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Abstract The ultrastructural features of the testis and 
spermatogenesis have been described fi'om the eastern 
oyster, Crassostrea virginica (Gmelin, 1791). The testis 
is a diffuse organ consisting of branching acini contain- 
ing differentiating sperm in a variety of stages. Sper- 
matogonia are located nearest the outer wall of the 
acinus, while spermatocytes and spermatids are posi- 
tioned nearer the lumen. Mature spermatozoa are all 
confined to the central region of the acinus, The acinus 
is surrounded by an intermittent layer of myoepithelial 
cells and is bathed by a fluid-filled hemocoel. Vesicular 
connective tissue (VCT cells) fills the region between 
adjacent acini, and the cells contain glycogen granules 
and lipid droplets. Each acinus is divided radially into 
subcompartments that are partially separated by pleo- 
morphic accessory cells which remain in close contact 
with sperm until late stages of development. Sperm are 
similar to those described in other oysters, except that 
five midpiece mitochondria were observed in some 
sperm rather than the usual four, and the acrosomal 
vesicle lacked the "whorled" substructure described in 
some other oyster sperm. We suggest that the neutral 
term "accessory cells" be applied to bivalve testicular 
somatic cells until more detailed studies are available to 
justify the use of "Sertoli cell" and other descriptive 
terms which have previously been adopted from other 
taxa only distantly related to bivalves. 
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Introduction 

Spermatogenesis and mature sperm morphology has 
been documented to varying degrees in many species of 
bivalve molluscs using both light and electron micro- 
scopy (reviewed by Gaulejac et al. 1995). The sperm of 
more than 70 species have been described from 10 
orders and nearly 30 families. Sperm ultrastructure has 
long been viewed as a tool in assessing phylogenetic 
relationships in the Metazoa through the use of sper- 
miocladistic analysis (see Jamieson 1987, 1991). In the 
Mollusca, sperm morphology has been used increasing- 
ly in assessing long-standing taxonomic problems 
(Popham 1979; Healy 1983, 1988, 1995, 1996; Koike 
1985; Hodgson and Bernard 1986). 

Ultrastructural observations of mature spermatozoa 
have been conducted on many species in the Bivalvia 
(reviewed by Sousa and Oliveira 1994) including those 
of several oyster species (Galtsoff and Philpott 1960; 
Daniels et al. 1971; Brandriffet al. 1978; Gutierrez et al. 
1978; Osanai and Kyozuka 1982; O'Foighil 1989; 
Healy and Lester 1991; Komaru et al. 1994). However, 
far fewer studies have critically examined the ultra- 
structural features of spermatogenesis in the 
F. Ostreidae. Comprehensive studies of spermatogen- 
esis have been restricted to a few species in the families 
Mytilidae (Longo and Dornfield 1967; Hodgson and 
Bernard 1986) and the Pectinidae (Dorange and Le 
Pennec 1989) and a single study within the Ostreidae 
(Sousa and Oliviera 1994). No ultrastructural study of 
spermatogenesis has been reported on the eastern 
oyster, Crassostrea virginica. 

While descriptions of bivalve spermatozoa are plen- 
tiful, broader ultrastructural studies of the bivalve testis 
are surprisingly rare. During spermatogenesis, sperm 
are closely associated with accessory cells which pre- 
sumably play an important role during sperm differen- 
tiation, but the terminology used to describe these cells 
is confusing. We attempt to resolve this confusion and 
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to indicate what studies are needed to assess the func- 
tion of the accessory cells. 

The present study is the first to describe the ultra- 
structural features of the testis and spermatogenesis in 
the eastern oyster, Crassostrea virginica, a commercial- 
ly important  species cultivated along the eastern sea- 
board (Loosanoff and Davis 1963). 

The accessory cells are amoeboid, and the cytoplasm 
contains an irregular nucleus, mitochondria, a few RER 
cisternae and scattered lipid droplets (Fig. la; 2b, c). 
Due to a relative scarcity of cytoplasmic ribosomes, 
they stain very lightly in contrast to the more darkly 
staining cytoplasm of adjacent sperm cells. Occasional 
desmosomes were observed between germ cells and 
auxiliary cells (Fig. le insert). 

