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ABSTRACT: Spermatogenesis in the lugworm Arenicola marina, in common with other members of
Arenicolidae, occurs in the coelomic fluid and results in the formation of discs of mature spermatozoa
known as a morulae. Within a morula, individual spermatozoa are connected by a common mass of
cytoplasm called the cytophore and therefore make up a syncitium. Immediately prior to spawning,
and in response to an endocrine substance known as *Sperm Maturation Factor” (SMF), the structure
of the sperm morulae breaks down and free spermatozoa are liberated. These are subsequently
spawned from the body cavity. The investigation described here uses transmission electron micro-
scopy to investigate the ultrastructural changes, which accompany spermatogenesis and the break-
down of sperm morulae in response to SMF in vitro. The study demonstrates that the cytophore
appears to have a key role both during spermatogenesis and during sperm morula breakdown. The
ultrastructure of sperm morulae and of mature spermatozoa is described. The structure of sper-
matozoa is shown to be primitive with a single flagellum which appears to be coiled at its distal end.
The phagocytosis of free spermatozoa by coelomocytes is also described and it is suggested that
these may play a role in the resorption of unspawned gametes in vivo.

INTRODUCTION

The reproductive biology of Arenicola marina (the Lugworm) is well documented
and has been described in a number of papers such as those of Newell (1948), Duncan
(1960), and Howie (1959, 1984). Often, it is characterised by having a distinct spawning
crisis and, at most localities in the U.K. which have been investigated, this usually occurs
in the late autumn or early winter. Gametogenesis occurs in the preceding months and
whilst the proliferation of spermatogonia occurs in the testes, spermatogonia are released
at an early stage to develop in the body cavity bathed in coelomic fluid (Ashworth, 1904;
Olive, 1972a, b). The spermatozoa of A. marina, along with other members of the
Arenicolidae, have a classical primitive structure (see Franzén, 1956 for sperm types), and
spermatogenesis within this family is particularly interesting because it results in the
formation of a disc of mature spermatozoa called a morula (see Newell, 1948; Olive, 1983;
Sawada, 1984). Within a morula, individual spermatozoa are cytoplasmically connected
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to a central mass of cytoplasm called the cytophore. The precise function of the cytophore
remains unknown, although it has been described in a number of polychaete families
including the Terebellidae (Eckelbarger, 1975; Smith, 1989) and in the Opheliidae (Ochi
et al., 1977).

When present in sperm morulae, the spermatozoa of A. marina are incapable of
being spawned to the exterior of the body cavity (Howie, 1961). Prior to spawning it is
therefore necessary for the morulae structure to dissociate and for spermatozoa to
become free. The process of sperm morula breakdown is under endocrine control from a
factor released from the prostomium (Howie, 1963} which has been termed “Sperm
Maturation Factor” (SMF) (Bentley, 1985). Various aspects of this process have been
investigated (see Howie, 1961, 1963; Bentley, 1985; Bentley et al., 1990) and others are
currently the focus of attention (Bentley & Pacey, 1991). This study, however, investigates
the ultrastructure of mature spermatozoa in A. marina using transmission electron
microscopy and observes the ultrastructural changes which occur both during sper-
matogenesis, and during the liberation of free sperm from sperm morulae.

Earlier studies have investigated some aspects of sperm ultrastructure in A. marina.
Meijer (1979), for example, published micrographs of sperm morula in A. marina but said
very little of the ultrastructural detail of the morula or of mature spermatozoa. The
dissociation of sperm morulae has been described previously using light microscopy
(Bentley, 1986a), and preliminary ultrastructural observations using transmission elec-
tron microscopy have been made (Bentley, 1986b). However, a detailed study of both
spermatogenesis and sperm morula breakdown using scanning electron microscopy has
been carried out (Bentley & Pacey, 1989) and this is a complementary study to that work.

MATERIALS AND METHODS

Fixations were carried out on sperm samples taken from animals which had been
collected from a number of sites around the U.K. Details of collection sites, maintenance
of animals in the laboratory and removal of sperm samples from the coelom have been
described previously (Bentley & Pacey, 1989).

