest as a model in the elucidation of the 
phylogeny of invertebrate and vertebrate de- 
fense mechanisms. The role of ciliated urns in 
defense is considered later. 

Other functions that have been attributed to 



282 RICE 

granulocytes are involvement in waste re- 
moval and regeneration of musculature. Stud- 
ies by Towle (1962) and Blitz (1965) have 
suggested that large inclusions of phagocy- 
tosed, undigested material are excreted by 
way of the nephridium in Phascolosoma 
agassizii. In ultrastructural studies, granulo- 
cytes are often found in the connective tissue 
of the nephridium (see the section on the ex- 
cretory system). Moreover, in an electron mi- 
croscopic investigation by Storch and Moritz 
(1970) on regeneration of the integument of 
Phascolion strombus, granulocytes were re- 
ported to give rise to the newly formed mus- 
culature of the body wall. 

Large multinuclear cells occur in various 
forms among different species of sipunculans, 
but most usually they appear as multinucle- 
ated cell masses surrounding a vesicle 
(Fig. 100). Generally referred to as enigmatic 
vesicles, they have been reported to be as 
large as 540 [xm in diameter for Golfingia 
vulgaris, but are more commonly 30-60 \x.m 
in diameter (Ochi, 1975). The vesicle, as re- 
vealed by ultrastructural studies, is a large, 
membrane-bound vacuole filled with fibrous 
material made up of fine, banded fibers (Ochi 
and Ohnishi, 1971; Ochi, 1975; Dybas, 
1981a) (Fig. 112). The organdíes, pushed to 
the periphery by the internal vacuole, consist 
of mitochondria, endoplasmic reticulum, gly- 
cogen particles, and a few electron-dense 
granules. Villi-like projections are character- 
istic of the surface membrane (Fig. 113). Dy- 
bas (1981a) also noted dense plaques resem- 
bling tonofilaments in enigmatic vesicles of 
Phascolopsis gouldii. The function of vesicu- 
lar cells is unknown, but in preparations of 
living coelomocytes they are frequently in 
close association with clumps of other cells. 
Bang (1966) noted a breakdown or collapse of 
enigmatic vesicles in Sipunculus nudus asso- 
ciated with the appearance of lysins, induced 
by introducing bacteria or the parasitic ciliate 
Anophrys magii into the coelomic cavity. 

Also classified with multinuclear cells are 
the cell pairs, described by Dybas (1975) in 
Phascolosoma   agassizii.   A   cell   pair,   as 

shown by electron microscopy, consists of a 
cell within a cell, ora "granulocyte with asso- 
ciated cell" (GAC) (Fig. 114). Larger than 
other granulocytes, the cell pair measures 
from 26 X 15 \xm to twice this length and 
width. Rarest of the coelomocytes in Phasco- 
losoma agassizii, GACs number 1 for every 3 
urns, 30 granulocytes, and 566 hemerythro- 
cytes. The internal cell is a granulocyte in 
which the granules, appearing in a series of 
developmental stages, arise from the Golgi 
bodies. The outer cell consists of a thin rim of 
cytoplasm surrounding the inner granulocyte. 
Both cells have a complete array of or- 
gandies, the outer cell possessing also a few 
large granules similar to lipofuscin of verte- 
brates, as well as small granules. The extra- 
cellular space between the two cells averages 
70 nm in width and is filled by a fibrous 
reticulum that may provide structural support 
for the cell complex. The particular function 
of this cell pair is not understood. Dybas has 
proposed that this unusual combination of 
cells might serve as a means of regulating the 
release of granules from the inner cell in re- 
sponse to certain conditions that would in- 
voke the lysis of the outer supporting struc- 
ture. 

Free urns are unique multicellular ciliated 
bodies that move independently through the 
body cavity. Known to occur only in Phasco- 
losoma and Sipunculus, they were thought at 
one time to be parasites (Krohn, 1851; Ohuye 
et al., 1961), but are now recognized as inte- 
gral components of the circulating coelomo- 
cytes of these genera. 

The only detailed ultrastructural study of 
urns is that of Dybas (1976) for Phascolo- 
soma agassizii. The urn of this species is a 
disc-shaped complex composed of three cell 
types (ciliated cells, "cupola" cells, and lobe 
cells) arranged around a central semilunar ex- 
tracellular space (Figs. 115-119). The overall 
size is reported to be 57 x 61 |xm. The con- 
cavity of the urn is rimmed by two semicircu- 
lar or crescent-shaped ciliated cells and filled 
by two granular cupola cells. Attached around 
the convex surface of the internal semilunar 
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Figs. 112-114.    Enigmalic vesicle of 5(/)«ní'H/winH<'/í«. TEM. 
(Micrographs for Figs. 112, 113, courtesy of L. Dybas.) 
Fig. 112.    Note large vesicle (V) filled wiih fibrous material 
and one of probably .several nuclei (N). X7,617. 
Fig.  113.    Enlargement of external membrane of enigmatic 
vesicle showing villi-like projections, x 17,572. 

Fig. 114, Cell pair (cell within a cell) or granulocyte with 
associated cell (=GAC) of Phascolosoma agassizii. X9,660. 
G, granules of inner cell; GB, Golgi body of internal cell; I, 
internal cell; NE, nucleus of external cell;Nl, nucleus of internal 
cell. Arrows point to cytoplasm of external cell. (From Dybas, 
1975.) 

space are 6-12 lobe cells. The extracellular 
space is occupied by a meshwork of collagen- 
like fibrils that have a regular periodicity but 
no banding (Fig. 118). Presumably this ar- 
rangement provides structural support for the 
urn. The two cupola cells that fit side by side 

into the semilunar depression are separated 
from the semilunar extracellular cavity as 
well as from each other and the surrounding 
ciliated cells by a narrow space, lacking des- 
mosomal or junctional connections. Each cu- 
pola cell has a prominent nucleus, mitochon- 
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Figs. 115-119. Coelomic urnsof/'ftoíco/oíomuíjgaí.siz//. Ci, 
ciliated cell; Cu, cupola cell; L, lobe cells; R, rootlet; S, semilu- 
nar extracellular area. (Fig. 115, redrawn from Dybas, 1981a; 
Figs. 116-119, TEMs, from Dybas, 1976.) 
Fig. 115. Diagrammatic representation. Upper, apical view; 
lower, lateral view. 
Fig. 116.    Sagittal section through entire urn. x6,500. 

Fig. I 17. Enlargement of ciliary cell, showing ciliary rootlet 
traversing cell to point of hemidesmo.somal attachment in 
semilunar cavity. X22,750. 
Fig. 118. Fibriliar material in extracellular semilunar area. 
X44,571. 
Fig. 119. Hemidesmosome attaching ciliated cell and semilu- 
nar area. X 66,461. 

dria, lipid droplets, glycogen, and numerous, 
mostly rod-shaped granules. The ciliated cells 
contain many mitochondria, rough endoplas- 
mic reticulum, lipofuscin-hke bodies, and 
glycogen (Fig. 116). The base of these cells 
has a strong hemidesmosomal attachment to 
the semilunar area (Fig. 119). Characteristic 

of the hemidesmosome is a trilaminar mem- 
brane with an inner dense plate for tonofila- 
ment insertion and an extracellular plate of 
fine filaments. Tonofilaments run from the 
apical ciliary basal bodies toward the 
hemidesmosomes(Fig. 117). The bases of the 
lobe cells, on the opposite side of the semilu- 
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nar area, arc attached to the extracellular ma- 
terial by numerous hemidesmosomes. Vari- 
able in size and number, the lobe cells contain 
lipid droplets, granules, Golgi bodies, mito- 
chondria, glycogcn, rough endoplasmic retic- 
ulum, smooth endoplasmic rcticulum, and 
numerous vesicles (Fig, 116). These have 
been considered as chlorogogue cells by some 
authors (Selensky, l908;Hyman, 1959). 

The urn of Phascolosomu ugassizii func- 
tions to keep the coelomic cavity free of for- 
eign particulate matter and cellular debris. 
Each part of the structure plays a specific role 
in this process. Whereas the fibrous extracel- 
lular .semilunar area provides structural integ- 
rity, the ciliated cells provide motility within 
the coelomic lluid and the capacity for trap- 
ping particles. Both the cupola cells and the 
lobe cells are phagocytic and, as Dybas 
(1976) demonstrated, they may have phago- 
cytic specializations. For example, Dybas 
showed that cupola cells phagocytized latex 
particles, while lobe cells phagocytized car- 
bon particles. 

The free urn of Sipimculiis niidus has at- 
tracted considerable interest among biologists 
over the last century and has been the subject 
of numerous morphological and physiological 
studies. The term urn was, in fact, derived 
from the shape it assumes in this species. The 
urn of Sipunculus nudus consists ol' a large 
vesicular cell with a short neck attached to a 
basal, saucer-shaped cell, the outer convexity 
of which is ciliated (Figs. 120-122). The di- 
ameter is 65-75 |xm (Bang and Bang, 1980). 
In brief preliminary reports on ultrastructure, 
without photographic documentation, a third 
cell type was described as a small, secretory 
cell, designated as the R cell. Occurring in 
clusters, these cells are attached by junctional 
complexes to the central nonciliated area of 
the external membrane of the base cell (Reis- 
sig et al., 1979; Bang and Bang, 1980). The 
vesicle cell is thinly stretched to form a hol- 
low dome, the base of which is attached by 
junctional complexes to the upper rim of the 
mucociliatcd base cell of the urn complex 
(Fig. 122). 