Materials and methods 

Eastern oysters, Crassostrea virginica (Gmelin, 179t), were collected 
and conditioned as previously described (Eckelbarger and Davis 
1996). Preparation of tissues from males for light and transmission 
electron microscopy was also described previously (Eckelbarger and 
Davis 1996). 

Results 

General morphology of the mature testis 

The general morphology of the testis of Crassostrea 
virginica is similar to that for the ovary (Eckelbarger 
and Davis 1996). It consists of a series of highly 
branching acini lying within a matrix of support cells 
called the vesicular connective tissue, or VCT cells. 
The VCT cells are ultrastructurally identical to those 
described in the ovary but are less abundant  in the 
testis. 

Each acinus is radially subdivided into a variable 
number of subcompartments that partially isolate 
groups of developing sperm cells. Within each subcom- 
partment, germ cells are distributed in a centripetal 
pattern from the acinus wall to the lumen (Fig. la, b). 
Spermatogonia are positioned nearest the inner wall of 
the acinus, spermatocytes and spermatids are located 
closer to the acinus lumen, and mature sperm are 
largely confined to the central lumen. Accessory cells 
are closely associated with all sperm stages except the 
mature spermatozoon. In addition to VCT cells, each 
acinus is surrounded by a connective tissue compart- 
ment, the hemocoel, a fluid-filled space that contains 
amoeboid hemocytes. It is also partially surrounded 
by an intermittent, single layer of squamous my- 
oepithelia cells which forms a partial barrier between 
the germinal epithelium and the hemocoel. Sperm cells 
in adjacent subcompartments are partially segregated 
by myoepithelial and pleomorphic accessory cells 
(Fig. la, b, e). Amoeboid hemocytes with large cytoplas- 
mic vacuoles are also occasionally observed in this 
region (Fig. 2a). The myopeithelial cells contain elon- 
gated nuclei, occasional electron dense granules, and 
dilated cisternae of rough endoplasmic reticulum 
(RER) (Fig. lc). The accessory cells are distributed both 
between and within acinal subcompartments in close 
association with developing sperm cells (Fig. la, b,e). 

Stages of spermatogenesis 

Spermatogonia are large cells (4 to 5 gm diam) each 
with a spherical nucleus and a single nucleolus 
(Fig. ld). They are confined to the outer region of the 
acinus. Their cytoplasm is largely devoid of organelles 
except for scattered mitochondria and a nucleus con- 
taining sparse heterochromatin. Primary spermato- 
cytes are slightly smaller cells (3 to 4 ~tm) that are 
distinguished by nuclei with more abundant and more 
darkly staining heterochromatin (Figs. le; 2b). The 
cytoplasm of early spermatocytes contains a few elec- 
tron-dense, proacrosomal granules which become more 
abundant in later stages of development (Figs. 2d, e) 
Late stage primary spermatocytes are frequently 
observed undergoing mitotic division, and the proac- 
rosomal granules tend to cluster around the chromo- 
somes (Fig. 2d). Cytokinesis is incomplete, and the 
resulting spermatids remain attached by way of inter- 
cellular bridges (Fig. 3a). 

Early spermatids possess a single axoneme with as- 
sociated proximal and distal centrioles and a single 
Golgi complex at the presumptive posterior end of the 
cell (Fig. 3a, b). Their nuclei contain relatively con- 
densed heterochromatin with scattered electron- 
opaque regions. As spermiogenesis progresses, the 
nuclear chromatin continues to condense, and the 
posterior region of the organelle invaginates to form 
a shallow nuclear fossa into which the proximal cen- 
triole inserts (Fig. 3c). Several spherical mitochondria 
are positioned lateral to the centrioles, and a single 
acrosomal vesicle rests at the presumptive anterior pole 
of the cell. The acrosomal vesicle is initially oval in 
shape but gradually assumes a cap-like form with 
a slightly pointed anterior prominence and a sharply 
invaginated posterior face (Fig. 3d). The acrosomal 
contents have a relatively uniform electron density. The 
mature spermatozoon has a nucleus that is wider than 
long, with a prominent anterior invagination contain- 
ing a finely granular subacrosomal material (Fig. 3e). 
The subacrosomal material contains a central filamen- 
tous axial rod composed of anterio-posterior-oriented 
filaments. Transverse sections through the midpiece 
indicate that in most cases, four mitochondria sur- 
round the centrioles. On rare occasions, five mitochon- 
dria were observed (Fig. 3f). The sperm flagellum has 
the standard 9 + 2 pattern of microtubules. 



