
 

 

 

 

 

 

FAU Institutional Repository 

http://purl.fcla.edu/fau/fauir 

This paper was submitted by the faculty of FAU’s Harbor Branch Oceanographic Institute. 
 
 
 
 
 
 

Notice: ©1984 Elsevier B.V. The final published version of this manuscript is available at 

http://www.sciencedirect.com/science/journal/00225320 and may be cited as: Eckelbarger, K. J. 

(1984). Ultrastructure of spermatogenesis in the reef-building polychaete Phragmatopoma lapidosa 

(Sabellariidae) with special reference to acrosome morphogenesis. Journal of Ultrastructure Research, 

89(2), 146-164. doi:10.1016/S0022-5320(84)80011-8   

 

 

http://purl.fcla.edu/fau/fauir
http://www.fau.edu/hboi/
http://www.sciencedirect.com/science/journal/00225320


MATERIALS AND METHODS

idae. As a result, the present study was un
dertaken to describe the development ofthe
spermatozoon of P. lapidosa, with partic
ular emphasis on the differentiation of the
highly modified acrosome. In addition, the
ultrastructural events ofspermatogenesis are
described since few studies on polychaete
sperm development have reported details
of this process.

For transmission electron microscopic (TEM) stud
ies of sperm development, pieces of genital segments
were cut from the posterior region of sexually mature
male worms and fixed according to the procedures of
Eckelbarger(1979). Freshly spawned mature sperm were
also fixed and air-dried on Formvar-coated copper grids
and stained with 2% phosphotungstic acid for exami
nation with TEM. For scanning electron microscopic
examination of mature sperm, sperm. were prepared
according to the procedures of Eckelbarger and Chia
(1976).
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An ultrastructural investigation of spermatogenesis was conducted on the reef-building poly
chaete Phragmatopoma lapidosa. Spermatogonia are released into the coelomic cavity from small
testes which are attached to the walls of intersegmental blood vessels. Spermatocytes and spermatids
are connected by intercellular bridges and develop into mature sperm which are ofthe "primitive"
type but which possess highly modified acrosomes. The mature sperm has a long, curved acrosome
which consists of three morphological regions including an unusual anterior portion containing a
series ofparallel, transverse striations, a central collar, and a bulbous posterior region. The proximal
and distal centrioles and associated flagellum are laterally displaced, giving the spermatozoon a
rotational asymmetry. Fertilization in this species occurs freely in seawater so the mode of sperm
transfer does not appear to be related to the observed alteration in acrosome morphology. It is
suggested that structural alterations in the acrosome have occurred in response to modifications
of the egg envelope. e 1984 Academic Press,lnc.

An enormous amount of literature on
sperm morphology has arisen over the past
20 years which tends to support the con
tention of Franzen (1956, 1958) that a re
lationship exists between the morphology
of sperm and the biology of fertilization.
Franzen (1956) demonstrated that species
with external fertilization possess primitive
sperm while those which adopt alternative
modes offertilization tend to have modified
sperm.

In polychaetes, derived sperm are found
in species which store their sperm in sper
mathecae, exchange spermatophores, or
undergo copulation, features common in
small, interstitial species (Franzen, 1974;
Schroeder and Hermans, 1975; Rice, 1978;
Olive, 1983; Sawada, 1984). Initially, there
fore, the author was surprised to observe
the unusual morphology ofthe sperm in the
reef-building polychaete Phragmatopoma
lapidosa while conducting a study of larval
development of this species (Eckelbarger, RESULTS

1976), particularly since there were no re- Phragmatopoma lapidosa is an obligate,
ports of modified sperm or unusual modes tube-dwelling, colonial polychaete which
of sperm transfer in the family Sabellari- constructs large intertidal reefs from Brazil
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SPERMATOGENESIS IN Phragmatopoma 147

to south Florida (Hartman, 1944). The adult
worms construct massive aggregations of
honeycomb-like, vertically arranged, paral
lel tubes composed primarily of sand grains
and shell fragments. Sexes are separate and
males can be identified by their creamy white
appearance due to the presence offree-float
ing sperm in their coelomic cavity. Male
worms release sperm into seawater through
their tube openings where the sperm en
counter eggs released from the tubes of ad
jacent females. The eggs are 97-105 ~m in
diameter, contain a moderate amount of
yolk, and undergo planktotrophic devel
opment. The egg envelope is about 3 ~m in
thickness and has a rather complex ultra
structure including a monolayer of unique
granules which adorn its surface (Eckelbar
ger and Chia, 1976, 1978; Eckelbarger, 1979,
1984). The eggs are also sticky when
spawned and remain so until 12 hr after
fertilization when the surface coat is lost and
a free-swimming trochophore larva has de
veloped (Eckelbarger and Chia, 1978).

The testes are small, bilaterally arranged
organs attached to the walls of blind-ended
genital blood vessels which project from the
caudal surface of the intersegmental septa

in each abdominal segment. The testes re
semble grape-like clusters and contain a few
dozen spermatogonia surrounded by a sin
gle discontinuous layer of peritoneal cells
(Figs. 1,2). The peritoneal cells contain sig
nificant quantities ofglycogen and large, lip
id droplets (Fig. 2). Intercellular bridges be
tween these cells were never observed nor
were there indications of mitotic or meiotic
activity.

