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Fig. 2. Transverse and longitudinal sections through the eusperm of Bathynerita naticoidea. a. Longitudinal section of the
head. b. Longitudinal section of the acrosome showing the posterior expansion of the axial rod (arrowed). c. Base of the
acrosome and subacrosomal plate (sa). d. Transverse sections through various regions of the acrosome. e. Transverse section
though the nucleus and centriole (c) within the intra nuclear canal. f. Longitudinal section of the anterior nucleus showing
centriole (c) within the intra nuclear canal. g, h. Longitudinal sections of the mid-piece showing axoneme and mid-piece
rod (r) surrounded by mitochondria (m) in the cytoplasmic sheath. Note the periodic electron-dense thickening of the sheath
membrane (arrowed). i. Transverse sections of the mid-piece and tail. j. Longitudinal section of the junction between the
mid-piece and tail. k. Longitudinal section of the terminal region of the tail. a, acrosome: ar, axial rod; ax, axoneme; ¢,
centriole: gl, glycogen; i, intra nuclear canal; n, nucleus; r, mid-piece rod; sa, subacrosomal plate; t, tail; tr, terminal region
of tail. Scale bars; a=2 pm; b, f~k=0.5 pm; c¢,d,e=0.25 pm.
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acrosome and the anterior of the nucleus is a subacro-
somal plate which is perforated centrally (Fig. 2¢).

The mid-piece consists of a centriolar complex
which is located ~1 pm from the anterior of the intra-
nuclear canal, and two elongate mitochondria which
have poorly defined cristae (Fig. 2e, f, g, 1). The mi-
tochondria lie posterior to the nucleus and extend,
within a narrow cytoplasmic sheath, along the axo-
neme to the junction of the mid-piece and tail (Figs.
1; 2j). To date it has not been possible to determine
the length of the mitochondria and mid-piece by trans-
mission electron microscopy. Light microscope mea-
surements indicate that the mid-piece is ~35 pm long
(Fig. 1). Within the cytoplasmic sheath, the mitochon-
dria are positioned opposite one another, each being
fixed in position with respect to the outer doublets of
the axoneme (Fig. 2g, 1). One lies adjacent to doublets
2, 3 and 4 and the other doublets 7, 8 and 9. Whereas
the head of the sperm is circular in transverse section,
the mid-piece is oval (~1 pm X 0.7 pum) and therefore
wider than the nucleus. The width of the mid-piece
decreases posteriorly. In addition to the two mitochon-
dria, the cytoplasmic sheath contains numerous gran-
ules, presumed to be glycogen (Fig. 2h, 1). The inner
membrane of the cytoplasmic sheath has a deposit of
electron-dense material which is regularly thickened
(periodicity ~65-70 nm) (Fig. 2g).

The anterior section of the axoneme, which has a 9
+ 2 arrangement of microtubules, is housed within the
intra nuclear canal. In the mid-piece, a rod-like struc-
ture lies adjacent to the first outer doublets of the ax-
oneme. This rod continues into the tail section of the
sperm (Fig. 2h, i). Posteriorly the tail terminates as an
electron-dense rod (Fig. 2k).

Spermiogenesis

The testis of Bathynerita naticoidea, which occupies
the dorsal and right side of the visceral coil (Warén &
Bouchet 1993), consists of acini arranged like a cluster
of grapes. During the course of the study a number of
acini were sectioned and each was found to contain
most stages of spermatogenesis (Fig. 3).

Somatic cells lie next to the basal lamina of the acini
(Fig. 3b), the cytoplasmic extensions of these cells ex-
tending towards the lumen. As the morphology of
these cells is similar to that of gastropod Sertoli cells
described by Buckland-Nicks & Chia (1986b), we
have adopted this name for the somatic cells of B.
naticoidea. Adjacent Sertoli cells are connected to
each other by desmosomes and septate desmosomes
(not illustrated). The Sertoli cells are characterized by
an electron-lucent cytoplasm which contains a spher-
ical to lobular nucleus, lipid droplets, lysosomes and
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large mitochondria (~1 wm diameter) with well de-
veloped tubular cristae (Fig. 3b, c¢; 4a). The cytoplas-
mic extensions often contain microfilaments (Fig. 3d)
and microtubules.