Fig. 1 Crassostrea virginica. 
a Two adjacent subcompart- 
ments of acinus showing devel- 
oping sperm (AC accessory cells; 
MY myoepithelial  cells; SC 
spermatocytes; SG spermato- 
gonia). Scale bar  = 4.0 gm. 
b Outer region of subcompart- 
ment showing spermatocytes 
(SC), spermatids (ST), and ac- 
cessory cells (AC). Scale 
bar = 4.0 gm. Note that one 
accessory cell surrounds two 
adjacent spermatids (arrow- 
heads), c Outer wall of acinus 
showing myoepithelial cells 
(MY) in hemocoel  ( , )  adjacent 
to spermatogonium (SG). Note  
coated pits along surface of 
spermatogonium (arrowheads). 
(N nucleus; RER rough endo- 
plasmic reticulum) Scale 
bar = 1.0 gm. d Spermatogonia 
(SG) in outer wall of acinus. 
Note adjacent VCT cells con- 
taining glycogen (GL) and lipid 
droplets (L) (M Y myoepithelial 
cells; SC spermatocytes; 
• hemocoel). Scale 
bar = 2.0 ~tm. e Spermatocytes 
(SC) adjacent to accessory cell 
(AC) (N nucleus). Scale 
bar = 3.0 ~m. Insert: higher 
magnification showing cell junc-  
tions (arrowheads) between sper- 
matocytes and accessory cells. 
Scale bar  = 0.25 gm 
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Discussion 

Early investigations of bivalve sperm ultrastructure 
demonstrated the taxonomic value of comparative 
studies (Franzbn 1970, 1983; Popham 1979), and such 
studies are now widely used in taxonomic analyses 
(reviewed by Healy 1995). The "primitive" sperm show 
sufficient structural variability that they are useful in 
taxonomic studies. Hodgson and Bernard (1986) and 
Healy (1989), for example, showed that different sub- 
classes of bivalves each have unique acrosomal mor- 
phologies. The number of mitochondria in the sperm 
midpiece tends to be stable within any given family or 

superfamily varying from a maximum of 14 in the 
mytiloid Modiolus difficilis (Drozdov and Reunov 
1986) to a minimum of 4 (common to many bivalve 
families) (reviewed by Healy 1989, 1995). 

The ultrastructure of Crassostrea virginica sperm 
was first documented by Galtsoff and Philpott (1960). 
Sperm have now been described in several oyster spe- 
cies including Crassostrea angulata (Gutierrez et al. 
1978; Sousa and Oliveira 1994), Crassostrea gigas 
(Brandriffet al. 1978; Osanai and Kyozuka 1982; Bozzo 
et al. 1993; Komaru et al. 1994) and Saccostrea commer- 
cialis (Healy and Lester 1991; Molinia and Swan 1991). 
Although the number of oyster species examined is 
small, their sperm structure shows general consistency 
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Fig. 2 Crassostrea virginica, a Adjacent subcompartments of acinus 
separated by a variety of somatic cells including a hemocyte (HE), 
myoepithelial cell (MY) and accessory cells (AC). b Spermatocytes. 
e Spermatocytes. Higher magnification of accessory cell cytoplasm 
containing nucleus (N), RER cisternac (RER), lipid droplet (L) and 
mitochondria (M) (SC spermatocyte), d Mitotically dividing sper- 
matocytes containing chromosomes (CH) and surrounding proac- 
rosomal vesicles (arrowheads). e Early spermatids (Arrowheads 
proacrosomal granules). All scale bars = 2.0 lain 

with respect to the presence of a broad, cup-shaped 
acrosome, subacrosomal material including an axial 
rod, a relatively spherical nucleus and four pericentrio- 
lar mitochondria. These features, combined with a con- 

