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Abstract We studied the ultrastructure of spermatogene-
sis and spermatozoa in the northern quahaug, the clam
Mercenaria mercenaria. Spermatogenetic cells gradually
elongate. Mitochondria gradually fuse and increase in size
and electron density. During spermatid diVerentiation, pro-
acrosomal vesicles migrate towards the presumptive ante-
rior pole of the nucleus and eventually form the acrosome.
The spermatozoon of M. mercenaria is of a primitive type.
It is composed of head, mid-piece, and tail. The acrosome
shows a subacrosomal space with a short conical contour.
The slightly curved nucleus of the spermatozoon contains
Wne-grained dense chromatin. The middle piece consists of
a centriolar complex which is surrounded by four mito-
chondria. The Xagellum has a standard “9 + 2” microtubular
structure. The ultrastructure of spermatozoa and spermato-
genesis of M. mercenaria shares a number of features with
other species of the family Veneridae. M. mercenaria may

be a suitable model species for further investigations into
the mechanisms of spermatogenesis in the Bivalvia.
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Introduction

Spermatozoa of bivalve Mollusca generally belong to a
morphologically primitive type (Franzen 1983; Hodgson
and Bernard 1986; Dorange and Le Pennec 1989; Healy
1995; De Rosa et al. 2003; Suwanjarat 1999; Deng and Tan
2000; Dai et al. 2004; Sun et al. 2000; Zhu and Yang 2004).
DiVerent types of spermatozoa can be distinguished among
taxonomic groups. The morphology of bivalve spermatozoa
can even be species-speciWc and often provides useful char-
acters for phylogenetic reconstructions (Popham 1974;
Franzen 1983; Hodgson and Bernard 1986; Healy 1995).
The examination of sperm structure is thus of signiWcance
for the reproductive biology as well as for phylogenetic
reconstructions.

There have been several studies on the ultrastructure of
spermatozoa in the Bivalvia (Franzen 1983; Healy 1995;
Reunov and Hodgson 1994; Suwanjarat 1999; Keys and
Healy 1999; Du 1996; Sun et al. 2000; Liu et al. 1990; Guo
and Tan 2002; Guerra et al. 2003; Zhu and Yang 2004; Ren
et al. 1998). However, there are only a few studies on the
ultrastructure of spermatogenesis and spermatozoa of mem-
bers of the family Veneridae (Zeng and Li 1991; Reunov
and Hodgson 1994; De Rosa et al. 2003; Nicotra and
Zappata 1991; Healy 1995; Guo and Tan 2002), and no
investigations on spermatozoa or spermatogenesis at the
ultrastructural level as yet. The Veneridae is an economically
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important bivalve family since several representatives are
marketed as shell Wsh.

Mercenaria mercenaria is commonly known as the
northern quahaug. It belongs to the family Veneridae in the
class Bivalvia. It is a shellWsh of high nutritional value,
originating from the Atlantic coast of North America and
introduced to China in 1997. The use of this species for
aquaculture in China has led to investigations on its basic
reproductive biology, ecological habits, metabolism, artiW-
cial breeding, and mariculture (Lin et al. 2002, 2005; Zhang
et al. 2003; Wen et al. 2004). In the present study we
describe the ultrastructure of the spermatozoa and charac-
terize the stages of spermiogenesis in M. mercenaria by
transmission electron microscopy. The aim of the study
was to reveal the basic features of the diVerent spermato-
genic stages, and to provide information useful for analy-
sing phylogenetic relationships among Veneridae and other
bivalves.

Materials and methods

The specimens of M. mercenaria were collected, on a
monthly basis, from April to July in 2004 and from March
to April in 2005 from the Zhejiang Mariculture Research
Institute. Samples of testes were obtained, from Wve indi-
viduals each, which showed diVerent degrees of gonad mat-
uration at similar length. Small pieces of testes (<1 mm)
were Wxed in 2.5% glutaraldehyde in phosphate buVer (pH
7.4) and post Wxed in 1% osmium tetroxide in phosphate
buVer. After dehydration in alcohol, specimens were
embedded in Spurr resin 618. Ultrathin sections were cut
by a Sweden LKB 2088 ultramicrotome equipped with a
diamond knife, and then stained with uranyl acetate and
lead citrate. Thin sections were observed using a JEOL
JEM-1200EX transmission electron microscope.