Early spermatogenic stages lie close to the wall of
the testicular acini and Sertoli cells, and as the sperm
mature they are displaced towards the centre of each
acinus. The spermatids are closely associated with the
Sertoli cells throughout spermiogenesis, although only
the anterior portion of the nucleus or acrosome of late
spermatids is enclosed by, and attached to, the cyto-
plasmic processes of the Sertoli cells (Fig. 3d).

The morphological changes which occur during
spermiogenesis are similar to those previously de-
scribed for shallow water neritimorphs (Garreau de
Loubresse 1971; Giusti & Selmi 1982; Kohnert &
Storch 1984; Koike 1985; Buckland-Nicks & Chia
1986a; Al-Hajj 1988) and therefore a brief description
only follows.

Early spermatids are characterized by a spherical
nucleus (~4.5 pm diameter) in which the chromatin
is organised in a patchwork (Fig. 4a). In addition to
numerous small mitochondria, the cytoplasm contains
well developed Golgi bodies (each with ~9 cisternae)
and electron-dense proacrosomal vesicles. Closely as-
sociated with the Golgi bodies are the centrioles (Fig.
4a, e). As maturation proceeds the chromatin of the
nucleus condenses, firstly becoming granular, fibrous
and then lamellar in appearance (Fig. 4b, c, d) before
condensing fully. As the chromatin condenses the nu-
cleus decreases in size and becomes oval-shaped, de-
veloping a large central posterior invagination (Fig.
4b). Once invagination is complete, the nucleus grad-
ually elongates along the anterior-posterior axis, the
invagination forming the intra-nuclear canal of the
sperm (Fig. 4d).

Acrosome formation involves the coalescence of the
small proacrosomal vesicles into a single larger vesicle
which is attached to one cisterna of the Golgi body
and the plasma membrane (Fig. 4e, f). In mid-
spermatids the acrosome invaginates (Fig. 4g) and mi-
grates to the presumptive anterior of the mid-spermatid
where it is closely associated with a subacrosomal
plate and the maturing nucleus (Fig. 4h). The acro-
some then elongates.

Whilst the developing acrosome migrates anteriorly,
the Golgi body remains closely associated with the
centrioles and developing axoneme of the tail (Fig. 4b,
d). As it elongates, the tail is ensheathed by cytoplasm,
the inner membrane of the sheath becoming electron-
dense in appearance (Fig. 4d, i, j) due to the deposition
of material secreted by the Golgi body. When viewed
in longitudinal section, the electron-dense material is
periodically thickened.
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Fig. 3. a. Light micrograph of a semi-thin section (stained in toluidine blue) of the testis of Bathynerita naticoidea. b.
Outer region of an acinus showing Sertoli cell (s) with basal lamina (arrowed) and early spermatids (st). ¢. Sertoli cell and
spermatocytes (sc). d. A cytoplasmic process of the Sertoli cell (s) and acrosomes (a) of mature sperms. Arrows indicate
microfilaments within the Sertoli cell. a, acrosome; |, lipid; ly, lysosome; m, mitochondrion; n, nucleus; s, Sertoli cell; st,
spermatid; sz, sperms. Scale bars. a=50 pm ; b,c=1 pm; d=0.5 pm.

During elongation of the axoneme, the mitochondria
migrate to the presumptive posterior of the nucleus
where they surround the centrioles and then coalesce
to form fewer, larger, spherical mitochondria. The cen-
trioles lie at the base of the intra-nuclear canal which

is plugged posteriorly with electron-dense material
(Fig. 4b, ¢, d). Mitochondrial elongation along the cy-
toplasmic tube, and migration of the centrioles into the
intra-nuclear canal only occurs at the end of spermi-
ogenesis (Fig. 4j).
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Fig. 4. a. Early spermatid showing Golgi complex (g) and centriole (¢) with adjacent Sertoli cell (s). b—d. developing
spermatids. Note the periodically-striated, electron-dense material (arrowed) developing from secretions of the Golgi body
(g) in 3d. e. Golgi body (g) of an early spermatid producing proacrosomal vesicles (pav). f-h. Sequential stages in the
formation of the acrosome. i. Posterior nucleus of a late spermatid showing the proximal (p) and distal (d) centrioles at the
entrance to the intra nuclear canal. j. Very late spermatid in which the centriole is migrating along the intra nuclear canal.

a, acrosome; av, acrosomal vesicle; ¢, centriole; g, Golgi body; i, intra nuclear canal; pav, proacrosomal vesicle; s. Sertoli
cell. Scale bars. a—g=1 pm; h—j, 0.5 wm.
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Discussion