stant chromosome number of 2n = 20 (Nakamura 
1985), have suggested to some authors that the 
F. Ostreidae is a cohesive taxonomic unit (Healy and 
Lester 1991). While the present study confirms most of 
the ultrastructural features described in C. virginica 
sperm in earlier studies (Galtsoff and Philpott 1960; 
Daniels et al. 1971), it is the first to report more than 
four mitochondria in the sperm midpiece of any oyster 
sperm. The sperm of species within the Ostreoidea have 
previously all been reported to have four mitochondria 
(Healy 1989), but the present study suggests that some 
variation occurs. Intraspecific variation in mitochon- 
drial number from 4 to 5 has also been reported within 
the Pterioidea, Veneroidea, and Cardiodea (Healy 1989). 
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Fig. 3 Crassostrea virginica, a Spermatids connected by intercellular 
bridge (B) (F flagellum; G Golgi complex; N nucleus; arrowheads 
proacrosomal vesicles), b Spermatid showing flagellum (F), centriole 
(C), Golgi complex (G), proacrosomal vesicles (arrowheads), and 
nucleus (N). e Spermatid showing early acrosomal granule (AG), 
condensed nucleus (N), posterior mitochondrion (M), proximal cen- 
triole (PC) and distal centriole (DC), and flagellum (F). d Spermatid 
showing acrosomal granule (AG), subacrosomal material ( . ) ,  nu- 
cleus (N), posterior mitochondria (M), proximal centriole (PC) and 
distal centriole (DC), and flagellum (F). e Mature spermatozoon with 
cap-like acrosomal granule (AG), subacrosomal materiaI with ante- 
ro-posterior-oriented fibrils (arrowheads), nucleus (N), mitochondria 
(M), proximal centriole (PC) and distal centriole (DC), and flagellum 
(F). f Transverse section through midpiece of spermatozoon showing 
central centriole (C) and five surounding mitochondrial profiles (M). 
All scale bars = 0.5 ~tm 

Until recently, acrosomal vesicle formation in mol- 
luscs was believed to occur in two distinctly different 
ways. The first is observed in internally fertilizing spe- 
cies of cephalopods, prosobranch, opisthobranch, and 
pulmonate gastropods, in which a single acrosomal 
vesicle is synthesized by the Golgi complex. In the 
second, observed in most bivalves, the Golgi complex 
produces numerous proacrosomal vesicles which ini- 
tially diffuse throughout the cytoplasm and later co- 
alesce to form the definitive acrosomal vesicle (Healy 
1989). While this may be common to many bivalve 
species, limited studies of acrosome formation in Pecten 
maximus (F. Pectinidae) (Dorange and Le Pennec 
1989), Scrobicularia plana (F. Tellinidae) (Sousa et al. 
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1989), and Callista chione (F. Veneridae) (Nicotra and 
Zappata 1991) suggest that the Golgi complex may form 
only a single acrosomal vesicle in a manner similar to 
other molluscs. Recently, Healy (1989) described a third 
method in Neotrigonia spp. (F. Trigonidae) in which the 
Golgi produces a mature acrosomal complex consisting 
of up to three vesicles. Variability is also reported among 
species with respect to when the proacrosomal vesicles 
first appear during spermatogenesis. For example, 
proacrosomal vesicles were first observed in the sper- 
matogonial stage in Crassostrea angulata and Ostrea 
edulis (F. Ostreidae) (Sousa and Oliveira 1994) but not 
until the spermatid stage in Perna perna (F. Mytilidae) 
(Bernard and Hodgson 1985), Pecten maximus 
(Dorange and Le Pennec 1989) and Brachiodontes 
variabilis (Mytilidae) (A1-Hajj 1990). While we did not 
confirm their presence at the spermatogonial stage in 
the present study, proacrosomal vesicles were common 
in C. virginica spermatocytes. The above studies collec- 
tively show that the mechanisms of acrosomal vesicle 
formation in mollusc sperm are diverse and that no 
single mechanism characterizes bivalve sperm. 

There are species within the Bivalvia that have a 
prominent, reduced, or temporary acrosome or no 
acrosome at all in their sperm (reviewed by Peredo 
et al. 1990). In ostreids, the mature sperm acrosome is a 
prominent organelle that is superficially similar among 
the five species examined (Healy and Lester 1991). The 
acrosome of Saccostrea commercialis sperm, however, 
reportedly has an anterior banded substructure con- 
sisting of alternating electron dense and electron lucent 
regions (Healy and Lester 1991). Other authors have 
noted that the acrosome of Crassostrea gigas sperm 
exhibits unique electron-lucent whorls (Brandriff et al. 
1978). Healy and Lester (1991) suggested that a similar 
"whorled" substructure might occur in C. virginica. 
Sousa and Oliveira (1994) recently reported "semi-cir- 
cular dense lamellae" in the anterior acrosomal vesicle 
of the sperm of C. angulata similar to that reported in S. 
commercialis. We did not observe any banding pattern 
in the sperm acrosomal vesicle of C. virginica. 