I. Observations ofLiving Cells

Spermatogenesis in P. lapidosa occurs in
the body cavity of the male while the de
veloping germ cells are floating freely in the
coelomic fluid. Extensive observations of
living cells obtained by coelomic taps have
revealed that there are five developmental
stages of sperm present. The least common
stage is a large, single, spherical cell about
16 ~m in diameter which is interpreted as
a spermatogonium which was released from
the testis (Figs. 2, 6). In addition, there are
paired primary spermatocytes each about
11.5 ~m in diameter which are connected
by a thin intercellular bridge (Fig. 7), small
er paired secondary spermatocytes which are
each 8 urn in diameter, tetrads ofdeveloping

FIG. 1. Light micrograph showing section through testis. Spermatogonia (arrows) surround intersegmental
blood vessels (BY) while later developmental stages are floating in the coelomic cavity (CO). x 2700.

FIG. 2. Electron micrograph through testicular blood vessel (BY) showing attached spermatogonium (SG).
Note the peritoneal cell on the surface ofthe testis with cytoplasmic lipid droplets (arrow) and the spermatogonium
free in the coelom (bottom left). N, nucleus. x 5500.

FIG. 3. Developing sperm in the coelomic space adjacent to ciliated intersegmental peritoneal septum (CP).
(I) Preleptotene/leptotene primary spermatocyte; (2) zygotene/pachytene primary spermatocyte; (3) diplotene
primary spermatocyte; (4) spermatid. x 4500.

FIG. 4. Eccentric nucleolus (NU) and perinuclear granular aggregates (arrows) of presumed nuclear origin.
x 22325.

FIG. 5. Cytoplasmic granular aggregates in close association with mitochondria (M). x 20000.

FIG. 6. Developing sperm in coelom. (I) Spermatogonium; (2) preleptotene/leptotene primary spermatocyte;
(3) zygotene/pachytene primary spermatocyte; (4) diplotene primary spermatocyte; (5) early spermatid. x 3550.

FIG. 7. Primary spermatocytesjoined by cytoplasmic bridge. Note accumulation ofmitochondria near bridge
(arrow). x 4350.

FIG. 8. Diplotene primary spermatocytes connected by thin cytoplasmic bridge (arrow). x 5000.
FIG. 9. Synaptonemal complex from nucleus of zygotene/pachytene primary spermatocyte. x 22000.
FIG. 10. Developing flagellum and associated distal (DC) and proximal (PC) centrioles in a primary sper

matocyte. G, Golgi complex; N, nucleus; FC, flagellar canal. x 20 900.
FIG. 11. Primary spermatocyte in telophase of first meiotic division (arrow). CH, chromosomes; SC, sper

matocyte; DB, dense body inclusion in body wall peritoneum. x 5500.
FIG. 12. Secondary spermatocyte in telophase of second meiotic division. x 7200.
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150 KEVIN J. ECKELBARGER

spermatids each 3.5 ,urn in diameter, and
finally, free, mature spermatozoa. Based on
observations of both living cells and fixed
and sectioned material, spermatogonia ap
pear to enter the coelom individually where
they undergo a final mitotic division with
incomplete cytokinesis, resulting in paired
primary spermatocytes. The intercellular
bridge connecting these cells then must be
severed as the cells enter their first meiotic
division since tetrads ofspermatocytes were
never observed. The paired secondary sper
matocytes then undergo their second meiot
ic division to produce the tetrad of sper
matids which remain connected by thin
intercellular bridges. Primary spermato
cytes each possess a single, short, inactive
flagellum while secondary spermatocytes
each have a long flagellum which slowly
moves from side to side. Spermatid flagella
are fully developed and active.

II. Electron Microscopy

Spermatogonia and Spermatocytes

Spermatogonia are large, spherical cells
up to 16 ,urn in diameter with equally large
nuclei varying from 10 to 13 ,urn in diameter
(Figs. 2, 6). The nuclei contain a single ec
centric nucleolus and the chromatin is ran
domly distributed in sparse clumps. The
perinuclear cytoplasm contains clumps of
granular aggregates which are characteris
tically associated with several mitochondria
(Figs. 4, 5). Cellular organelles are sparse
except for a few cisternae of rough endo
plasmic reticulum (RER), small lipid drop
lets, and glycogen-like particles.

The paired primary spermatocytes are
each up to 11.5 ,urn in diameter with spher
ical nuclei about 8 to 10 ,urn in diameter
containing an eccentric nucleolus and scat
tered clumps of chromatin (Figs. 3, 6, 7).
The cytoplasm contains free ribosomes, mi
tochondria, and a single Golgi complex. The
8 to 12 mitochondria are aggregated near
the intercellular bridge connecting the sper
matocytes (Fig. 7) which represents the pre
sumptive posterior pole ofthe cell. The Gol-

\

gi complex is near the newly formed tail and
its closely associated distal and proximal
centrioles (Fig. 10). The distal centriole and
attached flagellum are slightly depressed into
the wall of the spermatocyte, resulting in a
flagellar canal around the distal portion of
the flagellum. A pericentriolar complex has
developed, consisting of radiating arms
connecting the distal centriole to the adja
cent plasma membrane. Premeiotic sper
matocyte nuclei closely resemble those of
the spermatogonia except that the chro
matin is more condensed in the former (Figs.
3, 6).

Based on the appearance of the chroma
tin, primary spermatocytes have been ob
served in several stages ofmeiosis induding
the preleptotene/leptotene, zygotene/
pachytene, and diplotene stages. The chro
matin of preleptotene/leptotene spermato
cytes, as previously indicated, is more con
densed than that ofthe spermatogonia (Figs.
3, 6, 7). Zygotene/pachytene and diplotene
stages are characterized by the presence of
tripartite synaptonemal complexes within
the nucleus resulting from the pairing of
homologous chromosomes (Figs. 3, 6, 9).
Diplotene stages are far more common than
the zygotene/pachytene stage and are dis
tinguished from the latter by the absence of
condensed nuclear chromatin (Figs. 3, 6, 8).