Results

Gonads of mature male M. mercenaria show germ cells in
various stages of spermatogenesis. The ultrastructure of
spermatogonia, spermatocytes, spermatids, and mature
spermatozoa were identiWed and described as follows.

Spermatogonia

Spermatogonia are located in the peripheral region of the
follicles. They are derived from primitive germ cells by
mitotic division and diVerentiation. Spermatogonia are oval
or irregular in shape (Fig. 1). Some spermatogonia remain
as spermatogenic stem cells, while others undergo the pro-
cess of spermatogenesis. The latter have spherical or oval

nuclei (Fig. 2) and small patches of heterochromatin scat-
tered throughout the nucleoplasm. The small cytoplasm
contains only a few cytoplasmic organelles, including
Golgi vesicles and mitochondria (Figs. 1, 2).

Primary spermatocytes

Primary spermatocytes are derived by mitotic division from
spermatogonia. Thus their number is much higher than that
of the spermatogonia. The cytoplasm has increased in vol-
ume. There are scattered agglomerations of chromatin in
the nucleus and the organelles in the cytoplasm have sig-
niWcantly increased in number. Numerous endoplasmic
reticular vesicles are present, and the electron density and
cristae in the mitochondria have increased (Fig. 3).

Fig. 1 Early stage spermatogonium; nucleus (N), nucleolus (Nu);
bar 2 �m

Fig. 2 Late stage spermatogonium; nucleus (N), Golgi vesicle (Gv),
mitochondria (M); bar 1 �m
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Secondary spermatocytes

Primary spermatocytes undergo the Wrst meiotic division,
leading to secondary spermatocytes with a chromosome
number split to half (Fig. 4). In the cytoplasm, there are
some electron dense vesicles and vacuoles, the mitochon-
dria signiWcantly increase in both number and size, and
their cristae increase in number as well. The mitochondria
gradually concentrate on one side and contribute to the
cell’s polar appearance (Fig. 5).

Spermatids

Spermatids derive from secondary spermatocytes undergoing
the second meiotic division. Then, spermatids diVerentiate
into mature spermatozoa. Among spermatids, early, inter-
mediate, and late stages can be distinguished. These diVer
with respect to the condensation of nuclei, the development

of mitochondria and Golgi bodies, the formation of the
acrosome, and the development of the mid-piece.

Early stages of spermatids

Early spermatids are irregular in shape; show a large spher-
ical nucleus and a nuclear chromatin beginning to conden-
sate. The cytoplasm of the spermatids in this stage has
fewer electron transparent areas, and the chromatin densi-
ties are far lower than those of secondary spermatocytes
(Fig. 6). The cytoplasm shifts to the presumptive posterior
pole of the nucleus, while the Golgi vesicles move to the
presumptive anterior pole of the nucleus. The condensation
of chromatin is uniform throughout the nucleus (Fig. 7).
Mitochondria concentrate on one side of the cell and begin
to fuse. The Golgi vesicles subsequently fuse to form pro-
acrosomal vesicles (Fig. 8).

Fig. 3 Primary spermatocyte; increased mitochondria (M), endoplas-
matic reticulum (Er), and endoplasmatic reticulum vesicle (Erv);
bar 500 nm

Fig. 4 Two-nucleus stage spermatocyte; mitochondria (M), nucleus
(N); bar 2 �m

Fig. 5 Secondary spermatocyte, with polar concentration of nucleus
(N) and mitochondria (M); bar 1 �m

Fig. 6 Early stage spermatid with condensed chromatin and aggre-
gated Golgi vesicles (Gv), mitochondria (M); bar 1 �m
123



324 Helgol Mar Res (2008) 62:321–329
Intermediate stages of spermatids

In intermediate stages, the chromatin transforms from a dis-
persed state into Wne Wbrillar threads at or close to the center
of the nucleus, and to thick Wbrillar threads laterally, which
elongate and orientate longitudinally along the nuclear axis
(Figs. 9, 10). Proacrosomal vesicles develop from particu-
late matter and form a proacrosome (Fig. 9). The mitochon-
dria aggregate further, fuse, and Wnally form a large

mitochondrial cluster, which gradually shifts to the posterior
pole of the nucleus. During this stage, the axoneme appears
and gets surrounded by mitochondria (Fig. 10).