In the coelomic cavity the urns swim with 

anterior vesicle forward, propelled by the 
posterior ciliated cell, and trailing a strand of 
mucus with entrapped debris. There are two 
separate secretory systems: One is located at 
four to five loci around the inside of the cili- 
ated rim of the base cell, and Ihc other is the 
central secretory R cells. The latter secrete a 
mucus that traps cell debris and foreign partic- 
ulate matter, whereas the former secrete a 
more rapid and copious flow of mucus, pro- 
ducing a mucous tail six to seven times the 
length of the urn, in response to specific stim- 
uli such as bacteria or other substances. Fur- 
ther evidence for the two types of mucus is 
found in the differing responses to vital stains, 
the R cells staining with neutral red and the 
basal cell foci staining with Janus green B 
(Bang and Bang, 1980). Experimental induc- 
tion of hypersécrétion of urns of Sipunculus 
nudus by exposure to various bacteria or for- 
eign sera in vivo and in vitro has been re- 
ported in a series of papers by Bang and Bang 
(1962, 1965, 1972, 1975, 1980) and Nicosia 
(1979). These authors point to the advantages 
of using this relatively simple, noninnervated 
system to investigate fundamental processes 
in regulation and production of mucus and to 
establish a model for analysis of invertebrate 
and vertebrate mucus-stimulating substances 
in human health and disease. 

Although free urns have been reported in 
only two genera (Phascolosoma and Sipuncu- 
lus), fixed urns are known to occur in the 
peritoneal lining of many genera, including 
those with free urns (Hyman, 1959). Fixed 
urns have the same basic cellular components 
as free urns, but remain attached to the perito- 
neum (Figs. 123, 124). It is generally thought 
that fixed urns, at least in Sipunculus nudus in 
which they have been most studied, give rise 
to free urns (Metalnikoff, 1900; Selensky, 
1908). 

Tentacular System 

Sipunculans do not possess a blood vascu- 
lar system; however, the tentacular system, a 
second coelomic compartment, serves an 
analogous function. In contrast to a blood vas- 
cular system in which vessels are character- 
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Figs. 120-122. Coe\omK ums of Sipiinculiis nudus. 
Fig. 120. Diagrammatic represenlalion of urn of S(>i(Hcu/i« 
IIMJUS. The urn i.s comprised of a large vesicular cell (VC) joined 
10 a basal ciliated cell (CC). Upper arrow indicates direction in 
which urn swims; lower arrows point lo direction of flow of 
mucus secretion. Outer and more voluminous mucous flow is 
from foci on rim of ciliated cell; central, less extensive mucous 
flow is from smair'R" cells (see Fig. 122) at center of basal cell. 
(Modified from Bang and Bang, 1980.) 

Fig. 121. Urns in coelomic fluid from living Sipunculus nu- 
dus. Nomarski optics. x255. 
Fig. 122. Sagittal section through urn of Sipunculus nudus. 
TEM. Note nucleus (NV) of vesicular cell (VC) and thin cyto- 
plasmic layer surrounding a large extracellular space (S). At- 
tached to the external membrane of the basal ciliated cell (CC) is 
a cluster of small secretory "R" cells (RC). X2,000. (Courtesy 
ofL. Dybas.) 

ized by noncellular lining, the tentacular sys- 
tem is lined by peritoneum. The system 
consists of tentacular canals that are continu- 
ous with a circumesophageal ring from which 
one or two elongate sacs, frequently with 
smaller diverticula, project posteriorly into 
the body cavity (Fig. 125). Unlike a blood 
vascular system, the tentacular system does 
not extend throughout the body, but is gener- 
ally limited to the tentacles and the length of 
the esophagus to which the sac-like append- 

ages are attached. These sacs have been re- 
ported to expand with fluid when the tentacles 
contract and to pass fluid back into the tenta- 
cles when the latter expand (Hyman, 1959). 
They have also been reported to contract inde- 
pendently. Various terms used in the litera- 
ture for these appendages include compensa- 
tion sacs (Hyman, 1959), contractile vessels 
(Stephen and Edmonds, 1972), blood vessels 
(Metalnikoff, 1900; Awati and Pradhan, 
1936), and polian vessels (Tetry, 1959). 
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Fig. 125. 'I'cnlacular system of Phascoli>somu ^ranulatum. 
Compare with I'igure 81, SEM ot head oí Pluiscolosoma pei- 
Imciis. CV. conlractile vessel; D, dorsal side; M, moiilh region; 
RC. ring eanal; TC, tentaeular canals; V, venlral. (Redrawn 
trom Selenka et al., IKH^, and reconstructed from cross and 
longitudinal sections.) 

Figs. 123, 124. Illustrations of fixed urns. CC, ciliated cell; 
D, dermis or connective tissue; Ep, epidermis of intestine; Pe, 
chlorogogue cells of peritoneum; S, extracellular space or cavity 
of urn with enclosed cellular debris. 
Fig.  123.    Frontal section of fixed urn in intestinal wall of 
Aspidosiphtm muelleii. (Redrawn from Selenslcy, 1908.) 
Fig.  124.    .Sagittal section of fixed urn in the peritoneum of 
Colfmgia vutgaris. (Redrawn from Herubel, 1907.) 

Pilger (1982) provided the first definitive 
ultrastructural evidence for the coelomic na- 
ture of sipunculan tentacular canals. He de- 
scribed three canals in the tentacle of 
Themiste lageniforniis: two smaller oral ca- 
nals and one larger aboral canal (Fig. 126). 
The oral canals connect with the aboral canal 
at the tip of the tentacle. As reported, the 
canals are completely lined by squamous peri- 
toneal cells, joined to one another by zonulae 
adhérentes. In some areas the lining may be 
only the width of two membranes of a single 
cell, and in other areas it is thicker, consisting 
of several layers of membranes of overlap- 
ping cells. In areas of nuclei or cytoplasmic 
organdíes, the peritoneum widens to accom- 

modate these structures. Intermittent perito- 
neal cells bear tufts of cilia and microvilli 
(Fig, 127), Hemerythrocytes and occasion- 
ally granulocytes arc present within the lu- 
men. The direction of flow in the tentacular 
canals has been described by Awati and Prad- 
han (1936) as anterior from the esophageal 
ring in the oral canals and posterior back to 
the esophageal ring in the aboral canal 
(Fig, 126), 

The contractile vessel extends along the 
dorsal surface of most of the length of the 
esophagus and is connected to it by a continu- 
ity of the connective tissue layers of the two 
organs (Figs, 128-130). (In a few species 
there is also a ventral vessel). In certain 
genera (e,g,, Antillesoma, Siphonosoma, 
Themiste) the contractile vessel is distin- 
guished by numerous extensions or villi that 
may be elaborately developed, particularly in 
the genus Themiste (Figs. 2, 13, 128, 130). 
Both the contractile vessel and its extended 
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Fig. 126, Electron microscopic monlage of a cross seclion of llie (enlacie of Themisie lugeniformis. Oral 
surface (OS) has a ciliated epidermis in contrast to the noncilialed epidermis of the aboral surface (AS). 
Granulocytes (G) and hemerythrocyles (H) occur within the coelomic space of the three tentacular canals 
(TC). Note tentacular nerve (TN). X 1,165. (From Pilger, 1982.) 

villi are commonly packed with hemerythro- 
cytes (Fig. 130). The wall of the contractile 
vessel consists of connective tissue bordered 
by outer and inner epithelial layers of typical 
peritoneal configuration (Figs. 131, 132). Cy- 
toplasmic processes of the outer peritoneal 
covering may stretch out and interdigitate 
over the surface of the contractile vessel 
(Fig. 129). The resemblance of these cells to 
podocytes has been noted in Themiste lageni- 
formis (Pilger and Rice, 1987) and Themiste 
alutacea (Pinson, 1990). Ciliated cells are 
scattered throughout both inner and outer 
peritoneal layers. Cytoplasmic organdíes are 
sparse except in the inner ventral peritoneum 
near the attachment to the esophagus, where 
the cells are thicker and have numerous lyso- 
some-like granules, vesicles, mitochondria, 

and ribosomes. The connective tissue layer is 
made up of fine, striated fibers of undeter- 
mined periodicity, among which are scattered 
muscle cells (Figs. 131, 132). 

Size and structural differences have been 
reported between hemerythrocytes in the 
main coelomic cavity and those in the tentac- 
ular system. Smaller size has been noted for 
hemerythrocytes in the contractile vessel of 
Themiste zostericola (Manwell, I960). In 
Themiste dyscrita the diameters of hemeryth- 
rocytes in the contractile vessel have been 
recorded as 16-21 ixm and in the primary 
coelom as 19-32 [xm (Terwilliger et al., 
1983, 1985). Ultrastructural distinctions in 
hemerythrocytes of the contractile vessel in 
Themiste dyscrita are the presence of more 
small vacuoles and a darker, more electron- 
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l-ií!. 127. Cross section ol'Icnlaculaicoclomic canal (TC) ot/'hemixie laamiformis. showing cilialed (Cl'e) 
and nonciliaicd peritoneal cells (Pe) liiiini; the canal, nuclcns (Nu) olperitoneal cell, and enclo.sed hemeryth- 
rocyle(H).'IBM. X5.225. (From Pilger. 1982.) 

dense cytoplasm that lacks membranous 
lamellae and tubules (cf. Fig. 102). Differ- 
ences have also been reported in the hem- 
erythrins, as noted below. Whether these dif- 
ferences between cells in the two sites 
represent independent populations of hem- 
erythrocytes or different stages in differentia- 
tion remains to be determined. The possibility 
of hemerythrocytes passing through the wall 
of the contractile vessel, as observed by Met- 
ainikoff (1900) and the author (unpublished), 
must also be considered. In Phascolosoma 
varians somewhat similar ultrastructural vari- 
ation has been found among hemerythrocytes 
within the contractile vessel (Fig. 131). The 

more typical hemerythrocytes have the great- 
est cytoplasmic electron density, degenerat- 
ing mitochondria, and few other organdíes, 
while others have a less dense and more gran- 
ular cytoplasm that contains normal mito- 
chondria and lysosome-like granules. 

The primary function of the hemerythro- 
cytes of both the tentacular system and the 
main coelomic cavity is oxygen transport. 
The respiratory pigment contained within 
these cells is hemerythrin, an iron-containing 
protein that lacks a heme group, but has in- 
stead a diiron site that revcrsibly binds one 
molecule of oxygen (=one subunit). It is 
found in four invertebrate phyla: Sipuncula, 
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Figs.   128-130.    The contractile  vessel  of Themisle lageni- 

formis. SEM. 
Fig. 128.    Conlraclile vessel (CV) with villi (Vi) and underly- 
ing esophagus (Es). X70. 
Fig. 129.     Enlargement of surface showing podocyle-like cells 
with inlerdigitaling cytoplasmic extensions. X 1,975. 
Fig. 130.     Enlargement of lips of villi (Vi), broken off to ex- 
pose enclosed hemerythrocytes (H). X474. 