The formation of dimorphic sperms (eupyrene eu-
sperms and apyrene parasperms) has been observed in
several species of Neritidae (Nishiwaki 1964; Selmi &
Giusti 1983a). In the present study on Bathynerita na-
ticoidea, only eusperms and stages of euspermatoge-
nesis were present in the individuals (n=3) examined.
It is possible that this species of deep-sea neritid does
not form dimorphic sperm. It would be premature,
however, to draw such a conclusion from a study of
only a few individuals, sampled at one time of the year
(August and September). Formation of parasperm may
be seasonal. Unfortunately there is no information on
whether there is any form of reproductive seasonality
in this animal. Ultrastructural studies of the ovary
(Eckelbarger & Young 1997) suggested that B. nati-
coidea is a fast egg-making species which would en-
able several spawning events each year. If this is the
case, males would clearly need to have sperm available
for fertilization prior to each spawning and asynchro-
nous production of parasperm would seem unlikely.
Hopefully future studies will be able to clarify these
1ssues.

Although it was only possible to examine material
from three individuals, we believe that the structure of
the eusperm from these animals is representative of the
species. The eusperm is an introsperm because neriti-
morphs have internal fertilization. The eusperm of all
neritimorphs described to date, including B. naticoi-
dea, have a number of common morphological fea-
tures. These are: 1) a filiform sperm with an elongate
tubular nucleus; 2) a centriolar complex and axoneme
penetrating almost to the anterior of the intra-nuclear
canal; 3) an anteriorly positioned conical acrosome
which is comprised of an acrosomal vesicle, axial rod
expanded at its base, and a subacrosomal plate be-
tween the acrosome and nucleus; 4) mid-piece mito-
chondria housed in a cytoplasmic sheath, the inner
membrane of which is lined with periodically thick-
ened electron-dense material.

A number of authors have suggested that internal
fertilization was the primitive mode of fertilization in
a number of invertebrate taxa including the gastropods
(see Buckland-Nicks 1995; Buckland-Nicks & Schel-
tema 1995 for literature reviews). If this is so then both
shallow-water and deep-sea neritimorphs have retained
this primitive gastropod trait. Buckland-Nicks &
Scheltema (1995) suggested that because neritimorphs
have a number of plesiomorphic features, and internal
(= primitive?) fertilization, they could be closer to the
stem of gastropod evolution than the patellogastro-
pods. Ponder & Lindberg (1997), however, state that
internal fertilization is a feature of the more derived
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gastropod taxa. Furthermore, their cladistic analyses
(Ponder and Lindberg 1997) placed the Patellogastro-
poda at the base of all gastropod phylogenetic trees.

In an examination of the sperm of Neritacea, Koike
(1985) determined that species of Neritidae and Phen-
acolepadidae had sperm which were more similar to
each other, than to species of Helicinidae. The mid-
piece of the Neritidae and Phenacolepadidae has two
elongate mitochondria which are parallel to the axo-
neme, and a mid-piece rod adjacent to the axoneme.
By contrast, the mid-piece of the Helicinidae has four
or five mitochondria which are arranged helically, and
no mid-piece rod. The two elongate mitochondria and
mid-piece rod of the sperm of B. naticoidea would
appear to support the current placement of this species
in the Neritidae or Phenacolepadidae. Koike (1985)
noted that the sperm of the Neritidae differed from that
of the Phenacolepadidae in the structure of the termi-
nal end of the tail and the length of the mid-piece rod.
In the former family the tail terminates as either a bag-
like or fan-like structure, and the mid-piece rod stops
at the junction of the mid-piece and tail. By contrast
in the Phenacolepadidae, the tail does not have an ex-
panded terminal section and the rod extends into the
tail piece. In these respects the sperm of B. naticoidea
is more similar to that of the Phenacolepadidae. The
cladistic study of Holthuis (1995) also indicated a
close relationship between Bathynerita and Phenaco-
lepas. Warén & Bouchet (1993) in their examination
of the anatomy of B. naticoidea found that this animal
had some morphological differences when compared
to other Neritidae. The anatomical and spermatological
differences between B. naticoidea and other Neritidae
therefore raises some doubt about the placement of this
species in this family. We suggest that a molecular
study combined with further cladistic analysis may re-
solve the systematic position of B. naticoidea.