Spermatocytes undergoing the first
meiotic division were rather commonly ob
served (Fig. 11). Spermatocytes in prophase
II were not observed, suggesting that the
nuclear events are of short duration. How
ever, secondary spermatocytes in telophase
of the second meiotic division were occa
sionally encountered (Fig. 12).

Spermatids and Mature Sperm

As indicated previously, spermatids de
velop as tetrads connected by small inter
cellular bridges (Fig. 14). The earliest sper
matid stage is a small (3.5 ,urn) spherical cell
with a large nucleus (2.5 to 3.0 ,urn in di
ameter) containing moderately condensed
chromatin (Fig. 13). The proximal and dis
tal centrioles lie in close proximity to a small
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depression in the nuclear envelope, the cen
triolar fossa. Both sides of the nuclear en
velope are covered by a dense plaque in this
region. A few spherical mitochondria are
positioned lateral to the centrioles (Fig. 13).

Adjacent to the centrioles is a small Golgi
complex with associated secretory products
representing proacrosomal vesicles (Figs. 15,
16). A small cup-shaped acrosomal vesicle
lies nearby which conforms to the contour
of the spermatid plasmalemma (Figs. 15,
17). A characteristic substructure consisting
of evenly spaced electron-dense bodies is
found along the inner perimeter of the
membrane of the acrosomal vesicle. On the
concave side of the vesicle, these structures
are spherical while on the convex side, they
often resemble a palisade of plates or la
mellae, arranged perpendicular to the long
axis of the vesicle (Figs. 15-19). The re
mainder of the acrosomal vesicle contains
an evenly distributed flocculum. The proac-

rosomal vesicles released from the maturing
face ofthe Golgi complex appear to contain
electron-dense components morphological
ly similar to those bodies in the acrosomal
vesicle (Fig. 16). The acrosomal vesicle ap
pears abruptly and earlier stages of its for
mation have not been observed.

The outer (convex) surface of the aero
somal vesicle membrane is covered by a
thin (26 nm) flocculent layer. This layer re
mains in contact with the plasma mem
brane ofthe spermatid during the migration
of the acrosomal vesicle and sometimes ap
pears to be condensed into periodic plaques
(Fig. 17). A single, spherical mitochondrion
is characteristically pressed against the con
cave surface of the acrosomal vesicle (Figs.
15-17, 20). A single multivesicular body of
unknown origin also is generally observed
(Fig. 20). As differentiation continues, the
acrosomal vesicle and its associated Golgi
complex and mitochondrion migrate from

FIG. 13. Early spermatid. Arrow indicates electron-dense plaque covering both surfaces of posterior nuclear
envelope, N, nucleus. x 15700.

FIG. 14. Cytoplasmic bridges connecting early spermatids. x 17200.
FIG. 15. Golgi complex (G), centrioles (C), and associated acrosomal vesicle (arrow) in early spermatid. M,

mitochondrion; N, nucleus. x 25400.
FIG. 16. Higher magnification of Fig. 15 showing acrosomal vesicle (A) and electron-dense bodies within

(arrows). Note the similarity of these bodies to the contents of the adjacent Golgi (G) secretion vesicles (arrows).
M, mitochondrion. x 61200.

FIG. 17. Acrosomal vesicle (A) and closely associated mitochondrion (M) in early spermatid. Note electron
dense plaques between convex surface of acrosomal vesicle and spermatid plasmalemma (arrows). x 54 900.

FIG. 18. Spermatid nucleus (N) undergoing early stages of chromatin condensation. A, acrosomal vesicle;
G, Golgi complex. x 16000.

FIG. 19. Higher magnification ofacrosomal vesicle seen in Fig. 18 showing rows oflarge plate- or lamellae
like (double arrows) and small spherical (single arrow) electron-dense bodies along inner membrane surface,
x 56700.

FIG. 20. Condensation of nuclear chromatin in posterior region of nucleus (N). Note association of mito
chondrion (M) with acrosomal vesicle (A). C, centriole; G, Golgi complex; MV, multivesicular body. x 17300.

FIG. 21. Nuclear chromatin (N) in coarse granular phase. A, acrosomal vesicle; G. Golgi complex. x 19 800.
FIG. 22. Posterior region of spermatid showing proximal centriole (PC), with satellite (arrow) and dense

material (*) between centriole and outer surface of nuclear envelope (NE). Radiating arms of the centriolar
complex extend from base of distal centriole to spermatid plasmalemma (arrows). N, nucleus. x 34200.

FIG. 23. Proximal centriole (PC) and adjacent distal centriole which has lateral satellite (arrow). N, nucleus.
Inset: Transverse section through flagellum just posterior to distal centriole showing Y-links (arrows) between
outer microtubular doublets and plasmalemma. x 22 600; inset, x 72 500.

FIG. 24. Satellites (arrows) associated with distal centriole in late spermatid. x 57000.
FIG. 25. Posterior region of spermatid showing apparent connections between distal centriole and adjacent

mitochondrion (M) and plasmalemma (arrows). PC, proximal centriole. x 37000.
FIG. 26. Proximal centriole (PC) with satellite (arrow) and fibrous material (*) between satellite and outer

surface of the nuclear envelope (NE). Distal centriole also has associated satellite (arrow). x 65400.
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154 KEVnNJ.ECKELBARGER

the incipient posterior region of the cell to
ward the future apical pole (Fig. 18). The
shape of the acrosomal vesicle shows some
variation with the nuclear surface ofthe or
ganelle displaying either a concave (Figs. 15,
l7) or a convex contour (Figs. 18, 19).