The fixation method was also as described previously, except that samples were
dehydrated through an acetone series before being placed in an araldite:acetone
mixture (4:1 v/v) overnight and then embedded in araldite. This was allowed to
polymerise at 60 °C for 36 hours. Sections were cut on a A. F. Huxley pattern ultrami-
crotome and mounted on G300 mesh copper grids (EM Scope). Prior to observation, the
sections were double stained according to the methods of Lewis & Knight (1977); for
10-15 minutes with saturated uranyl acetate in 70 % ethanol and then, following
washing, with Reynolds' lead citrate (Reynolds, 1963) for 10-15 minutes. Sections were
examined using a Phillips EM301 transmission electron microscope.

Sperm samples for transmission electron microscopy were incubated with prostomial
SMF in vitro and sequential fixations were carried out at five minute intervals. During
each experiment, thirteen activation and thirteen control incubations were carried out in
parallel and sperm were incubated with either 500 pl of prostomial homogenate at a final
concentration of 0.4 prostomia - ml™%, or 500 ul TFSW (Triple filtered seawater} respec-
tively, at a temperature of 14 °C. All incubations were carried out in Eppendorf tubes.

At time zero, 50 pl of “dry sperm” (undiluted coelomic sperm) was added to each of



Sperm ultrastructure in Arenicola marina 187

the incubations and at five minute intervals for 60 minutes, one experimental and one
control incubation were fixed by the addition of fixative and processed for electron
microscopy as described above. Five experiments-were carried out which gave a total of
130 fixed sperm samples. In addition, coelomic samples were taken from male A. marina
which were not yet sexually mature (therefore containing early stages of spermato-
genesis), and these were fixed for transmission electron microscopy in the same way.

RESULTS

Spermatogenesis

Following the release of spermatogonia from the testis in Arenicola marina, one of
the earliest stages observed in fixed samples of the coelomic fluid is shown in Figure 1.
This shows a transverse section through a spherical cluster of spermatogonia with
individual gonia connected by cytoplasmic bridges. The exact size of the cluster and
presumably the number of gonia which it contains is variable, since this depends upon
the total number of divisions which have taken place prior to fixation. The cluster shown
in Figure 1 is ca 30 pm in diameter. It is often difficult to ascertain the exact stage of
spermatogenesis of such clusters; whether they are spermatocytes (i.e. are still undergo-
ing proliferative mitotic division) or whether they are spermatids (i.e. have undergone
their final meiotic division). The transverse section shown in Figure 2, however, is clearly
that of a cluster of developing spermatids. Within this cluster, the nucleus of individual
spermatids are elongate and are undergoing nuclear condensation. In some spermatids,
vesicles are clearly visible and in one, a centriole is present. The cytoplasmic connections
between the spermatids have become thickened in comparison with the earlier stage
shown in Figure 1.

As differentiation of the spermatids continues, the cluster flattens and becomes disc-
like. Spermatids acquire a longitudinal axis and a polarity with the rudiments of a
flagellum becoming visible at their distal end. Figure 3 shows a transverse section
through a disc at this stage of development. Within these spermatids nuclear condensa-
tion is partially complete and the development of sperm organelles is occurring.
Rudimentary mitochondria are forming (m) and pre-acrosomal vesicles - (p) are often
visible. The cytophore appears to play a key role in the development of the spermatids,
and in later stages it is seen to contain many active cell organelles. Figure 4 shows
spermatids which have completed nuclear condensation and in which the acrosomal
vesicle, although not yet fully differentiated, has migrated to the anterior end of the
spermatozoon. At this stage, endoplasmic reticulum (er) is widely distributed throughout
the cytoplasm of the cytophore and suggests that active synthesis is occurring within the
sperm disc. Electron dense spherical vesicles are also visible within the cytophore,
although it is not clear whether these are lysosomes or storage organelles.

As the development into mature spermatozoa proceeds, the cytophore shrinks in size
until it contains very few cytoplasmic inclusions apart from membrane bound vesicles.
Figure 5 is-of a mature sperm morula and it is within this structure that the spermatozoa
remain until just prior to spawning or when incubated in vitro with SMF.
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Ultrastructure of mature spermatozoa and the sperm morula

Figure 5 shows a transverse section through a fully differentiated sperm morula and
the orientation of mature spermatozoa with their acrosomes toward the cytophore. It can
be seen that the cytophore contains very little cytoplasm and few cytoplasmic inclusions,
but it is seen to make connection with individual sperm heads. The details of these
connections are seen more clearly in Figure 6, with a stalk of cytoplasm from the
cytophore making contact with individual spermatozoa on the lateral surface of the
sperm head, just behind the acrosome. Figure 6 also shows detail of the head and mid-
region of a mature spermatozoon.