Priapula, Brachiopoda, and one genus, Ma- 
gelona, of polychaetous annelids (for recent 
reviews of the large literature on molecular 

structure and function of hemerythrin, see 
Wilkins and Wilkins, 1987, and Kurtz, 
1992.) Although most sipunculan hemeryth- 
rins are octomers (eight subunits), with a mo- 
lecular weight of 100,000-110,000, some 
may have monomeric, trimeric, or tetrameric 
structural subunits and molecular weights of 
14,000, 40,000, and 56,000 (Klippenstein, 
1980; Terwilliger et al., 1985). There are al- 
together three kinds of hemerythrins in sipun- 
culans; myohemerythrin in the muscle (a 
monomer with a molecular weight of 
14,000), coelomic hemerythrin in hemeryth- 
rocytes of the main coelomic cavity, and so- 
called vascular or tentacular hemerythrin in 
the hemerythrocytes of the tentacular system. 
They are distinguishable by electrophoresis, 
peptide mapping, and amino acid composi- 
tion and sequence (Klippenstein, 1980). Co- 
elomic and tentacular hemerythrins differ also 
in oxygen affinity (Manwell, 1960). In 
Themiste zostericola, a species with highly 
developed tentacles that afford a large surface 
area for respiration, the coelomic hemerythrin 
has a higher oxygen affinity than the tentacu- 
lar. This suggests that the path of oxygen 
transport is from the external seawater 
through the tentacular system to the coelom. 
In Siphonosoma ingens, on the other hand, 
the reverse is the case: the coelomic hem- 
erythrin has a lower oxygen affinity than the 
tentacular, suggesting a transfer from seawa- 
ter through the body wall to the coelom and 
from the coelom to the tentacular system. 
This is a species that has coelomic outpocket- 
ings into the body wall, resulting in a thin 
integumental barrier between coelom and the 
external environment. Moreover, Siphono- 
soma lives burrowed in the sand, whereas 
Themiste lives under rocks, frequently ex- 
tending the tentacular crown for protracted 
periods. Thus oxygen transfer can be corre- 
lated with the molecular characteristic of 
hemerythrin, body structure, habitat, and be- 
havior. Other functions that have been pro- 
posed for hemerythrocytes include glycogen 
storage and transport and steroid hormone 
synthesis (cf. Terwilliger et al., 1985). 
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Figs. 131, 132. ConU'ücúlc vc^^ch oí I'hascolosoimi varians 
(Fig. 131 ) and A.v/j/í/ííi/'/í/ííí/í i7rí'/í.v//'ü/;//(Fig. 132). TBM. Note 
similarity in construction. The wall oí the vessel is composed of 
outer (OPH) and inner (IPe) peritoneal layers on either side of a 
dermis (D) of fine fibrillar material traversed by muscle fibers 

(M). Hcnierythrocytes (H) occur within the lumen of the vessel. 
In Figure 131 there are two types of hemcrythrocytes: one with 
dense matrix and degenerating organdies and the other with le.ss 
dense cytoplasm, mitochondria (Mt), and dense granules (G). 
Bars = 1 |xm. 

EXCRETORY SYSTEM 

The nephj'idia are the primary excretory or- 
gans of sipunculans, but, in addition, they 
serve in the uptake and storage of gametes 
prior to spawning and they have been impli- 
cated in the production of hormones and in 
osmoregulation. Structurally sipunculan ne- 

phridia conform to the definition of meta- 
nephridia. They are elongate sacs with two 
anterior openings; a ventrolateral nephridio- 
pore opening to the exterior and a neph- 
rostome, an internal ciliated funnel, opening 
to the coelomic cavity (Fig. 133). The ante- 
rior portion of the nephridium is often dis- 
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Fig. 133. Diagrammalic represenlation of Ihe nephridium of 
Phascoiosoma graimlanim. a: Sagillal section shows two re- 
gions: a dislended anterior region or "bladder" (B) and an elon- 
gate posterior tubular region (T). A nephrostome (Nst) opens to 
the coelom and a nephridiopore (Npr) opens to the exterior. b,c: 

Cross sections through the bladder region and tubular regions, 
respectively, showing an increased lolding in outer and inner 
walls of the latter. Granulocytes (Or) are common throughout 
the wall of the nephridium. (Redrawn from Serrano et al., 1990- 
91.) 

tended by fluid and is sometimes designated 
as the bladder. The inner and outer walls of 
the bladder do not show the deep folds that are 
frequently present in the more posterior 
nephridial tube (Fig. 133). With the exception 
of species of Phascolion and Onchnesoma, 
which possess only a single nephridium, 
nephxidia occur as one pair (Figs. 2, 10-15). 

Information is available on the ultrastruc- 
ture of three species: Phascoiosoma arcuatum 
{=Phascoiosoma lurco) (Storch and Welsch, 
1972), Phascoiosoma granulatum (Ocharan, 
1974; Serrano and Moya, 1982; Serrano, 
1987; Serrano et al., 1989, 1990, 1990-91), 

and Themiste alutacea (Pinson, 1990). The 
nephridial wall consists of three layers: an 
inner epithelial lining, a middle connective 
tissue layer with muscles, and an outer perito- 
neal epithelium (Figs. 134, 135). The inner 
lining of the nephridial tube is a simple epi- 
thelium with apical and basal specializations 
(Figs. 135-139). It is columnar in Phascoio- 
soma granulatum and Themiste alutacea and 
cuboidal in Phascoiosoma arcuatum. Api- 
cally the plasmalemma bears cilia and mi- 
crovilli, and basally it exhibits extensive in- 
foldings (Fig. 134a). In Themiste alutacea, 
coated and uncoated pits occur on cell sur- 



SIPUNCU1.A •a«ä~ 

© 

@ 

Fig. 134. Diagram.s ol individual coll lypes in Ihc nephridial 
wall of Phíisri>l<)soma i^raniilaiuni. a: Hpitlerniai cell from the 
inner lining, b: Ciranulocytc IVoni connective tissue layer, c: 
Podocytc from outer peritoneal layer. Bl. ba.sal inl'oldings; BL. 
basal lamina; Ci. ciliuin; CV. coaleii vesicle: 1), diaphragm; Hn. 

endosóme; GA, (jolgi apparatus; Cig. glycogen; Cin, granule; 
Ly. lysosome; Mt. mitochondria; Mv, microvilii; Nu. nucleus; 
P. pedicel; RHR. rough endoplasmic reticuluni. (a and b. re- 
drawn from .Serrano. 1987; as reproduced by Pinson. 1990; c. 
redrawn from .Serrano el al.. 1989.) 

faces, and within the apical cytoplasm are 
both coated and uncoated vesicles, tubules, 
endosomes, mitochondria, and putative lyso- 
somes (Figs. 135-139). Characteristic of 
transporting epithelia, apical cellular junc- 
tions are zonulae adhérentes, followed by 
septate desmosomes. Within the numerous 
folds of basal cytoplasm are many mitochon- 
dria and some neurite-like processes. Glyco- 
gen is abundant in Phascolosoma arcuatum 
and Phascolosoma granulatum, but less 
prominent in Theinisle alutacea. 

Enmeshed within the loosely arranged fi- 
brous material of the connective tissue layer is 
a conspicuous array of smooth muscle cells 
and a number of granulocytes (Figs. 134b, 
135, 140). The muscle fibers of r/îew«/ea/M- 

tacea are described by Pinson (1990) as com- 
posed of thick and thin filaments in a ratio of 
about 1:15, the former 35-55 nm in diameter 
and the latter 5-9 nm. Dense bodies are dis- 
tributed among the filaments and along the 
sarcolemma. T-shaped junctions are seen in 
the sarcolcmmal membrane, but no neuro- 
muscular junctions. In a separate study of 
nephridial muscles oí Phascolosoma granula- 
tum, Serrano et al., (1990) reported thick my- 
ofilaments of three different diameters: about 
28, 42, and 58 nm. Based on the distributions 
of these filaments of differing sizes, three 
classes of muscle cells were identified: 1) 
cells with all three sizes of myofilaments; 2) 
cells with filaments of 28 and 42 nm diame- 
ters; and 3) cells with filaments of an average 
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Figs.  136-139.    The epithelium lining the nephiidial tube of      Fig.   137.    Apical plasmalemma with coated vesicles (CV), 
Tbemistf alulacea. TliM. (From Pinson. 1990.) 
Fig. 136. Apical region of the epithelium showing adherens 
junction (AJ), cilia (Ci), endosomcs (Hn), lumen of the ncphrid- 
iuin (Lu), putative lysosonics (Ly). mitochondria (Mt), mi- 
crovilli (Mv), and vesicles (Ve). 

microvilli (Mv), and coated pit (Pt). 
Fig. 138.     Detail of coated pit. 
Fig. 139.    Detail of coated vesicle. 
Fig.    140.    Granulocylc   from   connective   tissue   (CT)   of 
Thcmisie aluliuea near nephrostome. (l-'rom Pinson. 1990.) 

diameter of 28 nm. The functional üignifi- 
cance of this distribution is not clear. 

Granulocytes, similar to free granulocytes 
of the coelomic cavity, have been reported in 
the   nephridial   connective   tissue   of   both 

Fig. 13.'i. The nephridial wall of Themisit' alulacea. Trans- 
verse section. TKM. Bl. basal infoldings of inner epithelial 
cells; CT, connective tissue; Lu. lumen of nephridiuin; Mu. 
muscle; Nu. nucleus; Pe, peritoneum; TC, trunk coeloin. (From 
Pinson, 1990.) 