Changes in the nucleus occur simulta
neously with the differentiation of the ac
rosome. In the early spermatid, the nuclear
chromatin is widely dispersed (Fig. 13). A
process ofchromatin condensation then be
gins (Fig. 18) with the concentration ofhet
erochromatin in the posterior region of the
nucleus (Fig. 20). A distinctive coarse gran
ular texture then appears (Fig. 21) which
persists until the final stage of sperm mat
uration when chromatin coalescence is
completed (Fig. 42). Throughout this peri
od, mitochondria are closely applied to the
outer surface of the nuclear envelope in the
posterior region ofthe nucleus (Figs. 20, 21,
25).

During early spermiogenesis, the cen
trioles are aligned approximately along the
anterior-posterior axis of the cell and the
proximal centriole is positioned in a small
centriolar fossa (Fig. 20). The anterior sur
face of the centriole has a dense plaque or
pericentriolar satellite which appears to be
in contact with the outer leaf of the nuclear
envelope by way of fine filaments (Figs. 22,
25, 26). The distal centriole also possesses
pericentriolar satellites (Figs. 23-26) as well
as a pericentriolar complex associated with
the posterior plasma membrane ofthe sper
matid (Figs. 22, 25, 26) and an adjacent
mitochondrion (Fig. 25). In the most prox
imal portion of the flagellum near the distal
centriole, the outer doublets are connected
to the plasma membrane by Y-links when
viewed in cross section (Fig. 23, inset).

The acrosomal vesicle continues to mi
grate toward the anterior pole of the sper
matid (Figs. 20, 21) and finally comes to
rest at the apical pole of the nucleus (Fig.
27). The Golgi complex and mitochondrion
do not accompany the vesicle to this point
but remain in the lateral spermatid cyto-

plasm. Further development of the acro
some docs not appear to involve the par
ticipation of the Golgi complex.

The acrosome is initially somewhat oval
shaped with the posterior surface being flat
tened and parallel with the subjacent nucle
ar envelope (Fig. 27). There is a small gap
between the nuclear envelope and acroso
mal membrane which is occupied by a
slightly electron-dense flocculum. The ac
rosome continues differentiation with the
invagination of its posterior surface (Fig.
28). Simultaneously, a small nuclear diver
ticulum arises from the nuclear apex which
protrudes into the acrosomal invagination
(Fig. 28). Chromatin within this diverticu
lum lacks the coarse granular appearance of
the remainder of the nucleus and instead is
fibrogranular in texture (Figs. 27-30). The
rows ofelectron-dense bodies observed pre
viously along the inner surface ofthe convex
acrosomal membrane during the early stages
of acrosome formation (Figs. 17, 19) have
now begun to fuse in some regions (Fig. 28).

As maturation proceeds, the apical sur
face of the acrosome begins to form a nip
ple-like process (Fig. 29). Invagination of
the posterior surface of the acrosome con
tinues until it extends nearly to the anterior
surface of the vesicle, resulting in a central,
hollow subacrosomal space (Figs. 30, 31).
The apical process of the vesicle continues
to elongate to form a tapering, digitate pro
cess (Figs. 32-35). As this process extends,
faint parallel, transverse striations appear
(Figs. 34, 35). Simultaneously, the row of
electron-dense bodies beneath the anterior
acrosomal membrane (Fig. 27) have con
tinued to fuse to form a continuous collar
at the base of the striated acrosomal process
(Figs. 33-35). This collar arbitrarily sepa
rates the acrosome into anterior and pos
terior halves. The row of small electron
dense granules which lined the inner pos
terior surface ofthe acrosomal vesicle in the
earlier stages of differentiation (see Fig. 17)
have now fused to form a continuous elec
tron-dense lining along the inner surface of
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the posterior halfofthe acrosome (Figs. 33
35). The acrosome now is composed ofthree
distinct morphological regions.

The acrosome of the mature sperm is 6.5
urn in length and curves to one side relative
to the anterior-posterior axis ofthe cell (Fig.
43). It has a slightly bulbous base where it
meets the nucleus (Figs. 36, 39) and tapers
gradually to a blunt tip (Fig. 41). Internally,

the organelle can still be delineated into three
morphological regions. The majority of the
acrosome (4.5 /lm) consists of the tapering
anterior portion which contains a series of
evenly spaced transverse striations with a
frequency ofabout 55 nm (Figs. 36, 39-41).
Superficially, the striations appear to rep
resent a series of stacked membrane-bound
disks. However, it is not clear if the periodic

FIGS. 27-35. Stages in the differentiation of the acrosome following its association with the nuclear apex.
FIG. 27. Earliest association of acrosomal vesicle with apical pole of spermatid nucleus (N). Note row of

large spherical electron-dense bodies along inner anterior surface of acrosome (double arrows) and row of smaller
bodies along inner posterior surface (single arrow). Chromatin in the anteriormost region of the nucleus has a
fibrogranular appearance (*). x 34000.

FIG. 28. The acrosome has begun to invaginate along its posterior surface and a nuclear diverticulum has
moved into this concavity (*). Note that the large electron-dense bodies seen along the inner anterior surface of
the acrosome (Fig. 27) have now partially fused (arrow). N, nucleus. x 33500.

FIG. 29. The anteriormost surface of the acrosome has begun to form a nipple-like process. Note that the
intimate association between the spermatid plasmalemma and the acrosomal membrane has been maintained
(arrow). x 29 300.

FIG. 30. Continued invagination of the posterior surface of the acrosome has produced a large subacrosomal
space (SA) which contains fibrous material. Note the fuzzy coating on the outer surface of the posterior acrosomal
membrane (arrows). The nuclear diverticulum (*) has started to withdraw but the chromatin is still fibrogranular
in texture. x 27600.