The spermatozoa of Arenicola marina conform to a typical primitive ultrastructure.
The head region of mature spermatozoa consists mainly of nuclear material surmounted
by a cup-like acrosome (Fig. 6) (see Sawada [1984] for acrosome types). At the apex of the
acrosome is a small acrosomal button or apical vesicle. This is anterior to the acrosomal
vesicle which lies in the space between the acrosome and the nucleus, and in A. marina
contains material which is moderately granular. The nucleus, both in transverse and
longitudinal section, appears ovoid in shape and posteriorly there are four to six
mitochondria. Figure 7 shows a transverse section through the mid-region of a spermato-
zoon in which there are five. Located within the mid-region of spermatozoa are two
centrioles oriented at 90° to each other (Figs 8, 9). The distal centriole lies along the
central vertical axis of the spermatozoon and has nine paddle-like arms. From these arise
the nine outer doublets of the flagellar axonieme, the two central singlets arising distal to
the centriolar apparatus (Fig. 10).

The sperm flagellum of A. marina is relatively unmodified along its length and
consists of the conventional arrangement of 9 + 2 microtubules tightly enclosed within a
membrane sheath. Occasionally, however, modifications of the flagellum are observed.
These usually occur with regard to the membrane surrounding the axoneme which may
become flared, expanded, or occasionally forms are observed where two axonemes are
surrounded by a single membrane. Transverse sections through various points along the
distal region of the flagellum suggest that the axoneme is coiling within the flagellar part
of the cell membrane (Fig. 11).

Incubation of sperm morulae with SMF in vitro

When coelomic sperm samples of Arenicola marina are incubated with SMF in vitro,
free sperm are liberated from the sperm morulae after approximately 50:minutes at 14 °C

Fig. 1. Transverse section through a cluster of developing spermatocytes or :spermatids showing
cytoplasmic connections between individual cells which connect in the centre'of the cluster to make
up the cytophore (cy). Scale bar = 10 um
Fig. 2. Transverse section of a cluster of developing spermatids. Nuclear condensation is partially
complete and organelles such as centrioles are visible (n = nucleus; ¢ = centriole}. Scale bar = 2 um
Fig. 3. Transverse section through a later stage of morula:development, the cluster of spermatids
now having flattened to form a disc. The differentiation of spermatozoa is now.occurring and cell
organelles are clearly visible (m = mitochondria; p = pre-acrosomal vesicle; cy = cytophore). Scale
bar =2 um
Fig. 4. Spermatid disc in which nuclear condensation is complete. The cytophore contains endoplas-
mic reticulum (er) which suggests active biosynthesis is occurring. Scale bar = 2 um
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Fig. 5. ‘Structure of ‘mature sperm morula' showing the-orientation of mature spermatozoa to the
cytophore. The sperm remain bound together in this way until just prior to spawning or following
incubation with SMF in vitro. Scale bar =10 ym
Fig. 6. Ulirastricture of ‘acrosome and.attachinent of mature spérmatozoa m the cytophore {a =
acrosome; av = acrosomal vesicle; att = cytoplasmic attachment of spermatozoa to-the cytophore).
Scale bar = 1 pm
Fig: 7. Mid-region of mature spermatozoa showing position of distal centriole. S¢ale bar = 0.2 uin
Fig. 8. Longitudinal section of mature spermatozoa showing proximal cenfriole: {arrowed). Scale
bar=:0.2 ym
Fig. 9. Mid-region ‘of mature spermatozoa showing distal centriole: {arrowed). Scale bar = 0.2:.um
Fig. 10 Mid-region of mature spermatozoon showing position of centriolar apparatus-and the outer
doublet-(od) and:central singlet-(cs) microtubules of the flagellar axoneme. Scale ‘bar =0.2 um
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Fig. 11. Diagrammatic representation of the distal end of mature sperm flagellum showing the

coiling. of the axoneme within an expanded portion of the flagellar membrane. The diagram shows

the membrane tightly adhering to the microtubules (Section b), although Section a shows an

alternate form, where the membrane is expanded. The other transverse sections (c—f) correspond to
interpretation by the diagram. Scale bar = 0.2 um