Themistc alulacea (Pinson, 1990) and Phas- 
colosoma granulatum (Serrano et al., 1990- 
91) (Figs. 134b, 140). In the former species 
they are found near the nephrostome, and in 
the latter they occur most commonly close to 
the peritoneal covering, often grouped at the 
inpockctings of the outer nephridial surface 
(Fig. 133c). Having been found in all layers 
of the nephridial wall, they arc assumed to be 
capable of migrating from the coelom into the 
nephridial lumen. The granulocytes vary in 
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cytoplasmic density, size of granules, and de- 
velopment of organelles, the differences be- 
ing interpreted as stages of differentiation or 
maturity. Residual bodies and cytoplasmic 
enclosures of foreign material suggest that 
these cells may transport phagocytosed mate- 
rial from the coelom into the nephridium for 
disposal. 

The outer lining of the nephridium consists 
of a thin layer of peritoneal cells, joined api- 
cally to one another by adherens junctions and 
intermediate and septate desmosomes and to 
the underlying connective tissue layer by 
hemidesmosomes. Cytoplasmic processes of 
the peritoneal cells cover the surface of the 
organ (Figs. 134c, 135, 141-144). The pro- 
cesses are connected by a double diaphragm 
(Serrano et al., 1989; Pinson, 1990) and the 
cells have been interpreted as podocytes 
(Moya and Serrano, 1984; Serrano et al., 
1989) (Figs. 145-148). In Phascolosoma 
granulatum, Serrano et al. (1989) described 
the processes as pedicels, or small foot-like 
processes, extending out from the peritoneal 
cells. The pedicels (200 x 90 nm) are in con- 
tact with an underiying basal lamina (30 nm 
thick). They are separated by slits that are 
bridged by a double-layered membrane or di- 
aphragm of 30 nm in length and 10 nm in 
thickness. Within the cytoplasm of the pedi- 
cels are rough endoplasmic reticulum, coated 
vesicles, mitochondria, large dense granules 
("residual bodies"), and glycogen rosettes. In 
the region of the nucleus, the podocyte cells 
are 3 ixm high. The perinuclear region has 
well-developed Golgi complexes that give 
rise to the dense bodies or granules of varying 
size (Figs. 142, 143). Otherwise, the cyto- 
plasmic organelles are much the same as those 
of the pedicels. 

The presence of podocytes in the peritoneal 
epithelium of the nephridium is evidence that 
the surface functions in ultrafiltration. How- 
ever, since the nephridial duct is open to the 
coelom through the nephrostome, there is a 
question of how the necessary pressure gradi- 
ent across the nephridial wall could be 
achieved. Serrano (1987) suggests that filtra- 

tion is accomplished by a lowering of pressure 
in the duct by a contraction of nephridial mus- 
culature and by the beating of cilia within the 
duct. The primary urine would then be pro- 
duced by filtration and the final urine by reab- 
sorption and secretion of the epithelium of the 
inner nephridial lining. Cytoplasmic compo- 
nents indicative of reabsorption and secretion 
are present in the inner lining: e.g., apical 
microvilli, coated pits, coated and uncoatcd 
vesicles. Further experimental evidence sub- 
stantiates these nephridial functions. Pinson 
(1990), using macromolecular tracers (iron 
dextran and ferritin), found in Themiste aluta- 
cea that, after injection of these substances 
into the coelom, they appeared in the nephrid- 
ial lumen and within vesicles in the apical 
cytoplasm of the duct. It is probable that 
larger bodies of waste products may be taken 
into the nephridium directly though the neph- 
rostome and later excreted. Clumps of dead 
cells and foreign material, known as "brown 
bodies" and thought to be accumulated and 
released by the urns, commonly occur in the 
coelomic fluid of sipunculans and have been 
observed in the duct of the nephridium (Hy- 
man, 1959). 

There is some evidence that ultrafiltration 
may also take place at the outer peritoneal 
epithelium of the contractile vessel. Cells re- 
sembling podocytes have been found in the 
outer epithelium of the contractile vessel of 
Themiste lagenifonnis (Pilger and Rice, 
1987) and Themiste alutacea (Pinson, 1990). 
In the former species podocytes have not been 
identified on the nephridial surface as they 
have in the latter species. It is possible that 

Figs. 141-144. The peritoneal covering of the nephridium of 
Phascolosoma granulatum. TEM. (From Serrano el al.. 1989.) 
Fig. 141. Peritoneum or coelomic epithelium (CE) with 
podocytes (arrowheads), x 19,200. 
Fig. 142. Nuclear region of a podocyte. GA, Golgi apparatus; 
Nu, nucleus. X22,800. 
Fig. 143. Perinuclear cytoplasm of podocytes. Basal lamina 
(arrows) underiies the pedicels (PE); apically the cells are joined 
by zonula adherens (arrowhead). Granular endoplasmic reticu- 
lum (GER) is seen within the cytoplasm. x42,000. 
Fig. 144. Cell junctions of podocytes. Apically cells are 
joined by zonulae adhérentes (ZA) and more basally by septate 
desmosomes (SD). x63,600. 



> 



298 RICE 

Figs. 145-148.    Pedicels of nephridial podocytes. TEM. 
Fig. 145.    Pedicels of P/irtíco/oíoma ^ran«/aíwm. Pedicels are 
joined by double diaphragms (arrows). (From Serrano el al., 
1989). X209,000. 
Fig. 146. Longitudinal section of pedicels showing double 
diaphragms (arrows). Phascolosoma granularum. (From Ser- 
rano et al., 1989). X48,900. 
Fig. 147.    Cyloplasmic processes of podocyle-like peritoneal 
cells overlying nephridium of Theniisle alulacea. Processes are 
joined by a double diaphragm (arrowhead).  (From Pinson, 
1990.) 
Fig, 148.    Detail of Figure 147. x240,000. 

Ultrafiltration might be accomplished at the 
site of the contractile vessel by an increase in 
hydrostatic pressure within the contractile 
vessel when the tentacles and introvert are 
withdrawn, forcing fluid through the vessel 
wall into the coelom to form the primary fil- 
trate. This could then be taken into the 
nephridial duct through the nephrostome and 
modified to form the final urine or filtrate. In 

view of the theory of Ruppert and Smith 
(1988) a system of filtration across the con- 
tractile vessel to the nephrostome would con- 
form to a functional metanephridial .system, 
whereas filtration across the nephridial wall 
would conform to a protonephridial system. 
An understanding of the role of the nephrid- 
ium in filtration will require additional inves- 
tigations of the coelomic epithelium in both 
the contractile vessel and nephridium of the 
same species and of osmotic and hydrostatic 
pressures in the various ducts and cavities. 

Sipunculans have long been considered as 
osmoconformers or simple osmometers. 
However, limited volume regulation has been 
demonstrated in Phascolopsis gouldii, which 
is able to recover partially the weight lost in 
dilute solutions (cf. Oglesby, 1982). This 
limited regulation has been attributed to medi- 
ation by gut and nephridial salt los.scs. 
Through histochemical analyses, Serrano 
(1987) found Na"^, and K^-ATPases to be 
localized in the basal infoldings of the duct 
epithelium. However, Pinson (1990), in mea- 
surements of Na"^, K'*'-ATPase activity in 
Themiste alulacea, was unable to demonstrate 
activity at reduced salinities. 

NERVOUS SYSTEM 

The central nervous system of sipunculans 
consists of a bilobed supraesophageal gan- 
glion or brain, circumesophageal connec- 
tives, and a ventral nerve cord (Fig. 149). 
Circumesophageal connectives emerge from 
either side of the brain, encircling the esopha- 
gus to join the ventral nerve cord which is 
unsegmented and unpaired. Extending the 
length of the body, the nerve cord gives off 
lateral nerves that may be opposite, alternate, 
or of irregular arrangement and that supply 
the body wall, digestive system, and a subepi- 
dermal plexus. Nerves from the esophageal 
connectives supply the tentacles, esophagus, 
and retractor muscles. The brain also gives off 
nerves to the tentacles and surrounding mus- 
culature, as well as to the sensory organs of 
the head (e.g., nuchal organ). Although there 
have been many anatomical and histological 
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Fig. 149. Diagram of llic brain (cerebral organ) and anterior 
ventral nerve cord of a sipunculan. CHC. eircumesophageal 
connective: Esl, H.s2. esophageal ner\'es; Nuc. nuchal organ 
nerves; OcT. ocular tube; Retl, Ret2. retractor mu.scle nerves; 
Tenl. Ten2. tentacle nerves; VNC. ventral nerve cord and lat- 
eral nerves. (Modified from Âkesson, ]95&.) 

accounts of the sipunculan nervous system in 
the older literature (for review, .see Hyman, 
1959; Tetry, 1959; Bullock and Horridge, 
1965), the most recent comprehensive treat- 
ment is that of Âkesson (1958). In a compara- 
tive study of the nervous systems ol' 14 spe- 
cies, representing eight genera, Âkesson 
describes morphology and histology of the 
cerebral ganglion and connected sensory or- 
gans and of the peripheral nervous system, 
including epidermal organs and nerve plex- 
uses of the intestine and retractor muscles. 
The only ultrastructural information is that on 
the "regeneration cells" of the ventral nerve 
cord (Storch and Moritz, 1970), sensory eye 
spots with notations on the brain capsule and 
cerebral organ (Hermans and Eakin, 1969, 
1975), ventral nerve cord and various periph- 
eral nerves (author's observations), and the 
larval terminal organ with sensory compo- 
nents (Ruppert and Rice, J983). 