A characteristic feature of the tail of the sperm of
the Neritidae and Phenacolepadidae is the bend at the
junction of the mid-piece and tail piece (Giusti & Sel-
mi 1982; Koike 1985). Thus the posterior section of
the axoneme (tail piece) is reflected in an anterior di-
rection. However, not all neritimorph taxa have sperm
with a tail bend, such a feature being absent from the
Helicinidae (Koike 1985) as well as B. naticoidea (this
study). Ponder & Lindberg (1997) note that the Heli-
cinidae (a terrestrial family) has more plesiomorphic
features in some organ systems than marine neriti-
morphs. It is possible that the absence of a tail bend
in helicinid and B. naticoidea sperm is a plesiomorphic
character, and it will be interesting to discover whether
such a morphological feature is absent in other deep-
sea neritimorphs.

Within the Neritidae and Phenacolepadidae, the po-
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sition of the mid-piece rod in relation to the axoneme
is remarkably consistent, being sited next to the first
set of outer doublets (Giusti & Selmi 1982, Koike
1985; present study). The composition of the material
of this rod is still to be determined, although Giusti
and Selmi (1982) suggest that it 1s proteinaceous. Al-
though the function of the rod would be difficult to
ascertain, we suggest that it strengthens or stiffens the
mid-piece and could be analogous in function to the
outer dense fibres of mammalian sperm. Observations
of the motility of the sperm of Theodoxus fluviatilis
revealed that only the tail-piece had a flagellar wave
(Selmi & Giusti 1983b). Whether this is typical for
other neritimorphs remains to be determined.

The morphological changes which occur during
spermiogenesis in B. naticoidea are identical to those
described for shallow water species (Garreau de Loub-
resse 1971; Giusti & Selmi 1982; Kohnert & Storch
1984; Koike 1985; Buckland-Nicks & Chia 1986a; Al-
Hajj 1988). In all these accounts no mention is made
of the presence of Sertoli cells. Koike (1985; Plates
4E, 11G) illustrated the presence of nutritive cells in
Heminerita japonica and Neritina variegata and we
suggest that these cells are Sertoli cells. There are very
few detailed descriptions of the structure of Sertoli
cells in gastropods (see Buckland-Nicks & Chia
1986b; Hinsch 1993 for reviews) and functional in-
formation is based on studies of two species only
(Jong-Brink et al. 1977; Buckland-Nicks & Chia
1986b). Buckland-Nicks & Scheltema (1995) have
suggested that in some invertebrates, aquasperm
evolved by the truncation of spermiogenesis in animals
that were producing introsperm. In species with in-
trosperm, the communication between the spermatids
and Sertoli cells is crucial for final morphogenesis of
the sperm, as is the case in vertebrates. Sertoli cell
activation in vertebrates has been found to be con-
trolled by a protein(s) released by spermatids. Buck-
land-Nicks & Scheltema (1995) therefore proposed
that if the gene(s) encoding the spermatid protein were
suppressed, the Sertoli cell would not be activated and
consequently spermiogenesis would be truncated, and
the plesiosperm form would be re-expressed. Whilst
this theory may be proved correct, we note that in
gastropods which form aquasperm, Sertoli cells have
never been described. The absence (or loss?) of these
cells in species which evolved external fertilization
could also be a mechanism by which the plesiosperm
has been re-expressed in patellogastropods and veti-
gastropods.

The cytoplasmic contents of the Sertoli cells in B.
naticoidea are similar to that found in other proso-
branchs (Yasuzumi et al. 1960; Buckland-Nicks &
Chia 1986b; Hodgson & Heller 1997). Although the
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Sertoli cells of B. naticoidea do not appear to com-
pletely surround the developing early spermatids as
suggested for caenogastropods (Buckland-Nicks &
Chia 1986b), spermatids are always in close contact
with such cells. As described for caenogastropods
(Buckland-Nicks & Chia 1986b), late spermatids of B.
naticoidea are attached to the Sertol: cells by the heads
only.

In conclusion, the fundamental structure of the
sperm and process of spermiogenesis in the deep-sea
neritimorph Bathynerita naticoidea is similar to that of
shallow water species. However unlike shallow water
Neritidae, B. naticoidea may not form dimorphic
sperm and the tail is not bent at the junction of the
mid-piece and tail piece, nor is the terminal end of the
tail expanded. Sperm morphology adds further support
to the cladistic analysis of Holthuis (1995) which re-
vealed a closer relationship of Bathynerita to Phena-
colepas (Phenacolepadidae) than to other neritids.
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