Silver staining has been used to demonstrate ar- 
gyrophilic characteristics in the acrosomes of bivalves, 
including the oyster Crassostrea angulata (Sousa and 
Oliveira 1994), which can be useful in distinguishing 
between species with identical sperm ultrastructural 
morphologies. Regional differences in silver staining 
may reflect differences in the chemical composition of 
the acrosomal material, and these differences have been 
used to distinguish between closely related species (e.g. 
Eckelbarger and Grassle 1987). It is unclear what sig- 
nificance can be applied to differences in acrosomal 
morphology in bivalves. However, it has been proposed 
that variation in acrosome and sperm head morpho- 
logy reflects differences in the egg envelope (Galangau 
1969; Popham 1979; Franz6n 1983), or correlations 
between elongated nuclei and the evolution of large, 
yolky eggs (Franz6n 1983; Moueza and Frenkiel 1995). 

Bivalve testes contain accessory (somatic) cells that 
may play some role in sperm maintenance and nutri- 
tion. For example, in an ultrastructural study of 
spermatogenesis in three species of galeommatoidid 
bivalves (Eckelbarger et al. 1990), two types of acces- 
sory cells were described. The first, a pleomorphic 
"follicle cell" was confined to the outer wall of the 
testicular acinus and contained glycogen and lipid de- 
posits. These cells resemble the VCT cells we recently 
described from Crassostrea virginica (Eckelbarger and 
Davis 1996). The second was a phagocytic cell that was 
scattered throughout  the acinus in close association 
with developing sperm. This cell does not resemble 
anything previously reported in other bivalve species. 
To our knowledge, this is the only example in which 
two accessory cells have been described from the testis 
of a single bivalve species. 

Workers have described bivalve accessory cells using 
a variety of terms including "nutritive cells" (Coe 1943), 
"nutritive phagocytes" (Loosanoff 1937; Xiang and 
Yongqiang 1989), "phagocytic cells" (Rocha and 
Azevedo 1990; Eckelbarger et al. 1990), "follicle cells" 
(Galtsoff 1964; Eckelbarger et al. 1990), "Leydig cells" 
(Andrews 1979), "nutritive globulocytes" (Motavkine 
and Varaksine 1983), "auxiliary cells" (Dorange and Le 
Pennec 1989; Gaulejac et al. 1995), "Sertoli cells" (Pipe 
1987) or "Sertoli-like cells" (Dorange and Le Pennec 
1989), and "support cells" (Sousa et al. 1989). Few 
studies have documented the ultrastructural features of 
testicular accessory cells in bivalves, and most descrip- 
tions are too cursory to be useful in assessing homol- 
ogy. However, we believe that some attempt should be 
made to reassess and standardize the terminology used 
to describe these cells. 

Differences have been reported with respect to the 
presence or absence of cell junctions between accessory 
cells and developing sperm in bivalves. Accessory cells 
were observed to be connected to adjacent germ cells 
via desmosomes in the testes of Scrobicularia plana 
(Sousa et al. 1989), Anodonta cygnea (Rocha and 
Azevedo 1990), Pinctada margaritifera (Thielley et al. 
1993), and Crassostrea virginica (present study). Tight 
junctions were reported in Pecten maximus (Dorange 
and Le Pennec 1989), and septate junctions in Mytilus 
edulis (Pipe 1987). No junctions were observed between 
germ cells and accessory cells in Pinna nobilis, and 
neither of the two types of accessory cells described in 
the three galeommatoidid species formed cell junctions 
with germ cells (Eckelbarger et al. 1990). These obser- 
vations show that the interaction between germ cells 
and accessory cells varies significantly in different 
species suggesting that they may play different physio- 
logical roles. 