Ventral Nerve Cord 

Covered by peritoneum and connected to 
the body wall by its lateral nerves and occa- 

sionally by an anterior mesentery, the ventral 
nerve cord varies in form and size throughout 
its length, being best developed anteriorly, 
often becoming thinner and somewhat flat- 
tened posteriorly (Figs. 2, 10-15). In Sipun- 
culiis nudus it has a posterior swelling, some- 
times referred to as a terminal ganglion, 
associated with a terminal secretory organ. 
The anterior nerve cord is accompanied on 
either side by longitudinal paraneural muscles 
that are reduced posteriorly and fused to form 
a weak dorsomedian muscular sheath 
(Figs. 150, 151) or, in the case oïSipunculus 
nudus, incorporated into the longitudinal 
muscle bundles at the level of the nephridium. 
The nerve cord is encompassed by a connec- 
tive tissue sheath underlying the peritoneal 
covering. Fiber tracts are dorsal and nerve 
cells are ventral, being evenly distributed 
along the length of the cord with no evidence 
of ganglionic aggregations (Figs. 150, 151). 
Electron microscopy reveals an elaborately 
developed peritoneal covering, consisting of 
multiple layers of membranes of peritoneal 
cells (Figs. 152-154). \\\ Nephasoma pellu- 
cida, the number of membrane layers can 
vary from 7 to 12; they appear more closely 
compressed on the ventral than the dorsal side 
(Fig. 152). To the inside of the peritoneum is 
a densely fibrillar, narrow sheath that expands 
laterally to surround the cells of the paraneu- 
ral muscles. Fiber-containing glial cells occur 
within and at the peripheiy of the cord. They 
are distinguished from the neurons by denser 
nuclei and large cytoplasmic granules. Their 
cytoplasmic extensions course throughout the 
cord, dividing it into what may be functional 
areas or tracts of axons. Less dense than other 
bodies within the cord, the axons possess 
some mitochondria, granules of varying size, 
small fibers, and microtubules that could 
function in the transport of synaptic vesicles. 
Cytoplasm of the neurons, located in the ven- 
tral and ventrolateral regions of the cord, con- 
tains abundant organdíes, including Golgi 
bodies and numerous mitochondria in the vi- 
cinity of the nucleus. The sheath of the nerve 
cord of Thcmiste lagenifonnis is broader than 
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that 0Ï Nephasoma pellitcida, the fibrous ma- 
terial less compact, and the overlying perito- 
neal membranes in more meandering and ir- 
regular layers (Figs. 153, 154). Glial cells arc 
scattered in the sheath, as well as within the 
cord. 

Although not distinguished in the ultra- 
structural observations of Nephasoma pcUii- 
cida and Themiste ¡ageniformis, a ventrome- 
dial string of cells, designated as regeneration 
cells, has been identified in histological prep- 
arations of the nerve cord of many species (cf. 
Àkcsson, 1958). An ultrastructural study of 
regeneration in PhascoUon stromhus (Storch 
and Moritz, 1970) described the regeneration 
cells of the nerve cord as being filled with 
characteristic dense membrane-bound gran- 
ules of 500 nm in diameter with large, rela- 
tively chromatin-rich nuclei (Fig. 155). 
Among the granules are glycogen rosettes and 
fiber bundles, other organdíes being reduced. 
After amputation of the introvert these cells 
migrate from the nerve cord to the site of the 
wound. Migrating cells are characterized by a 
cytoplasm rich in glycogen and lipids. At re- 
generation, the granular inclusions undergo 
dissolution, forming fibrils that are released 
into the extracellular space. The more distal 
cells in the regenerating clump eventually de- 

Figs, LSO, I:) I. L.ight micrographs of vcnlrnl nerve cord ot 
Ni'phiisoina pcllmkh. Transverse sections from inlroverl 
(Fig. 150) and trunk (Fig. 151). Nerve cell bodies (NC) are 
situated on the ventral side of the ventral cord; nerve fibers (NF) 
are dorsal. The cord, covered by peritoneum (Pe), is ellipsoid in 
the introvert, beeoining more spherical posteriorly. Paraneural 
muscles (M) are lateral to the cord in the inlroverl, but join 
dorsally in the trunk. x,S12. 
Fig. \52. electron micrographie montage of partial transverse 
section of upper region of ventral nerve cord of Ncpluisomu 
pellucidii. GC". glial cell nucleus; M. paraneuntl muscles; NC. 
nerve cell bodies; Po, peritonea! covering (layers of membranes 
of peritoneal cells). Cytoplasmic processes of the glial cells 
appear as dense bands throughout the fibrous poriion of the 
cord. Axons of the fibrous portion are less dense spherical bod- 
ies containing small fibers, some dense granules and milochon- 
dria. x2,940. 
Fi^s. 153, 154. yQn\rá\ n^vwt cora 0Ï Themiste lageniformis. 
TFM. 
Fig. 153. Section through dorsal fibrous portion of cord, 
showing connective tissue sheath (CT) with glial cells (GC) and 
peritoneal covering (Pe). X2,375. 
Fig. 1.54. Section through ventral portion of cord at site of 
nerve cell bodies (NC), connective tissue sheath (CT), and over- 
lying peritoneum (Pe). X2,625. 

^ 

m^m'm^^'^ 

Fig. 155. Regeneration cells (R) in the venlral nerve cord of 
Phascolioii siritmhiis. Charaeterislieally packed with electron- 
dense granules, regenerativen cells occur in a ventromedial siring 
in the cord, beneath the fibrous portion (NF). They migrate from 
the nerve cord to the site of legeneratijig tissue. TFM. X5,76(). 
(From Storch and Moritz. 1970.) 

velop apical microvilli and become connected 
by desmosomes as the cuticle develops from 
the extruded fibrils at the apical border of the 
cells. 

Nerves 

Lateral nerves arise from the nerve cord as 
several roots that join and pass into the body 
wall through the longitudinal musculature to 
the inner side of the circular muscle layer 
where, between the two muscle layers, they 
form a plexus of large nerves. These nerves 
radiate inwardly to form a plexus beneath the 
peritoneum and outwardly to form a subepi- 
dermal plexus. Epidermal organs are inner- 
vated from the latter plexus. There is a similar 
plexus in the connective tissue layer of the 
digestive tract as well as on the surface of the 
retractors and all other structures covered 
with peritoneum. 
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Figs. 156-159.    Sipunculan nerves. TEM. 
Fig.   156.    Cross section of lateral nerves in ihe coeiom of 
Nepliasoma pellucida.  Nerves are ensheathed by connective 
tissue (CT) covered by layers of peritoneal membranes (Pe). 
X 3,040. 
Fig.  157.     Nerves within dermis in body wall of Phascolion 
crypiiis. Cu, cuticle; D, dermis; Ep, epidermis; N, nerve; M, 
muscle. X5.760. 

Fig. 158. Nerve (N), ensheathed by glial cells (GC), in basal 
connective tissue (CT) of esophagus of Phascolosonm varions. 
X2,280. 
Fig. 159. Ner\'es (N) within connective tissue (CT) of esopha- 
gus oiTliemisle lageniformis. Note hemerthrocyle-like cells (H) 
and peritoneum (Pe). x2,280. 

Extending out from the nerve cord to en- 
close the lateral nerves are the connective tis- 
sue sheath and its many-layered peritoneal 
covering (Fig. 156). This investment may 
serve to minimize disturbance and provide 
support for the nerve within the coelomic cav- 

ity. When the nerves enter the body wall this 
covering is lost, probably fusing with the peri- 
toneum lining the inner body wall. Nerves 
within the extracellular connective tissue 
compartments of any organs, e.g., body wall 
or digestive tract, are surrounded by support- 
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ive glial cells (Figs. 157-159). These cells 
have large electron-dense granules, as in the 
glial cells of the nerve cord, and lipid-like 
cytoplasmic inclusions (Figs. 157, 158). The 
axons composing the nerves have smaller 
electron-dense granules and small vesicles. 
Along the length of the spindle muscle, which 
runs through the center of the intestinal coil, 
there is a prominent longitudinal nerve ac- 
companied by many smaller nerves. The lat- 
ter send branches to the mesentery that Joins 
the muscle and intestine. 

Brain 

Also known as the cerebral ganglion or the 
supraesophageal ganglion, the brain is situ- 
ated at the base of the tentacles dorsal to the 
anterior esophagus or pharynx (Fig. 160). It is 
embedded in a capsule of connective tissue 
that is enclosed ventrolatcrally by the anterior 
attachments of the retractor muscles 
(Fig. 161). Within the connective tissue ven- 
tral to the brain is the subcerebral sinus (ring 
canal), which is part of the tentacular system 
and continuous with the tentacular canals. At 
the anterior margin of the brain and separated 
from it by the connective tissue capsule is the 
cerebral organ of uncertain function 
(Figs. 149, 160, 162). Ocular tubes, in many 
species, extend inward into the cerebral gan- 
glion from either side of a transverse furrow 
located dorsal and lateral to the cerebral or- 
gan. In species of Sipunculus the brain and 
cerebral organ are sunken posteriorly from the 
tentacles and connected to the exterior by a 
cerebral pit or tube (Fig. 163). The extent of 
this separation varies among different species 
and genera. Dorsal to the cerebral organ or 
cerebral pit is the nuchal organ, a specialized 
sensory structure. 

Although there is considerable variation 
among species in the histological structure of 
the brain, from simple to complex organiza- 
tion, the basic structure consists of a central 
core of fibers, termed the neuropil, sur- 
rounded by neurons. The size and cytology of 
the neurons vary with the degree of differenti- 
ation in the species. Common to all, there are 

Fig. I6Ü. Diagram of the sipunculan head in sagittal section. 
Br. brain or cerebral ganglion; CcK). cerebral organ: Hs. esoph- 
agus; Np, neuropil ol brain; NucO, nuchal organ; RM. retractor 
miLScle; Ten. tentacles; VNC. ventral nerve cord. (Redrawn 
from Ákcsson, m.'îH.) 

unipolar, bipolar, and multipolar cells. Bipo- 
lar cells are associated with sensory organs 
and multipolar cells, usually in the postero- 
median brain, are reported to be neurosecre- 
tory. In the more highly differentiated brain of 
Sipunculus iiiidus (Fig. 163), the unipolar 
cells are further differentiated into small cells 
with little nuclei, forming cell masses that are 
concentrated as dorsolateral globuli. Axons of 
the globuli are fused in bundles of glomcrulus 
structure, resembling the corpora pedunculata 
of polychaetes. Bipolar cells are found at the 
base of the digitate processes, a papillate or- 
gan described by Âkesson (1958) as neurose- 
cretory. Occurring in species of Sipunculus 
and Xenosiphon, it is situated at the antero- 
dorsal part of the brain and extends into the 
coelom. 