FIG. 31. Transverse section through the acrosome at a stage similar to that shown in Fig. 30. Arrows indicate
the lining of small spherical bodies inside the acrosomal membrane. SA, subacrosomal space. x 55700.

FIG. 32. Later stage showing the growth of the anterior acrosomal process and indications that the subacro
somal space (SA) extends to near its tip. Arrow indicates the electron-dense lining along the inner surface of the
acrosomal membrane resulting from fusion of spherical dense bodies. x 25400.

FIG. 33. Elongation of the acrosome resulting in the differentiation of three distinct morphological regions.
(I) Posterior portion with fibrous contents and electron-dense lining of inner acrosomal membrane (arrow); (2)
central collar region; (3) anterior process. x 41 700.

FIG. 34. Further differentiation of acrosome showing three regions as observed from parasagittal section.
Note faint transverse striations in region 3. x 43000.

FIG. 35. Sagittal section through acrosome similar to Fig. 34. Note the flocculent material within the posterior
acrosomal vesicle (AV) and the electron-dense lining (arrow). The subacrosomal space (SA) contains fine fibrillar
material. x 34000.

FIG. 36. Posterior portion of mature acrosome showing three morphological regions. Note the fibrillar
material in the spacious subacrosomal space (SA). x 21 800.

FIG. 37. Transverse section through region I of acrosome showing concentric ring ofelectron-dense material
inside acrosomal wall (arrow). x 67 500.

FIG. 38. Transverse section through region 2 ofacrosome showing concentric rings ofvarying electron density
and central subacrosornal space containing fibrils cut in cross section. x 65400.

FIG. 39. Higher magnification of regions I and 2 of mature acrosome showing dense accumulation of fibrils
(arrow) in posterior portion of subacrosomal space (SA) and dense inner lining of posterior acrosomal region
(arrow). x 60 000.

FIG. 40. Anterior portion (region 3) of acrosome showing periodic striations (arrows). x 25000.
FIG. 41. Anterior portion of acrosome stained with PTA showing striations and blunt tip. x 22 500.
FIG. 42. Midpiece of mature sperm showing pericentriolar complex of distal centriole (arrows), proximal

centriole (PC), mitochondrion (M), and nucleus (N). Inset: Transverse section through axoneme of tail showing
characteristic 9 + 2 arrangement of microtubules. x 33 150.

FIG. 43. Scanning electron micrograph of two mature spermatozoa showing elongated acrosome (A) and
displaced axoneme (arrow). x 24000.
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bands are in fact membranes since they are
not clearly defined in thin sections. Follow
ing phosphotungstic acid (PTA) staining, it
is apparent that the striations continue al
most to the tip of the acrosome (Fig. 41).
However, with this staining method, the
bands appear wider and the frequency of
the bands is 25-27 nm.

The central region of the acrosome con
sists of an electron-dense collar 1.0 J,tm in
length (Figs. 36, 39) which encircles a cen
tral subacrosomal space. In cross section,
this region appears to consist of concentric
rings ofvarying electron density (Fig. 38).

The posterior portion of the acrosome is
bulbous and surrounds a hollow tapering
central, subacrosomal space which extends
through the central collar a short distance
into the striated region (Figs. 36, 39). The
acrosome in this region contains an amor
phous substance (Figs. 36, 39) which differs
regionally in electron density, and appears
as concentric layers when viewed in cross
section (Fig. 37). The subacrosomal space
is filled with parallel fibrils which have an
anterior-posterior orientation. Except for a
dense, central concentration of fibrils at the
posterior end, the fibrils appear to be more
closely packed in the anterior portion ofthe
space (Fig. 39). In cross section, the fibrils
are most clearly defined in this region and
appear to be about 15-18 nm in diameter
(Fig. 38). The entire outer surface of the
aero somal membrane is covered by a dis
tinct fuzzy coat (Figs. 36-39).

The mature acrosome is not in direct con
tact with the nucleus. They are separated by
a substantial space up to 100 nm which is
usually occupied by a flocculent material
similar to that described in the posterior
region of the subacrosomal space. The api
cal surface of the nucleus is slightly concave
into which the acrosomal base rests (Figs.
36, 39). No microtubules were ever ob
served in association with the forming ac
rosome or the nucleus.

The nuclear chromatin has completely
condensed (Fig. 39). Nuclear volume in the
mature sperm is reduced to about one-third

from the early spermatid stage. The flagellar
apparatus including the distal and proximal
centrioles and the flagellum have migrated
laterally to the lateral-posterior border of
the nucleus. This position is consistently on
the side of the spermatozoon to which the
acrosome curves. The centriolar fossa has
also moved to the lateral-posterior region
of the nucleus, eliminating the bilateral
symmetry ofthe nucleus (Figs. 43, 44). From
five to six (usually six) spherical mitochon
dria are associated with the midpiece. The
mitochondria are larger and less numerous
than those observed in the early spermatids,
suggesting that fusion occurs during sper
matid differentiation. Scattered clumps of
glycogen-like particles also are present in
concentrations greater than observed during
the spermatocyte stage. The flagellum is
about 36 urn in length and is of the char
acteristic 9 + 2 configuration with two dy
nein arms on the outer row ofmicrotubular
doublets (Fig. 42, inset).

Behavioral observations of freshly re
leased sperm indicate that they swim vig
orously in tight circles while periodically
veering off into a more linear pathway. The
sperm remain active for several hours in
seawater. Many sperm attach themselves to
the glass microscope slide by the tips oftheir
acrosomes, whereupon they swim violently
in concentric circles around this attachment
point. No acrosomal filaments were ever
observed.