(Bentley, 1985). Sperm morulae present within sperm samples which are fixed at the
commencement of incubation, show no ultrastructural changes and have an appearance
unchanged from that of the unactivated morulae. Only aftertwenty minutes of incubation
with prostomial extracts do any changes become apparent (Fig. 12). Figure 12'shows that
significant changes have taken place with respect to the state of the cytophore: At this
time the cytophore becomes swollen and significantly increases in-size (¢f, Fig. 6). The
stalks of cytoplasm which connect the cytophore to the spermatozoa and the spermatozoa
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to each other, are similarly swollen. Both the cytophore and the connecting stalks are
filled with a granular electron dense material, and whorls of membrane within the
cytoplasm are visible (arrowed).

After 30 minutes incubation, fewer sperm heads are observed being associated with
the cytophore (Fig. 13). The cytophore at this time is very swollen, contains some clear
vacuoles, and appears to be undergoing degeneration. After 40 minutes observation,
many remnant cytophores are visible (Fig. 14). Observations of live sperm incubations at
this time shows that although individual flagella are beating, few sperm are free and a
degree of structural integrity between spermatozoa which make up a morula is still
maintained. The observations described here indicate that this is not achieved via the
connection of sperm to the cytophore since by this time the connections with the sperm
head have been broken. However, unpublished phase contrast or dark field microscopic
observations of live sperm samples at this time suggest that this may be achieved by the
tendency of the distal ends of the sperm flagellum to stick together. However, exactly
how this is achieved is not clear.

Ultimately the spermatozoa become totally independent, and such spermatozoa are
visible in live sperm samples or samples fixed after 50 minutes incubation with SMF. The
presence of free spermatozoa at 50 minutes is the basis of the in vitro bioassay, indicating
the sperm morulae breakdown has taken place (Bentley,-1985).

Over the incubation period the ultrastructure of mature spermatozoa does not
change, with the ultrastructure of free spermatozoa being identical to that of those which
are morula-bound. Similarly, following the incubation of coelomic sperm:samples with
TFSW there are no free spermatozoa present after 50 minutes and observation by both
light microscopy and by transmission electron microscopy show that all sperm morulae
have undergone no ultrastructural changes. In addition, during experimental incubations
there may be a small number of morulae which also remain undissociated ‘after 50
minutes incubation with SMF.and do not liberate free spermatozoa. Similarly, spermato-
cyte clusters, plates of spermatids and other developmental stages. of sperm morula: may
also be present and these are also noted to undergo no ultrastructural changes:

Other ultrastructural observations

During the TEM observations of the fixed sperm suspension from'in vitro incubations
described above, cell types other than spermatozoa were visible. Coelomocytes were
observed, usually in-small numbers, in many. of the experimental and control incubations.
During incubations fixed after 40 minutes, however, they were observéd-often associated
with free spermatozoa. Figure 15 shows an aggregate of several coelomocytes within

Fig. 12..Section‘of a sperm morula dfter 20'min incubation with. SMF in Vitro. The cytophore-appears
swollen.and contains whorls of cytoplasm: {arrowed), also the:spatial distance between sperm heads
has increased noticeably. Scale bar: =2 um
Fig.13. ‘Section through a sperm morula following 30 min incubation with SMF. Relatively few
sperm heads are associated with the cytophore, and the cytophore appears to be undergoing lysis.
Scale bar =/2.um
Fig. 14, Remainsiof the cytophore'are visible after 40 min incubation with: SMF in vitro. Scale bar =
2. um
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7

Fig. 15. Section through an aggregation of coelomocytes which contain several spermatozoa, sperm
nuclei, acrosomes and flagella (sn = sperm nucleus; a = acrosome; { = flagella). Scale bar = 2 ym
Fig. 16. Section through a coelomocyte showing phagocytosed free spermatozoa. Scale bar = 10 um

which the nucleus or acrosomes of seven mature spermatozoa are visible. It is not clear
whether these spermatozoa have been phagocytosed by a single, or several cells, or have
been encapsulated by them and are currently lying within the intercellular space. Figure
16, however, clearly shows a spermatozoon which has.been phagocytosed by a coelomo-
cyte.