No information is available on the ultra- 
structure of the brain, except for notations on 
the brain capsule and cerebral organ made by 
Hermans and Eakin (1975) in their electron 
microscopic study of photoreceptors in the 
brain. They reported banded connective tissue 
fibers and muscle fibers in the brain capsule 



Fig. 161. Light micrograph of parasagiltal section (1 M-rn 
Ihrck) of brain of Phascolosomn agassizii. BC, brain capsule; 
Co. coelom; CS, subcerebral sinus; M, muscle; Mo. moulh; Np, 
neuropil of brain; OC, ocellus; Ten. tentacle; TS, tentacular 
system. x240. (From Hermans and Eakin, 1975.) 

Fig. 162. Cerebral otgnnoiPhascolosomaagassizii. Cu, culi- 
ele; Mi, microvilli; Tf, lonofilainenl; TW. terminal web. Arrow 
indicates zonula adherens. TEM, x22,000. (From Hermans and 
Eakin. 1969.) 
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Fig. 163. Drawing of longiludinaj scclion of Ihe brain oí Sip- 
umulus niidus. Cer(). cerebral organ; Com. comnii.ssiire; NCI, 
small unipolar nerve cells; NC2, bipolar nerve cells; NC.^. gianl 
mullipolar cells; Np. neuropil; Pap. papillate organ or "digilate 
processes." (Redrawn from MelalnikolT, 19Ü0.) 

and tonofilaments of glial cells in nerves tra- 
versing the capsule (Fig. 164). They further 
described the cells of the columnar epithelium 
of the cerebral organ as having highly convo- 
luted cell membranes joined apically by 
zonula adherens, forming a terminal web 
across the apex of the cell, followed by sep- 
tate junctions in the more convoluted area 
(Fig. 162). Cell surfaces bear microvilli, of- 
ten bifurcated; tonofilaments extend into the 
microvilli and end in hemidcsmosomes. 
Akesson (1958) considers the cerebral organ 
as a rudiment of a larval secretory organ of 
unknown function in the adult. 

Sensory Organs 

Prominent sensory organs associated with 
the head region in most sipunculans arc the 

nuchal organ and photoreceptors. Tentacles 
are well innervated in all sipunculans, and 
those in Sipunculus nudus have been reported 
to have eyespots (Akesson, 1958). Other sen- 
sory organs, associated with the epidermal 
organs, have been discussed in the previous 
section on the body wall. 

Nuchal organs are lobulated, ciliated epi- 
thelial thickenings situated dorsal to the cere- 
bral organ or pit (Figs. 165-170). Composed 
of secretory columnar epithelial cells and un- 
derlying loose connective tissue, they arc in- 
nervated by nerves from the anterior brain. 
Small clusters of cells or ganglia along the 
branches of the nerves may represent bipolar 
sensory cells. In some species the bipolar 
cells are incorporated into the brain, the ter- 
minal receptors of the cells ending in the 
nuchal organ (Akesson, 1958). The function 
is presumed to be chemoreception, but ultra- 
structural and physiological studies arc lack- 
ing. Form, size, and lobulation of nuchal-or- 
gans vary among different species 
(Figs. 165-170). In Aspidosiphonidae and 
Phascolosomatidac the organ fills the dorsal 
space within the U-shaped tentacular crown, 
appearing in Aspidosiphon brocki and Phas- 
colosoma perlucens as a simple ciliated pad 
(Figs. 165, 166). The nuchal organs of Goll- 
ingiidae, Phascolionidae. and Themistidae 
are outside and slightly below the circle of 
tentacles. The organ of Nephasoma pellucida 
is distinctly bilobcd, each lobe with a median 
furrow (Fig. 167), and that of Themiste la- 
geniformis multilobed, divided by numerous 
furrows (Figs. 169, 170). In contrast, the 
nuchal organ of Phuscoliou cryptus is a cili- 
ated band with numerous longitudinal furrows 
that encircles the dorsal half of the head be- 
tween the primary and secondary tentacles 
(Fig. 168). 

A morphological series of photoreceptors 
or ocelli, from simple invaginations into the 
cerebral ganglion to a more complex optic 
tube with vesicular swelling and refractive 
body have been described and compared by 
Akesson (1958) in comparative light micro- 
scopic studies of 14 species (Fig. 149). Inter- 
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Fig. 164. Brain capsule of Phascolosoma af-nssizii. Co, coelom; CT, connective tissue; M. muscle fibers; 
N, nerves traversing capsule; Pe, peritoneum; Tf, tonofilament.s in glial cells of nerves. Parasagittal section. 
TEM. X3,000. (From Hermans and Eakin, 1975.) 
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Figs. 165-170. Heads of siputiculans to show nuchal organs 
and compare Iheir form and position relative to tentacles in five 
species, representing five families. Organs are located dorsaUy 
on the head. Arrows point to nuchal organ of each species. 
SEM. 
Fig. 165. Aspidosiphon brocki. Nuchal organ is a ciliated pad 
within the dorsal arc of tentacles. x26l. 
Fig. 166. Phascolosoma perlucens. Apical view of head, 
.showing mouth (Mo) and nuchal organ (arrow) in an arrange- 
ment similar to Aspidosiphon brocki. x 111. 

Fiü.   167.    Nephasoma pellucida.  Nuchal organ is bilobed. 
x%. 
Fig. 168.    Phascoiion nyplus. Nuchal organ is a ciliated, lob- 
ulated band encircling the dorsal side of the head between the 
upper primary and lower secondary tentacles. Primary tentacles 
surround ihe mouth (Mo). x5ü. 
Fig. 169.    Thcmiste la^enifonnis. The multilobed nuchal organ 
is outside and below the circle of tentacles. x80. 
Fig.   170.    Enlargement of Fig.   169.  showing cilialion of 
nuchal organ and position of cerebral organ (CerO). x200. 
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mediate in the sequence of photoreceptor 
comiplexity is Phascolosoma agassizii, sub- 
ject of ultrastructural studies by Hermans and 
Eakin (1969, 1975). In this species ocelli lie 
at the distal ends of optic tubes that connect to 
the exterior on either side of the cerebral or- 
gan (Fig. 161). The cuticle continues into the 
tube, forming an interior lining. The ocellus is 
composed of two types of columnar cells: 
supportive and photoreceptive (Fig. 171). 
Cells lining the tube share characteristics of 
both cell types. The supportive cells, contain- 
ing an abundance of melanin-like granules, 
comprise the pigment component of the ocel- 
lus. The cells are elongate with truncated api- 
ces from which long microvilli extend into the 
cuticular layer of the lumen. Bundles of tono- 
filaments pass longitudinally through the cell 
and into the apical microvilli. Expanded api- 
ces of neighboring photoreceptor cells may 
overlie the truncated apices of the pigmented 
supportive cells (Fig. 172). The widest part of 
the supportive cells is near the apex, the ta- 
pered base extending between the bases of the 
photoreceptor cells. The nucleus is more 
chromatin rich than that of the photoreceptor 
cell and located more apically. The pigment 
granules, about 0.7 [Jim in diameter, are mem- 
brane bound and in greatest numbers in the 
widest part of the cell, between the nucleus 
and apex. Although occasional basal bodies 
occur near the apical surface, no cilia are 
present. There is often a prominent Golgi ap- 
paratus. 

Interspersed among the pigmented support- 
ive cells, the photoreceptor cells are distin- 
guished by their numerous microtubules, lack 
of pigment, and their expanded apices, which 
spread out into the lumen of the ocellus, bear- 
ing at least one cilium per cell, usually to one 
side, and an abundance of microvilli distrib- 
uted irregularly over the surface (Figs. 172, 
173). The latter are presumed to be the photo- 
receptive component. The shaft of the cilium 
is recessed into the cytoplasm, the tip project- 
ing beyond the cuticle into the lumen. The 
ciliary structure is variable, ranging from 
eight   doublets   of   microtubules,   arranged 

within an axoneme, around one in the center 
to nine peripheral doublets around a central 
pair. 

The photoreceptor cells are about 30 [xm in 
length, continuing basally as axons that asso- 
ciate with the neurons and glial cells of the 
brain. The cells are widest, óp-m, at the level 
of the nucleus toward the basal part of the 
cell. The narrower portion, toward the apex 
and between the widest and most heavily pig- 
mented part of the supportive cells, is 1-2 |jim 
in diameter and termed the shaft. In the shaft 
region are numerous longitudinally oriented 
microtubules that project into the expanded 
apices of the cell. 

Photoreceptor eel Is are joined with support- 
ive cells near the margin of the lumen of the 
ocellus by zonulae adhérentes and more dis- 
tally by septate junctions. The cytoplasm of 
the perinuclear region is marked by many 
small mitochondria, Golgi complexes, and 
endoplasmic reticulum. Combining features 
of both the photoreceptor cells and the sup- 
portive cells, the cells lining the ocular tube 
possess cilia, sometimes several per cell, 
tonofilaments, and microtubules. The cuticu- 
lar mass within the tube is fenestratcd with 
channels and spaces, allowing the passage of 
seawater through the tube into the lumen of 
the ocellus. 