DISCUSSION

Within the phylum Annelida, the prim
itive spermatozoon is characteristic of the
Polychaeta while more derived types are in
variably present in the Clitellata. However,
there have been numerous modified sperm
described from polychaetes and even in
those with so-called primitive sperm types,
there are many morphological alterations
noted. This is probably the result of the
complex reproductive and life history char
acteristics observed in this group as well as
their adaptation to a wide variety of eco-
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FIG. 44. Diagrammatic summary of spermiogenesis in Phragmatopoma lapidosa from the early spermatid
stage (a) to the mature spermatozoon (j).

logical habitats. Franzen (1982a, p. 30) states
that sperm appear to be less conservative
in the Polychaeta then in other groups for
they have undergone "a rather common and
rapid evolution of modified and aberrant
types." The resulting diversity in sperm
morphology attracted the attention ofFran
zen (1956, 1958) during the formulation of
his theories on sperm biology and structure

and has stimulated a number of studies on
sperm structure in polychaetes (see reviews
by Schroeder and Hermans, 1975; Olive and
Clark, 1978; Olive, 1983; Sawada, 1984).

Th e testis of Phragmatopoma is similar
to the ovary in the female in that both have
germ cell masses attached to the walls of
intersegmental blood vessels (Eckelbarger,
1979). Liberation of early spermatogonia
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into the coelom is rather typical of poly
chaetes (Olive, 1983; Sawada, 1984). How
ever, further differentiation varies at this
point from species in which small clusters
of germ cells undergo development while
connected by intercellular bridges such as
in Phragmatopoma (present study), Spir
orbis (Potswa1d, 1967), Nereis (Bertout,
1976), Perinereis (Kubo and Sawada, 1977),
Typosyllis (Heacox and Schroeder, 1981),
and Polydora and Streblospio (Rice, 1981),
to those in which large sperm balls or disks
develop while connected to a central mass
ofcytoplasm, the cytophore, as for example,
in Travisia (Ochi et aI., 1977), Nicolea (Eck
elbarger, 1975), and Arenicola (Sawada,
1975). The presence or absence of cyto
phores in polychaetes appears to be inde
pendent of their mode of reproduction and
is believed to reflect phylogenetic relation
ships within the group (Sawada, 1984).

The mature spermatozoon of P. lapidosa
has at least two unusual morphological fea
tures relative to other polychaete sperm: (1)
the flagellar apparatus is laterally displaced
giving the sperm a rotational asymmetry,
and (2) it possesses a highly modified ac
rosome. A few other polychaete sperm have
been reported to have a laterally displaced
flagellar apparatus similar to P. lapidosa in
cluding Exogene gemmifera (Franzen, 1956)
and Chitopoma serrula (Franzen, 1982b).
There are more extreme examples available
ofmodified flagellar complexes perhaps best
exemplified by the sperm of Ophryotrocha
puerilis in which the flagellum emerges at
right angles just beneath the terminal ac
rosome (Troyer and Schwager, 1979). These
authors noted that modified sperm in most
animals are asymmetrical. It is possible that
the displacement of the flagellar apparatus
in Phragmatopoma sperm has occurred in
response to the curvature of the acrosome
by serving as a means of stabilizing the cell
during swimming.

In a recent review of polychaete sperm
structure, Sawada (1984) classified acroso
mal morphology into four basic types: con
ical, beret-like, cup-like, and pouch-like. The

acrosome of Phragmatopoma sperm rep
resents an extreme example of the conical
type and is one ofthe most morphologically
complex described from a polychaete. Al
though long, tapering acrosomes have been
reported in polychaetes, particularly in in
terstitial species such as Protodrilus rubro
pharyngeus (Franzen, 1956, 1974), to the
author's knowledge there has been no pre
vious report of the unusual striated com
ponent reported herein for P. lapidsoa. Un
fortunately, most observations ofpolychaete
sperm morphology have been conducted
using light microscopic techniques which do
not ordinarily permit the resolution of such
elements. Although the specific functional
significance of acrosomal striations in
Phragmatopoma sperm is unknown, it has
been proposed that this feature may gen
erally reflect a crystalline alignment of en
zymes responsible for the dissolution of egg
envelopes at fertilization (Stambaugh and
Buckley, 1969; Friend and Fawcett, 1974;
Reger et al., 1979).

In the sperm ofthe octopods Octopus vul
garis and O. bimaculatus, Galangau and
Tuzet (1968) and Longo and Anderson
(1970), respectively, described acrosomal
material aggregated at periodic intervals to
form transverse striations. In neither in
stance, however, did the striations extend
to the full diameter of the acrosome and in
both studies, the acrosomes were reported
to be screw-shaped. Superficially, however,
the striated component in the acrosomes of
these mollusks is quite similar to that ob
served in Phragmatopoma. Paracrystalline
like or striated acrosomal components also
have been reported from vertebrates in
cluding reptiles (Furieri, 1970) and mam
mals (Friend and Fawcett, 1974) and in in
vertebrates, in the sperm of decapod
crustaceans such as Palaemon (Pochon
Masson, 1969), Astacus (Lopez-Camps et
al., 1981), and Pacifastacus (Dudenhausen
and Talbot, 1982). Popham et al. (1974)
reported striated acrosomal granules in two
closely related species ofthe teredinid mol
lusk Bankia. Colwin and Colwin (1967)
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published an electron micrograph showing
transverse striations in the acrosome of the
sabellariid polychaete, Sabellaria alveolata.
In a study of the sperm of the leech Batra
cobdella, Arcidiacono (1979) described a
paracrystalline axial rod within the aero
somal tube. In none ofthese examples, how
ever, is there much structural similarity to
the acrosomal material in Phragmatopoma
sperm other than some form ofperiodic ar
rangement of the acrosomal or subacroso
mal contents.