Sousa et al. (1989) described very active, phagocytic 
"support cells" from the testis of Scrobicularia plana, 
which are autolysed at the end of spermatogenesis. 
Similarly, Eckelbarger et al. (1990) and Rocha and 
Azevedo (1990) described irregularly shaped "phagocytic 
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cells" in the testes of several galeommatoidid bivalves 
and the unionid Anodonta cygnea, respectively, that 
appeared to be principally involved with engulfment 
and digestion of residual sperm cells. In Pinaada mar- 
garirifera (Thielley et al. 1993) and Pinna nobilis 
(Gaulejac et al. 1995), the authors described "auxiliary 
cells" with pseudopodia-like projections between germ 
cells that appeared to serve a resorptive function near 
the end of spermatogenesis. One common feature of 
these accessory cells is that they appear to have 
a phagocytic or resorptive function, but the respective 
ultrastructural descriptions of these cells differed signif- 
icantly among the studies, and conflicting data on the 
presence or absence of junctional complexes between 
accessory cells were reported. This suggests that there 
may be more than one type of accessory cell in the 
bivalve testis. 

The auxiliary cells we observed in the testis of Cras- 
sostrea virginica are ultrastructurally most similar to 
those described in ScrobicuIaria plana (F. Tellinidae) 
(Sousa et al. 1989). In both species, the cells extend fi'om 
the wall of the acinus to the lumen and have cytoplasm 
largely devoid of ribosomes. The remaining ultrastruc- 
tural descriptions of testicular accessory cells (cited 
above) are so limited, it is impossible to determine if 
they are homologous. Accessory cells also appear to 
vary ultrastructurally during spermatogenesis, so 
different authors may have described a single cell type 
during different stages of ontogeny. Until more in- 
formation on their function is available, testicular so- 
matic cells should probably be assigned the neutral 
term "accessory cells". 

In summary, spermatogenesis in Crassostrea 
virginica is similar to that described in other bivalve 
species, particularly, other members of the Ostreidae. 
Mature sperm morphology is generally typical of that 
reported from other members of the Ostreidae, except 
that we observed some spermatozoa with five midpiece 
mitochondria rather than four and we did not observe 
a banding pattern in the acrosomal vesicle of the kind 
recently reported for other bivalve species. The testis of 
C. virginica contains an intra-acinal accessory cell the 
function of which is presently unknown. Bivalves as 
a whole may have more than one type of accessory cell 
in their testes, but the large number of terms used to 
describe them is unwarranted. The use of the neutral 
term "accessory cell" is advisable until additional 
information is available. 

Acknowledgements This represents Contribution Number 292 from 
the Darling Marine Center. 

References 

AI-Hajj HA (1990) The fine structure of spermiogenesis and the 
mature spermatozoon of Brachiodontes variabilis (Bivatvia). Arab 
Gulf J scient Res (Ser B) 8:153-162 

Andrews JD (1979) Pelecypoda: Ostreidae. In: Giese AC, Pearse JS 
(eds) Reproduction of marine invertebrates. Vol. V. Academic 
Press, New York, pp 293-341 

Bernard RTF, Hodgson AN (1985) The fine structure of the sperm 
and spermatid differentiation in the brown mussel Perna perna. 
SAfr J Zool 20:5-9 

Bozzo MG, Ribes E, Sagrista E, Poquet M, Durfort M (1993) Fine 
structure of the spermatozoa of Crassosrrea gigas (Mollusca, 
Bivalvia). Motec Reprod Dev 34:206-211 

Brandriff B, Moy GW, Vacquier VD (1978) Isolation of sperm 
bindin from the oyster (Crassostrea gigas). Gamete Res 1:89-99 

Coe WR (1943) Development of the primary gonads and differenti- 
ation of sexuality in Teredo navalis and other pelecypod mol- 
lusca. Biol Bull mar biol Lab, Woods Hole 84:178 186 

Daniels EW, Longwell AC, McNiff JM, Wolfgang RW (1971) Ultra- 
structure of spermatozoa from the American oyster Crassostrea 
virginica. Trans Am microsc Soc 90:275-282 

Dorange G, Le Pennec M (1989) Ultrastructural characteristics of 
spermatogenesis in Pecten maximus (Mollusca, Bivalvia). Invert 
Reprod Dev 15:109-117 

Drozdov TA, Reunov AA (1986) Spermatogenesis and the sperm 
ultrastructnre in the mussel Modiolus difficilis. Tsitologiia 28: 
1069 1074 