Late stage of spermatid development

In the late stage of spermatid development, the nucleus elon-
gates along with the proacrosomal vesicles, centrioles, and
mitochondrial axes. The chromatin continues to condensate
and the nucleus Wnally becomes homogeneous and electron
dense (Fig. 11). The prominent giant mitochondria begin to
aggregate at the base of the nucleus and eventually associate

Fig. 7 Early stage spermatid with Golgi vesicles (Gv) aggregating
at the top of the nucleus, mitochondria (M); bar 500 nm

Fig. 8 Early stage spermatid with pre-acrosomal vesicles (Pav) and
mitochondria (M), both alongside the elongated nucleus (N); bar 1 �m

Fig. 9 Intermediate stage spermatid with elongated nucleus (N) and
pre-acrosome (Pac); bar 500 nm

Fig. 10 Intermediate stage spermatid; elongated nucleus (N) with
granular chromatin, mitochondria (M), distal centriole (Dc), proximal
centriole (Pc), axoneme (A); bar 1 �m
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closely with the developing Xagellar axoneme (Fig. 11). The
proacrosomal vesicles fuse to form an acrosomal vesicle.
This vesicle increases in size and develops into a single
large acrosome (Figs. 11, 12). The inner side of the acro-
some becomes concave; the subacrosomal space contains
dense granular material (Figs. 12, 13). During acrosome for-
mation, the shape of the entire sperm changes and the sperm
tail diVerentiates (Fig. 14). Finally, spermatids abandon
some cytoplasm and form the mature sperm (Fig. 15).

The ultrastructure of sperm

The fully mature spermatozoon of M. mercenaria is of a
primitive type, consisting of three distinct regions: head,

mid-piece, and Xagellum (Fig. 15). The head region is com-
posed of nucleus and acrosome at the anterior tip. The
nucleus is cylindrical and slightly curved. Their content is
highly electron-dense (Fig. 16). The anterior end of the
nucleus, which is close to the acrosome, is Xattened,
whereas its posterior end is invaginated, forming a nuclear
pocket (Fig. 17). The acrosome is cap-shaped, with 0.6 �m
in length and 0.4 �m in maximum diameter at the base. The
acrosomal vesicle is invaginated at its base, almost as deep
as the height of the acrosome. This invagination is Wlled
with granular subacrosomal material (Fig. 15). The mid-piece

Fig. 11 Late stage spermatid; nucleus (N), acrosome (Ac), subacroso-
mal space (Ss); bar 500 nm

Fig. 12 Longitudinal section of acrosome (Ac); bar 0.5 �m

Fig. 13 Transverse section of acrosome (Ac), subacrosomal space
(Ss); bar 100 nm

Fig. 14 Longitudinal section of sperm showing head, mid-piece and
axoneme (A), cell membrane (Cm), posterior nuclear fossa (Pnf);
bar 2 �m
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region consists of four giant mitochondria with well developed
cristae, arranged in a ring with two centrioles in the center
(Fig. 18). Two spherical mitochondria can be seen at the
level of a longitudinal section of the mid-piece. The proxi-
mal centriole is embedded into a posterior nuclear pocket,
while the distal one gives rise to a sperm Xagellum (Fig. 15).
The microtubular arrangement of the sperm Xagellum is of
regular axoneme pattern: a central pair of microtubules is
surrounded by nine doublets, which in turn are surrounded
by an undulating plasma membrane. The axoneme ends
where the Xagellum tapers oV (Figs. 19, 20).

Discussion

The spermatozoon of M. mercenaria is of a primitive type.
Primitive sperm are generally developed in species that
spawn their gametes freely into the water where fertiliza-
tion occurs. Most bivalves including M. mercenaria belong
to this group of free-spawners.