The Go1gi complex is clearly involved in
acrosome formation in Phragmatopoma
through the secretion and fusion of proac
rosomal vesicles in a manner similar to that
in other polychaetes (see reviews by Olive,
1983; Sawada, 1984). However, no clear in
volvement was noted until the early sper
matid stage and no Golgi activity was ob
served during the later stages of acrosomal
differentiation. In Nereis diversicolor (Ber
tout, 1976) and Perinereis brevicirris (Kubo
and Sawada, 1977), however, Golgi-derived
dense bodies appear in spermatogonia and
spermatocytes which were interpreted as
precursors of the acrosomal vesicle. In sup
port of this theory, Bertout (1976) observed
a positive reaction to Thiery's staining in
the dense bodies, the distal region of the
Golgi complex, and later in the acrosomal
vesicle, indicating the presence of polysac
charides. Bertout also reported the presence
of multivesicular bodies which he consid
ered to be secondary lysosomes since they
demonstrated acid phosphatase activity.
Heacox and Schroeder (1981) described
multivesicular bodies in developing sper
matogonia which they regarded as proac
rosomal granules. The significance and fate
ofmultivesicular bodies observed in Ph rag
matopoma spermatids are unknown.

It is interesting that the granular and la
mellar elements which lined the aero somal
vesicle during early and middle stage sper
matids in Phragmatopoma are recognizable
within secretion vesicles released from the
maturing face of the Golgi complex. Also,
these elements can be traced to structures

within the fully differentiated acrosome,
namely the central collar and the inner lin
ing of the posterior portion ofthe acrosome.
Sawada (1975) reported similar electron
dense components within the acrosomal
vesicle of developing Arenicola sperm but
their structural role in the mature sperm was
not ascertained.

Migration of the aero somal vesicle in
Phragmatopoma spermatids occurs while
the vesicle is in close association with the
spermatid plasmalemma. This is a com
monly reported association which, for ex
ample, has been described in Spirorbis
(Potswald, 1967), Arenicola (Sawada, 1975),
Sabella (Graebner and Kryvi, 1973), Peri
nereis (Kubo and Sawada, 1977), Travisia
(Ochi et al., 1977), Nereis (Bertout, 1976),
and Fabricia (Franzen, 1975). Once at the
nuclear apex, the acrosome assumes an ad
ditional association with the outer surface
ofthe nuclear envelope in Phragmatopoma.
Two developmental events then occur in
the nucleus which suggest some interaction
with the developing acrosome. First, the
chromatin at the extreme apical end of the
nucleus becomes fibrogranular in texture
unlike the coarse granular nature of the re
mainder of the nuclear chromatin. Second,
a nuclear diverticulum forms as an out
pocketing of the nuclear envelope which in
terdigitates with the posterior invagination
of the aero somal vesicle. Later, the diver
ticulum withdraws and the apical chroma
tin loses its fibrogranular appearance. A
similar diverticulum was reported by Fran
zen (1975) in the late spermatid stage of
Fabricia. These events suggest that acro
some morphogenesis is partially mediated
by nuclear events although the extent ofthis
relationship is unclear.

Subacrosomal materials are common in
polychaete sperm but loosely packed fila
ments have not been widely reported. Both
N. diversicolor (Bertout, 1976) and P. brevi
cirris (Kubo and Sawada, 1977) have ac
rosomal rods which penetrate the central
region of the sperm nucleus and are com
posed ofthin filament bundles. Filamentous
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rods were also reported in the sperm of
Travisia (Ochi et al., 1977) and Protodrilus
(Franzen, 1975). Pasteels (1965) and Col
win and Colwin (1967) published a drawing
and a single micrograph, respectively, of S.
alveolata sperm showing subacrosomal fi
brils similar to those described herein for
Phragmatopoma. The subacrosomal fila
ments in Phragmatopoma sperm do playa
role in the fertilization reaction (unpub
lished observations) but in the absence of
experimental evidence, it is impossible to
conclude that they represent F-actin. The
origin of the subacrosomal material in
Phragmatopoma is unknown although it
appears soon after attachment of the acro
some to the nuclear apex. In the mature
sperm of Travisia (Ochi et al., 1977), sim
ilar filamentous material was believed to
originate from endoplasmic reticulum pres
ent in the cytophore. Based on their exper
iments, the authors concluded that trans
formation of G-actin to F-actin occurs
during the gradual appearance of filaments
in which Mg2+-ATPase plays some impor
tant role. In Perinereis, Kubo and Sawada
(1977) found Mg2+-ATPase activity on the
membrane ofthe acrosomal vesicle near the
nuclear envelope surrounding the acroso
mal rod which they suggested may be in
volved in rod extrusion at fertilization.

Chromatin condensation during sper
miogenesis in polychaetes involves the ar
rangement ofheterochromatin into fibrillae
or lamellae as in the case of Spirorbis (Pots
wald, 1967; Picard, 1980), Protodrilus
(Franzen, 1974), and Streblospio and Po
lydora (Rice, 1981), or more amorphous or
coarsely granular masses as in Phragmato
poma (present study), Sabella (Graebner and
Kryvi, 1973), Typosyllis (Heacox and
Schroeder, 1981), Arenicola (Sawada, 1975),
and the nereids Nereis (Defretin and Wis
socq, 1974; Bertout, 1976) and Perinereis
(Kubo and Sawada, 1977). Chromatin con
densation in Phragmatopoma spermatids
occurs first in the posterior half of the nu
cleus with the inner surface of the nuclear
envelope being the apparent focus of this

process. A similar process was reported by
Kubo and Sawada (1977) in Perinereis sper
matids. On the other hand, Franzen (1975)
and Rice (1981) report chromatin conden
sation beginning at the anterior pole of the
nucleus in Fabricia and Streblospio, respec
tively. The significance of this difference is
not immediately apparent.