DISCUSSION

It has been shown during previous studies on the sperm ultrastructure of Arenicola
marina, using both light (Bentley, 1986a), scanning (Meijer, 1979; Bentley & Pacey, 1989)
and transmission electron microscopy (Bentley, 1986b), that the sperm type is primitive.
This study, however, is more detailed and reveals much more of the internal structure of
individual spermatozoa, sperm morulae, and stages of spermatogenesis.' Therefore, a
more thorough evaluation of the sperm biology of this species can now be.made in
addition to a comparison between the sperm structure of A.. marina and the closely
related Arenicola brasiliensis (Sawada, 1975).
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Sperm ultrastructure can often be related to aspects of the reproductive mode or
fertilisation biology of a given species and the sperm ultrastructure of A. marina, for
example, is typical of species which utilize external fertilisation following broadcast
spawning: an oval shaped head, a simple acrosome, a single flagellum and four to six
unmodified mitochondria (see Franzén, 1956). In many respects the sperm structure of A.
marina is very similar to the sperm morphology of the closely related A. brasiliensis. Two
morphological features of the spermatozoa of both species are worthy of note. First, both
have similar acrosomal structures which are described as being like an “inverted cup”
with a vesicle like structure on the apex (see Sawada [1984] for a review of the acrosome
types in Polychaeta). Secondly, it has already been pointed out (Bentley & Pacey, 1989),
and this study confirms, that the sperm head of A. brasiliensis is more elongate than that
of A. marina. The implications which can be inferred from these two observations appear
to be contrary to each other. In the first instance, a similarity in the acrosome structure
would suggest that the two species share similar fertilisation mechanisms (see Franzén &
Rice, 1988), whereas a difference in the shape of the sperm head, as well as leading to a
more tightly packed arrangement of sperm heads around the cytophore, suggests that
there may be species-specific differences in fertilisation biology; it has been suggested
that where nuclear elongation occurs it may be correlated with an increase in egg size
and lecithotrophic development (Franzén, 1983). This study cannot suggest any explana-
tions for such differences, and insufficient details of egg morphology and larval develop-
ment are known about either species to draw any firm conclusions.

Similar patterns of spermatogenesis between A. marina and A. brasiliensis (Sawada,
1975) have been demonstrated (see Bentley & Pacey, 1989) and are confirmed by this
study. One common feature is the formation of a sperm morula and the presence of a
cytophore. The formation of a cytophore is thought:to be characteristic of the annelids,
but its role is not clear (Sawada, 1984). In the earthworms, Eisenia foetida and Bimastus
pana, Sareen & Verma (1983) describe the cytophore containing phospholipids, RNA,
carbohydrates and proteins, but-they ascribe. no functional role to these substances.
Sawada {1984) suggested that the cytophore may serve as a “sink” for residual cytoplasm
during the division of spermatogonia, and may also serve to synchronise their develop-
ment. This study shows that by the presence of endoplasmic reticulum and other
organelles within the cytophore of developing spermatogonia, but not in the mature
morula,.the eytophore may have a nutritive or metabolic role in spermatogonial develop-
ment. Cytoplasmic continuity between developing gern cells is certainly not a feature
exclusive to the Annelida; intra-cellular bridges between developing spermatogonia
have been observed in a number of animals, for example in the millipedes (Reger &
Cooper, 1968) and also in many mammals (Holstein & Roosen-Runge; 1981). It has been
suggested that they may facilitate physiological communication between, cells (Weber &
Russell; 1987), and such communication could ensure synchronous germ cell develop-
ment, possibly by the spread of regulatory substances throughout the clone (Huckins,
1978). It is conceivable that the cytophore of A. marina could have a comparable role. The
cytophiore is:clearly involved in the release of free spermatozoa since ultrastructural
changes are closely allied with the breakdown of sperm morulae. The significance of the
cytophore swelling; the role of the granular material, and the whorls of cytoplasm.is not
clear; although the possibility that enzymes, which are involved in the breaking. of the
cytoplasmic connections between spermatozoa, and.substances which stimulate flagellar
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beating are being synthesised within the cytophore should not be overlooked. In addi-
tion, since sperm morula breakdown is mediated by SMF, the reception and translation of
endocrine signals may well be modulated by the cytophore.