Evidence for a light-sensitive function of 
this organ is found in its similarity in mor- 
phology and fine structure to those of anne- 
lids, molluscs, and arthropods whose function 
is more certain (Hermans and Eakin, 1969, 
1975). The extensive microvilli of the pre- 
sumed photoreceptive cells in Phascolosoma 
agassizii resembles that in other described 
rhabdomeric photoreceptors of protostomes. 
The cilia, although present, do not show the 
membranous elaborations typical of ciliary 
photoreceptors. Experimental evidence that 
sipunculans respond to light has been reported 
by Peebles and Fox (1933) for Themisle zos- 
tericola. In response to bright light, sipuncu- 
lans withdrew the introvert; moreover, the 
dorsal side, the site of the ocelli, proved more 
sensitive than the ventral side. 
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Fig. 171. A .sagillal section Ihrimgh Ihc ocellus of Phtiscolosomii ai;(issizii. showing photorcceplor cells 
(RC) and granule-packed supportive cells (SC). The ocellus is lined by a massofculiclc (Cu). microvilli. and 
cilia. Supportive cells have elimgale microvilli. containing bundles of tonofilamcnts (TO. TBM. x4,9(X). 
(From Hermans and B;ikin, 1969.) 
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Fig. 172. A longitudinal seclion of a pholoreceptor cell al the margin of the ocellus of Phascolosoma 
agassizii. Mi, microvilli at apex of pholoreceptor cell; RN, nucleus of pholoreceptor cell; SN, nucleus of 
supportive cell; Tf, tonofilamenl. TEM. X4,700. (From Hermans and Eakin, 1975.) 
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Fig. 173. An oblique section through Ihe apices of a photoreceptor cell (center) and two supportive cells in 
the ocellus of Phascolosoma agassizii. showing basal body of cilium (Ci) and microtubules (Mtb) of the 
receptor cell and lonofilaments (TO and pigment granules (PG) of Ihe supportive cells. Arrows point to 
zonulae adhérentes. TEM. x27,000. (From Hermans and Eakin, 1969.) 

REPRODUCTIVE SYSTEM 

Sipunculans are dioecious with the excep- 
tion of one known hermaphroditic species, 
Nephasoma {=Golfingia) minuta (Akesson, 
1958), Commonly, eggs and sperm are 
spawned into the seawater, where fertihzation 
takes place. Males and females usually occur 
in equal numbers, but there is one reported 
parthenogenic species, Themiste lageni- 
formis, in which only 4% of the population is 
males; in this species eggs are able to develop 

in the absence of sperm (Pilger, 1987). Other 
examples of unusual sex ratios are summa- 
rized by Rice (1975). Asexual reproduction 
by transverse fission or budding has been re- 
ported in two species (cf. Rice, 1975, for 
review). 

Gonad 

There is no external sexual dimorphism in 
sipunculans. Internally, the gonad, either 
male or female, is located at the base of the 
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ventral retractor muscles as a narrow, digi- 
tated band of tissue, extending from the lat- 
eral edge of one muscle, under the ventral 
nerve cord, to the lateral edge of the other 
muscle (Figs. 2, II, 13, 14). It is attached to 
the muscle by a strand of peritoneal mesentery 
that continues from the peritoneal lining of the 
muscle to surround the gonad (Fig. 174). 
Early differentiation of gametes occurs within 
the gonad, after which they are released into 
the coelom as freely suspended cells to com- 
plete their development (Figs. 175-182). 
Spermatogonia differentiate into early sper- 
matocytes before their release as loosely asso- 
ciated clumps; oocytes are released at the 
diplotene stage of the first meiotic prophase. 
In a cytologicai study of oogénesis in Golfin- 
gia vulgaris, Gonse (1956a) reported seven 
stages from proximal to distal regions of the 
ovary, ranging from the more proximal oogo- 
nia, resembling peritoneal cells, through vari- 
ous transitional stages marking the leptotene, 
zygotene, pachytene, and, finally at the distal 
border, the diplotene stage of the first meiotic 
prophase. The origin of germ cells has not 
been resolved. Several authors have noted 
similarities of early oogonia and/or sper- 
matogonia to peritoneal cells (cf. Rice, 1975, 
for review; Klepal, 1993). Gerould (1906) re- 
ported "reproductive cells" at the base of ven- 
tral retractor muscles in larvae of Golfingia 
vulgaris and Phascolopsis gouldii at 2-3 
weeks of age, but he did not determine their 
embryological derivation. 

Coelomic Oogénesis 

Oocytes commonly break off from the 
ovary in small clumps of 10 to 20 cells, inter- 
spersed with peritoneal cells (Fig. 175). The 
clumps are soon dispersed into individual 
cells, each covered by a thin layer of small 
follicle cells, presumed to be derived from 
peritoneal cells (Figs. 176, 177). As the 
oocytes grow within the coelomic cavity, the 
follicle cells are lost (Fig. 178). Exceptions 
are found in species studied in the family 
Phascolosomatidae, in which oocytes detach 
from the ovary as single cells that lack follicle 

:^ 
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Fig. 174. Light micrograph of the ovary of Phascolosoma 
agassizii. showing a gradient of stages in the first meiotic 
prophase from proximal to distal ends. Note the niesenteric 
attachment to the ventral retractor muscle (VRM) with the cen- 
tral core of connective tissue (CT). Sagittal section (I |xm thick). 
X342. (From Rice. 1974.) 

cells (Figs. 179-182). (Rice, 1974, 1975, 
1983). During growth and development in the 
coelomic cavity, oocytes of species of Phas- 
colosomatidae and Aspidosiphonidae are ex- 
ceptional in that they change from spherical to 
ovoid in shape. In Phascolosoma agassizii, 
oocytes transform into flattened ellipsoids, 
manifesting a polarity and symmetry while 
developing as freely floating cells in the co- 
elomic fluid (Figs. 179-182). Oocytes of 
other species studied maintain a spherical 
shape throughout the period of coelomic 
growth (Figs. 175-178). 

In the most comprehensive study of coelo- 
mic    oogénesis    in    sipunculans,    Gonse 

Í 
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Figs. 175-182,     Light micrographs of developing stages of living cocloniic oocytcs. Hemcrythrocyles are 
seen in the bael<groun<l out of focus. Fc, follicle cells. Scale, 2,5 jjLm, (From Rice. 1974. 1975.) 
Figs. 175-178.    Golßiii;ra piifieitcnsis. 
Figs. 179-182.    Phaxcoloxoimi agassizii. 

(1956a,b, 1957a,b) investigated cytological, 
cytochemical, and physiological properties of 
coelomic oocytes in Golfingia vulgaris. In cy- 
tological and cytochemical studies, based on 
light microscopic techniques, he devised cri- 
teria for developmental stages, reviewing the 
process of vitellogenesis and the sequence in 
appearance and position of carbohydrates, 
lipid bodies, and proteinaceous yolk granules. 
He further demonstrated two peaks in exoge- 
nous respiration during coelomic oogénesis, 
the eadier corresponding to the beginning of 
carbohydrate synthesis and both correspond- 
ing to periods of high concentrations of ribo- 
nucleic acid, coupled with metabolism of 
hexoses and pentoses (see Rice, 1975, for 
reviev/). 

The only ultrastructural studies of coelomic 
oogénesis in sipunculans are those of Sawada 
et al. (1968) and Sawada (1975), which con- 
centrated on Golfingia ikedai, but included 
notations on Phascolosoma scolops and Si- 
phonosoma curnanense. These observations 
are summarized in Figure 183. Prominent mi- 
crovilli and the presence of numerous periph- 
eral endoplasmic vesicles are presumed to 
provide the mechanism for nutrient uptake 
from the coelomic fluid. Two types of yolk 
granules, increasing in number with the 
growth, were noted: one formed in associa- 
tion with the Golgi apparatus and the other 
with mitochondria and endoplasmic reticu- 
lum. Formation of the egg envelope, absent in 
the earliest stage, was proposed to result from 
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Fig. 183. Schematic representation of the growth of oocyte.s in Golfingia ikedai, based on electron 
microscopic observations. C, chorion or egg envelope; DS. diffused substances; EV, endoplasmic vesicles: 
F, follicle; G, Golgi body; IM, inner membrane; i. jelly layer; M, mitochondria; N, nucleus; OM. outer 
membrane; PM, plasma membrane; PV, pinocylotic vacuole; R, ribosome cluster; RER, rough endoplasmic 
reticulum; V, microvillus; Y, yolk granule. (From Sawada et al., 1968.) 

precursor substances extruded from the cell 
surface and condensed in succession to form 
the numerous layers. The fully formed egg 
envelope of Golfingia ikedai consists of three 
primary layers, the middle of which is subdi- 
vided into 14 layers. Microvilli extend 
through pores in the egg envelope to the sur- 
face of the egg, often branching at the sur- 
face. This basic structure is characteristic of 
all sipunculan eggs. In Phascolosoma agas- 
sizii, as in most species of Phascolosomatidae 
and Aspidosiphonidae, there are only three 
layers, the middle layer lacking subdivisions 
(Fig. 184) (Rice, 1989). 

Coelomic Spermatogenesis 

Spermatocytes break off from the testis as 
loosely associated clumps of cells that un- 
dergo meiosis and differentiate into sperma- 

tids while floating as cell clusters in the coelo- 
mic fluid (Figs. 185, 186). The spermatid 
clumps of some species (e.g., Golfingia 
pugettensis, Themiste pyroides, Themisle alu- 
tacea) break up into individual sperm, re- 
maining as free cells in the coelom for pro- 
longed periods, whereas in other species, 
such as many species of Phascolosomatidae, 
they do not separate until immediately before 
uptake into the nephridia and spawning. Ma- 
ture spermatozoa of sipunculans are of the 
primitive type, as classified by Franzén 
(1956). They are essentially similar in form, 
consisting of a rounded head, a short mid- 
piece with mitochondrial spheres, and a long 
filamentous tail (Fig. 187) (Rice, 1989). 

Electron microscopic investigations of 
spermatogenesis have been carried out on 
three species of sipunculans: Golfingia ikedai 
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Fig. 184. Developing coelomic oocyle of Phuscolosomu anussizii. showing three layers of Ihe egg 
envelope: oulcr (0). middle (M). and inner (I). Note microvilli (Mv) extending through Ihe pores of the egg 
envelope, fuzz (F) on the outer surface of Ihe envelope, small lipid bodies (L). and heterogeneously stained 
yolk granules (Y). TEM. Scale, approximately I (xni. (From Rice. 197.').) 