Fig. 15 Longitudinal section of sperm, showing acrosome (Ac),
nucleus (N), posterior nuclear fossa (Pnf), mitochondria (M), proximal
centriole (Pc), and distal centriole (Dc); bar 2 �m

Fig. 16 Transverse section of spermatozoal nucleus (N); bar 1 �m

Fig. 17 The oblique section of mid-piece of spermatid, showing pos-
terior nuclear fossa (Pnf), proximal centriole (Pc) and mitochondria
(M); bar 1 �m

Fig. 18 Transverse section of mid-piece of mature sperm, showing
ring of four spherical mitochondria (M) around a centriole (C);
bar 2 �m
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Nucleus and acrosome

The changes of the nucleus include extreme chromatin con-
densation and a change in nuclear shape. When spermatids
diVerentiate to form sperm, the nucleus volume is reduced
due to chromatin condensation, and spermatids get stream-
line in shape which makes their movement more eYcient
and reduces energy losses during fertilization. Walker
(1970) suggested that there are three basic chromatin con-
densation patterns: granular, Wbrous, and lamellate. In the
reproductive cells of M. mercenaria the chromatin of the
nucleus develops from a dispersed state over coarse

granules and Wbrillar threads to compact homogeneous
granules. This is similar to the sequence observed in
Cyclina sinensis (Zeng and Li 1991), Paphia undulate
(Zhao and Li 1992), Ruditapes philippinarum (Dai et al.
2004) and Mytilus edulis (Guo and Tan 2002).

Nuclei of bivalve sperm are usually spherical or ovoid
(Suwanjarat 1999; Dong et al. 2005; Deng and Tan 2000;
Ren et al. 1998), but in several venerid bivalves, they are
elongated and curved (Nicotra and Zappata 1991; Gwo
et al. 2002; Reunov and Hodgson 1994; Zeng and Li 1991).
The mature sperm nucleus of M. mercenaria is cylindrical
and slightly curved, and it is similar to some species of
Veneridae in having its anterior end Xattened, whereas it’s
posterior end is invaginated, forming nuclear pockets.
Franzen (1983) suggested that elongated nuclei belong to
the primitive form in bivalves, and that their occurrence
may be correlated with large, yolk-rich eggs that require a
deeper penetration of the sperm. Such nuclear shape is very
common in the sperm of Veneridae (Healy 1995). However,
its speciWc function in this family is still unknown.

Acrosome morphology varies in diagnostically impor-
tant ways in the Bivalvia, especially in the Veneridae
(Morse and Zardus 1997; Healy 1995). Franzen (1983) sug-
gested that acrosomal morphology could be correlated with
diVering functional needs of fertilization in bivalves. Most
sperm acrosomes of marine bivalve species are long and
slender or else short and blunt, and the structure of the
subacrosomal space is diVerent as well (Popham 1979;
Franzen 1983; Hodgson and Bernard 1986; Deng and Tan
2000; Ren et al. 1998; Zeng and Li 1991). In several spe-
cies, the subacrosomal substance is organized into a more
or less completely preformed acrosomal Wlament or axial
rod (Popham 1979; Liu et al. 1990). The axial rod in the
acrosome seems to lengthen during the acrosome reaction
in some bivalve spermatozoa (Franzen 1983). In the oyster
Saccostrea commercialis, the subacrosomal material com-
prises an axial rod embedded in a coarsely granular matrix
(Healy and Lester 1991). In Pinctada maxima, the acro-
some shows a lamellar structure (Du 1996), which was
interpreted as a more advanced step possibly related to
internal fertilization. In other species, the subacrosomal
substance polymerizes during the acrosome reaction
(Suwanjarat 1999). In the sperm of freshwater mussels,
there are only several little acrosome vesicles and a typical
acrosomal structure seems to be absent (Eduardo and
Azevedo 1990; John 1994; Guo and Tan 2002). The acrosome
of M. mercenaria is short and tapered. Between acrosome
and nucleus there is a dense subacrosomal substance which
is scattered in front of the acrosome’s deep hollow, and no
axial rods are found. The acrosome of M. mercenaria is
thus similar to those of other Veneridae species (Healy
1995; Gwo et al. 2002) and of Amusium pleuronectes and
Anadara granosa (Suwanjarat 1998, 1999).