No clear picture emerges regarding the
mechanism ofnuclear shaping and conden
sation in polychaete sperm except that mi
crotubules do not appear to be universally
associated with the process in contrast to
the inductive effect reported from clitellate
annelids (see review by Webster and Rich
ards, 1977). Microtubules have been re
ported in association with the nuclear en
velope during spermiogenesis in Spirorbis
(Potswald, 1967), Fabricia (Franzen, 1975)
and Streblospio (Rice, 1981). Current the
ories on chromatin condensation and nu
clear shaping involve either factors intrinsic
to chromatin itself (Fawcett et al., 1971) or
morphogenetic effects brought about by
manchette microtubules (Ferraguti and
Lanzavecchia, 1971). Alternatively, Mar
tinucci and Felluga (1979), in their study of
nuclear reshaping in the oligochaetes Eise
nia and Octolasium, suggest that chromatin
condensation may be mediated by mito
chondria associated with the posterior nu
clear envelope. Similar associations have
been reported in oligochaetes (Webster and
Richards, 1977; Jamieson, 1978) and leech
es (Malecha, 1975). Mitochondria do ap
pear intimately associated with the poste
rior nuclear envelope in Phragmatopoma
where chromatin condensation initially oc
curs but their role is problematical.

There is no indication from the manner
in which sperm are transferred to the eggs
to explain why the acrosome of P. lapidosa
sperm is modified. The animals remain in
their tubes throughout their lives so copu
lation does not occur. There is no evidence
that sperm storage organs are present in the
female as in Spirorbis spirorbis (Daly and
Golding, 1977), for example, and no evi
dence to suggest that sperm are transferred
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in spermatophores as in many spionid poly
chaetes (see Rice, 1978, for review). Obser
vations in the laboratory indicate that
Phragmatopoma males release sperm
through a series of bilaterally arranged ne
phridia throughout the gamete-bearing ab
dominal segments. Sperm are then propel
led from the tube into the ambient seawater
in short bursts caused by the rapid with
drawal of the head region into the tube. Ini
tiation of spawning by one male generally
results in subsequent spawning by adjacent
males in the reef mound. The presence of
sperm in the water stimulates spawning by
females. The sex ratio in P. lapidosa is about
1:1 (Eckelbarger, 1976) and distribution of
sexes throughout any given reef mound is
random so there are usually females in rel
atively close proximity with a spawning
male. Females expel eggs from the apical
end of their tubes in a manner similar to
the males whereupon they stick to sand
grains near the tube opening. The eggs of P.
lapidosa will adhere to any object they con
tact, including laboratory glassware, due to
a sticky coating of the egg envelope. This
condition is probably an adaptation to the
strong wave energy to which the intertidal
Phragmatopoma reefs are exposed. Al
though there remains the possibility that
some eggs are retained and fertilized within
the tube of the female, there is currently no
evidence to support this theory.

It is possible that the mode of sperm
transfer is not related to the observed mod
ification of P. lapidosa sperm but rather to
specializations of the egg envelope. Atwood
(1975), in a study of the unusual dorsoven
trally compressed spermatozoan ofthe echi
noderm Cucumaria pseudocurata, suggest
ed that the peculiar sperm morphology in
this species might be due to some aspect of
fertilization including the surface configu
ration of the egg. Holland (1976) also sug
gested the co-evolution ofspecialized sperm
morphology in order to traverse the eggcoats
in crinoids. Similarly, Anderson and Per
sonne (1975), in a review ofmetazoan sperm
morphology, proposed that acrosome di-

versity may be related to the complexity of
egg envelope barriers. More recently, Fran
zen (1983) suggested that acrosome shape
and the nature ofthe fibrous acrosomal ma
terial may in some way be related to egg
envelope morphology in bivalve mollusks.
Daly (1972) and Daly and Golding (1977)
have suggested that elongated acrosomes
have evolved in polychaetes in which a
"protective membrane" encloses the egg.
Olive (1983) has integrated this concept into
a nonexclusive classification of polychaete
sperm types based on their structural spe
cializations including those of the acro
some. Jamieson (1983) also found a strong
correlation between acrosome length and the
thickness of egg envelopes in oligochaetes,
a relationship which has not been investi
gated in polychaetes.

The eggenvelope ofP. lapidosa is unusual
for a polychaete in that the surface is cov
ered with a monolayer of ultrastructurally
complex granules from which a relatively
thick layer of glycocalyx strands emerge
(Eckelbarger and Chia, 1976, 1978; Eckel
barger, 1979, 1984). However, ultrastruc
tural observations (unpublished) of the egg
envelopes of other sabellariid polychaetes
such as S. vulgaris and S. jloridensis indi
cate that they are similar to that of P. lap
idosa. The sperm of both S. vulgaris and S.
floridensis are of the primitive type but the
acrosome of the former is small and cup
shaped while that of the latter is similar to
the acrosome of Phragmatopoma. The eggs
ofthese two species are not sticky, however,
suggesting some differences in the egg coat.
A comparative study of the egg envelopes
and fertilization reactions of these species
is now in progress and will hopefully resolve
the issue.

The author is grateful for the technical assistance of
P. A. Linley and to Professor N. Sawada for allowing
him to read and cite a review paper which was in press.
This paper represents Contribution No. 384 ofthe Har
bor Branch Foundation.
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