(Sawada, 1980), Aspidosiphon muelleri (Kle- 
pal, 1993), and PhascoUon cryptus (Reunov 
and Rice, 1993). The process of coelomic 
spermatogenesis in Golfingia ikedai is sum- 
marized in Figure 188. In this species the 
flagellum begins to develop in the early sper- 
matid after the second meiotic division and 
the condensation of the nuclear material. At 
this stage many Golgi bodies appear and give 
rise to preacrosomal vesicles. The smaller 
vesicles fuse to form a larger curved acroso- 
mal vesicle with an aggregate of small dense 
particles, the subacrosomal substance, on the 
concave side. As the mature sperm takes 
shape, the acrosomal vesicle, formed in the 
tail region, moves to the apical region above 

the nucleus, and the numerous small mito- 
chondria fuse to four large structures at the 
base of the flagellum. A peculiar annular 
structure is noted around the ba.se of the tail in 
Golfingia ikedai. 

In Aspidosiphon muelleri, Klepal (1993) 
has observed beginning spermiogenesis in the 
zygotene stage of the primary spermatocyte 
within the gonad. Associated within one re- 
gion of the cell are the centrioles, Golgi appa- 
ratus, stacks of rough endoplasmic reticulum 
membranes, proacrosomal vesicle and dense 
amorphous bodies, probably lipid (Fig. 192). 
Also observed at this stage are the characteris- 
tic synaptonemal complexes (Fig. 193). A 
close association of the early spermatogonia 
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Fig. 185.    Light micrograph of coelomic sperm piales of P/iof- 
colosoma turnetae. X373. 
Fig. 186.    Lighl micrograph of coejomic spermalid clusters of 
Apionsoma misakiano. X373. 
Fig. 187.    A mawre spermatozoan oí Apionsoma misakiana. 
SEM. X 10,000. 

and the peritoneum around the gonad suggests 
an interactive role and possible nutritive func- 
tion (Figs. 189-191). Cytoplasmic processes 
of the peritoneal cells extend between the 
spermatogonia, and vesicles from these pro- 
cesses are also seen within the cytoplasm of 
the spermatogonia. At the time of detachment 
from the gonad, spermatocytes lose their con- 
tact with the peritoneal cells, but are often in 
association with granulocytes (Fig. 194). 

Spermatogenesis in Phascolion cryptus dif- 
fers in that both primary and secondary sper- 
matocytes are connected by intercellular 
bridges, as are the later spermatids (Fig. 195) 
(Reunov and Rice, 1993). Cells within the 
clusters are tightly bound and develop syn- 
chronously. Primary spermatocytes are ap- 
proximately 3-3.5 |jLm in diameter, whereas 
secondary spermatocytes are somewhat 
smaller and slightly ovoid, ranging from 2.5 
to 3 |xm. Spermatids develop fully formed 
flagella and, at this stage, the acrosomal vesi- 
cle moves to the apical region of the nucleus 
(Figs. 196-198). Mature sperm remain in 
clusters; their flagella are active and propel 
the clusters through the coelomic fluid. The 
flagellum, surrounded at its base by five mito- 
chondria, has the standard set of axonemes 
(9 + 2) (Figs. 199, 200). The rather elongate, 
conical head is 3 \x.m in length. The mature 
sperm of Aspidosiphon muelleri differs in 
having a more rounded head of approximately 
3 |xm in diameter and a length (including mid- 
piece) of 4 |jLm. The nucleus is characterized 
by an apical indentation that is filled by an 
extension of granular postacrosomal material 
(Fig. 201). On the basal side of the nucleus 
there are four to five mitochondria, at least 
one amorphous lipid-like body, and a pair of 
centrioles at right angles to one another. 
Along the length of the distal centriole is a 
pcricentriolar complex, which serves as an 
anchoring fiber apparatus (Fig. 202). Extend- 
ing from the centriole are nine primary pro- 
cesses, each of which gives rise to two sec- 
ondary processes that insert on an annulus. It 
has been suggested that such a perinuclear 
complex, also found in other invertebrates, is 
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Fig. IS8. Diagram of coelomic spcrmalogcnesis in G(>llhi¡;ki ikcdai. An, annulus; AV, acrosonial vesicle; 
Ax. axonerne of t'lagcllum: CB. cylopla.sniic bridge; Cn. cenlriole; GA. Golgi apparaliis; Ml. milochondria; 
Nu. nucleus; PV, preacrosomal vesicles; SAS, subacrosomal substance. (Redrawn from Sawada. 1980.) 

associated with sperm having short, rounded 
heads (cf. Gardiner and Jones, 1985). 

Maturation and Fertilization 

Maturation of the oocytc commonly begins 
in the coelom with the breakdown of the ger- 
minal vesicle immediately before uptake into 
the nephridium prior to spawning. Exceptions 
have been observed in Sipunculus nudus on 
occasional spawnings of eggs with intact ger- 
minal vesicles (Rice, 1989). The egg is gener- 
ally spawned at the first meiotic mctaphasc, 
and maturation is completed after sperm 
penetration (Figs. 199-204) with the extru- 
sion of the first and second polar bodies 
(Figs. 205-211). Sperm penetration occurs by 
the formation of a hole in the thick egg enve- 
lope. Examined with light microscopy, the 

egg envelope and cortical cytoplasm in con- 
tact with the tip of the penetrating sperm 
showed an increased homogeneity. The 
sperm entry hole in the egg envelope persists 
for several days in the developing embryo 
(Rice, 1989). 

As observed by Nomarski optics in living 
eggs of Apionsoma misakiana, sperm pene- 
tration is followed within 10 minutes by a 
withdrawal of the egg cytoplasm from the egg 
envelope at the vegetal pole and the migration 
of the mctaphasc spindle from a central posi- 
tion toward the animal pole (Fig. 209). 
Within 55 minutes, after release of the first 
and second polar bodies, the female pronu- 
cleus is formed, completing maturation of the 
egg (Figs. 210-212). The male pronucleus 
was first distinguished in the center of the egg 
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Figs.    195-198.    Spermatogenesis   in   PhascoUon   cryplm. 
TEM. (From Reunov and Rice, 1993.) 
Fig. 195.    Secondary spermatocytes connected by intercellular 
bridge (arrow), x 10,560. 
Fig. 196.    Section through spermatid cluster. Cn, centrioles; 
Nu, nucleus; PV, proacrosomal vesicles; T, tail, x 11,645. 
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Fig. 197. Section through spermatid with flattened acrosomal 
vesicle (AV) in basal region, x 16,790, 
Fig. 198. Section through spermatid with acrosomal vesicle 
(AV) in the apical region. Mt. mitochondrion; Nu, nucleus. 
X 17,760. 

Figs.  189-194.    Spermatogenesis in Phascolosoma granula- 
tum. TEM. (From Klepal, 1993.) 
Fig. 189. Section through spermatogonia A, in ovary, sur- 
rounded by peritoneal cells (pi). NucleoU (n) and plaques of 
karyoplasm (p) are at the periphery of the nucleus. x2,600. 
Fig. 190. Section through spermatogonia A, showing mito- 
chondria (m), sometimes connected by bars (b) and cytoplasnúc 
processes (cp) of peritoneal cells. X49,000. 
Fig. 191. Section of spermatogonia B, separated by cellular 
processes (cp) of peritoneal cells. Vesicles (v) of peritoneal 
processes are in the cytoplasm of the spermatogonia, where they 
appear to fuse, x 14,860. 
Fig. 192. Section through spermatocyte in zygotene stage. 
Note centrioles (c), dense amorphous body (db), Golgi appara- 
tus (G), and initochondrion (m). X39,060. 
Fig. 193. Section through spermatocyte in zygotene stage 
showing synaptonemal complex (sc). x55,860. 
Fig. 194. Section through loosely associated clump of sperma- 
tocytes (SP) at stage of release from peritoneum (pe) of gonad. 
Note nearby granulocytes (g). x3,000. 

35 minutes after sperm entry. The two pronu- 
clei migrate toward one another, and, within 
85 minutes postpenetration, they are com- 
pletely fused to form the zygote nucleus 
(Figs. 213,214). (Rice, 1989)_ 
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Figs. 199-202. Mature spermatozoa. TEM. 
Fig, 199. Longitudinal section through head of mature sper- 
matozoan of Phascolion cryptus. A, acrosome; MP, midpiece; 
Nu, nucleus; T, tail, x 11,520. (From Reunov and Rice, 1993.) 
Fig. 200. Cross section through midpiece of mature spermato- 
zoan of Phascolion crypius showing ring of five mitochondria 
around the central cenlriole. x 16,575. (From Reunov and Rice, 
1993.) 

Fig. 201. Section of mature spermatozoan of Phascolosoma 
granulatum. A, acrosome; MP, midpiece; Nu, nucleus; T, tail. 
X20,900. (FromKJepal, 1993.) 
Fig. 202. Cross section of pcriccntriolar complex of mature 
spermatozoan of Phascolosoma granulaium. Two secondary 
processes (sp) arise from each primary process (pp) and "inscil" 
on an annulus (an). x61,055. (From Klepal, 1993.) 
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Figs. 203-208.    Lighl micrographs of sperm pénétration ¡n eggs of Phascolosoma (ignssizii. Sections ( 1 p,m 
thick) of six eggs fixed within 15 minutes after combination with sperm, x 2.560. 
Fig. 203.    Sperm is attached to outer border of egg envelope by acrosomai filament. 
Figs. 204•207.    Sperm is in various stages of penetration. Note sperm entry holes in egg envelopes. 
Fig. 208.    Sperm head is incorporated within egg cytoplasm. 



Figs. 209-214. Complelion of maturation and fertilization in 
eggs oí Apionsoma misokiana. Light micrographs of living eggs 
after combination with sperm. Nomarsk-i optics. x550. (From 
Rice, 1989.) Figures 209-213 are the same egg. 
Fig. 209. Nine ininutes. Cytoplasm has withdrawn from vege- 
tal pole. First meiotic spindle has moved from center toward 
animal pole. 
Fig. 2)0.    Twenty-nine minutes. First polar body stage. 

Fig. 211.    Fifty-two minutes Second polar body stage. 
Fig. 212.    Sixty minutes. Female pronucleus has forined at the 
animal pole and the male pronucleus in the center. 
Fig. 213.    Seventy-five minutes. Male and female pronuclei 
are in contact. 
Fig. 214.     Eighty-five minutes. Union of male and female pro- 
nuclei to form zygote. 
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