The observation that the axoneme is coiling within the flagellar membrane at its
distal end is particularly interesting. Such a structure is very much like the transverse
sections of paddle or discocilium which have been described in association with the
sensory epithelia of a number of marine invertebrates (see Laverack, 1988). There are
several variations (“club footed”, “spatulate” or "paddle” type), but in general these cilia
bear a discoid, biconcave or round swelling at their tip. Possible functions for such
structures have been suggested, and include that they increase the membrane surface
area for chemoreception (Davis & Matera, 1982) or increase the efficiency of the power
stroke-(Arnolds & Williams-Arnold, 1980). However, recent work has demonstrated that
such structures are almost certainly artifacts and that they are not normally found in
living organisms but are induced under a variety of ionic or hypotonic conditions (see
Short & Tamm, 1991).

Similar structures have not been widely reported as occurring in the flagellum of
spermatozoa, although they have also been observed in the sperm of mammals (Drevius,
1975), some fish species (Cosson, pers. comm.} and in a number of other polychaetes
species such as Nephtys hombergi and Nephtys caeca (Bentley, unpubl.), and in Har-
mothoe impar (Bentley & Serries; 1992) In the case of mammalian sperm;, the coiling of
the flagellar axoneme occurs clearly as a result of their exposure to hypotonic media. In
this study, a similar mechanism is not responsible since the fixation was isotonic to
seawater. Such structures have, however, been observed in living spermatozoa of A.
marina, under ambient osmotic conditions,* using ‘phase contrast and dark field micro-
scopy (unpublished obsérvations).-It has been suggested that where paddle cilia have
been observed in living specimens they may occur'as a result of the non-physiological
conditions of the microscope slide used:for observation (Short & Tamm, 1991) and,
clearly, the similarity between cilia ‘and. flagella could suggest that the coiling the
flagellar axoneme may: occur via a- common mechanism.: Any- inference that such
structures in the spermatozoa of A. marina are real should. therefore be made with
caution. In a previous paper (Bentley & Pacey, 1989), scanning electron micrographs
showing such structures in A. marina wete published (see Fig. 11 in Bentley & Pacey,
1989) ‘and it was suggested that the appearance of two axonemes within ‘a single
membrane was due to the binding of axonemes from separate spermatozoa. It now seems
unlikely that the pairing of flagellum in A. marina results in the binding of axonemes.

Finally, the observation that coelomocytes may phagocytose free spermatozoa, but
not - spermatozoa . which are present in sperm' morulae; ‘is. particulaily interesting.
Coelomocytes are known to play a vital role'in the removal of unwanted: cellular and non-
cellular material from the coelomic cavities of polychaetes (see Dales & Dixon, 1981;
Dhainaut & Porchet-Henner¢, 1989 for review). For example; it has been shown that they
play‘a central role in the clearance of bacteria from the coelomi¢ fluidin A. marina
(Fitzgerald & Ratcliffe, 1989) and coelomocytes have been seen to proliferate following
tissue damage and degeneration (Clark & Clark, 1962). Resorption of gametes within the
Polychaeta,  whether due to reproductive failure or partial spawning; is a. common
occurrence (Olive et al;, 1981a, b) and it has been stiggested that coelomaocytes clear the
coelom of redundant gametes and disintegrating remains-of gonadial tissue following
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spawning (Dales & Dixon, 1981). In A. marina, unspawned gametes present within the
coelomic cavity may persist for some time. De Wilde & Berghuis {1979) noted that the
coelomic cavities of 8% of a population on the Dutch coast still contained gametes
(present as sperm morulae, oocytes and earlier developmental stages) over one month
after spawning. In the bivalve Pecten maximus, observations of phagocytosed sper-
matozoa by macrophages have been made (Dorange & Lepennec, 1989) and it has been
suggested in A. marina that coelomocytes may “clean” the coelomic cavity of unspawned
spermatozoa (Bentley & Pacey, 1989). The ultrastructural evidence presented in this
study suggests that there is a true role for coelomocytes in the removal of unwanted germ
cells and it seems an interesting observation that only free sperm, liberated from sperm
morulae, are subject to encapsulation or phagocytosis by coelomocytes. This raises
interesting immunological questions with regard to how coelomocytes differentiate
between free and morula bound spermatozoa. Such questions require experimental
analysis.
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