Fig. 19 Longitudinal section through axoneme (A) tapering to
electron-dense Wlamentous end-pieces (Ep); bar 0.5 �m

Fig. 20 Transverse section of axoneme (A); bar 500 nm
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In Veneridae, proacrosomal vesicles were described as
derived from Golgi vesicles during the pachytene phase of
the meiosis in Tivela polita (Reunov and Hodgson 1994) or
during spermiogenesis in Callista chione (Nicotra and
Zappata 1991). Conversely, in Eurhomalea rufa, proacrosomal
vesicles, although appearing during the pachytene stage as
well, are the product of both the Golgi complex and the
rough ER (De Rosa et al. 2003). The proacrosome vesicle
of M. mercenaria is also derived from Golgi vesicles of the
spermatocyte, which form the proacrosome during the sper-
matid diVerentiation. The ER appears in small densities
during the spermatogenesis of M. mercenaria. Whether the
ER joins the Golgi complexes to form the proacrosome
remains unknown as yet.

Mitochondria and centrioles

In the mature sperm of the primitive type, the middle piece
contains a number of large mitochondria which are probably
formed by fusion of several smaller ones. In bivalves, the
number of mitochondria in the midpiece generally ranges
from four to six (Healy 1995). Sinonovacula constricta
shows four to six mitochondria (Liu et al. 1990). Mature
sperm of Laternula limicola, Cyclina sinensis, Tegillaca
granosa, and some freshwater mussels generally have Wve
mitochondria (Kubo and Ishikawa 1978; Zeng and Li 1991;
Sun et al. 2000; Eduardo and Azevedo1990; John 1994;
Guo and Tan 2002; Deng and Tan 2000). Whereas the mid-
dle piece of sperm in Veneridae typically shows Wve mito-
chondria (Reunov and Hodgson 1994; Nicotra and Zappata
1991), in M. mercenaria we only found four, arranged in a
ring with two centrioles in its center. This observation con-
forms to those on the venerids Pitar rudis and Chamelea
gallina by Erkan and Sousa (2002). Thus, four mitochondria
seem to be common in Veneridae as well, just as in most
bivalve species (Popham 1974, 1979; Franzen 1983;
Dorange and Le Pennec 1989; Keys and Healy 1999;
Suwanjarat 1998; Du 1996; Ren et al. 1998; De Rosa et al.
2003; Zhao and Li 1992). However, bivalves belonging to
the Mytilidae have 14 mitochondria (Drozdov and Reunov
1986), and the majority of the Cardiidae have seven to nine
(Healy 1995). The number of mitochondria in the middle
piece of mature spermatozoa varies among bivalve species,
but is speciWc of a given species.

In the primitive sperm of most molluscs, both centrioles
are conserved. At the beginning of spermiogenesis, they are
positioned at right angles to each other, the proximal one
being oriented perpendicular to, and the distal one in line
with, the axoneme. The distal centriole forms the basal
body of the Xagellum (Morse and Zardus 1997). Deviations
from this general pattern are sometimes encountered. For
example, in the mature sperm of the bivalve Lyonosia ven-
tricosa, the proximal centriole moves to the lateral side of

the distal one in such a way that the two become situated in
parallel (Kubo and Ishikawa 1978). In M. mercenaria, the
centrioles are positioned at right angles and situated in the
posterior area of the nucleus. The distal centriole begins to
form a Xagellum in the spermatocyte.

Flagellum

In molluscs, the sperm typically has one Xagellum. The
axoneme within the Xagellum normally consists of a central
pair of microtubules surrounded by nine doublets. A few
deviations from this general pattern have been reported in
mollusks (Suwanjarat 1999). The Xagellum of M. mercena-
ria shows a typical axonemal complex of 9 + 2 microtu-
bules. In most cases, the plasma membrane wrapping the
axoneme is undulating (Fig. 19). Such pattern is found in
Cyclina sinensis, Chlamys farreri and several other bival-
ves (Zeng and Li 1991; Ren et al. 1998).

From the present study it becomes apparent that
M. mercenaria shares common features of primitive sperma-
tozoa. There is substantial variation in shape and dimension
of acrosome vesicles and nuclei in Veneridae providing
diagnostic characters at the species and genus levels. Our
results support the suggestion that the morphology of
bivalve spermatozoa can add valuable characters for taxon
discrimination and phylogenetic reconstructions (Reunov
and Hodgson 1994; Healy 1995).
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