Eckelbarger KJ, Bieler R, Mikkelsen PM (1990) Ultrastructure of 
sperm development and mature sperm morphology in three 
species of commensal bivalves (Mollusca: Galeommatoidea). 
J Morph 205:63-75 

Eckelbarger KJ, Davis CV (1996) Ultrastructure of the gonad and 
gametogenesis in the eastern oyster, Crassostrea virginica. I. 
Ovary and oogenesis. Mar Biol 127:79 87 

Eckelbarger KJ, Grasste JP (1987) Spermatogenesis, sperm storage 
and comparative sperm morphology in nine species of Capitella, 
Capiwmastus and Capitellides (Polychaetea: Capitellidae). Mar 
Biol 95:415-429 

Franz6n A (1970) Phylogenetic aspects of the morphology of sper- 
matozoa and spermiogenesis. In: Bacetti B (ed) Comparative 
spermatology. Academic Press, New York, pp 29-46 

Franz6n A (1983) Ultrastructural studies of spermatozoa in three 
bivalve species with notes on evolution of elongated sperm nu- 
cleus in primitive spermatozoa. Gamete Res 7:199-214 

Galangau MV (1969) 12tude en microscopie ~lectronique de la 
gam6togenese de Milax gagates (Draparnaud, 1801) (Gas- 
t6ropodes, Pulmon6s, Limacidae). Evolution des ultrastructures 
au cours de la spermatogen6se chez diff6rents types de mollus- 
ques. Th6se Doctorat d'Etat, Montpellier 

Galtsoff PS (1964) The American oyster, Crassostrea virginica 
Gmelin. Fish Bull US 64:1-480 

Galtsoff PS, Philpott DE (1960) Ultrastructure of the spermatozoon 
of the oyster Crassostrea virginica. J Ultrastruct Res 3:241 253 

Gaulejac de J, Henry M, Vicente N (1995) An ultrastructural study 
of gametogenesis of the marine bivalve Pinna nobilis (Linnaeus 
1758). II. Spermatogenesis. J mollusc Stud 61:393-403 

Gutierrez M, Crespo JP, Pascual E (1978) Ultraestructura de 
ovocitos y espermatozoides del ostion, Crassostrea anguIata 
Link. de la costa sudatlantica de Espafia. Investigaci6n pesq 42: 
167 178 

Healy JM (1983) Ultrastructure of euspermatozoa of cerithiacean 
gastropods (Prosobranchia: Mesogastropoda). J Morph 178: 
57-75 

Healy JM (1988) Sperm morphology and its systematic importance 
in the Gastropoda. In: Ponder WF (ed) Prosobranch phylogeny. 
Malac Rev 4 (Suppl): 251-266 

Healy JM (1989) Spermiogenesis and spermatozoa in the relict 
bivalve genus Neotrigonia: relevance to trigonioid relationships, 
particularly Unionoidea. Mar Biol 103:75 85 

Healy JM (1995) Sperm ultrastructure in the marine bivalve families 
Carditidae and Crassatellidae and its bearing on unification of 
the Crassatelloidea with the Carditoidea. Zool Scr 24:21-28 

Healy JM (1996) Molluscan sperm ultrastructure: correlation with 
taxonomic units within the Gastropoda, Cephalopoda and 



96 

Bivalvia. In: Taylor J (ed) Origin and evolutionary radiation of 
the Mollusca. Oxford University Press, London, pp 99-113 

Healy JM, Lester RJG (1991) Sperm ultrastructure in the Australian 
oyster Saccostrea commercialis (Iredale & Roughley) (Bivalvia: 
Ostreoidea). J mollusc Stud 57:219-224 

Hodgson AN, Bernard RTF (1986) Ultrastructure of the sperm and 
spermatogenesis of three species of Mytilidae (Mollusca, Bival- 
via). Gamete Res 15:123 135 

Jamieson BGM (1987) The Ultrastructure and phylogeny of insect 
spermatozoa. Cambridge University Press, Cambridge 

Jamieson BGM (1991) Fish evolution and systematics: evidence 
from spermatozoa. Cambridge University Press, Cambridge 

Koiki K (1985) Comparative ultrastructural studies on the sper- 
matozoa of the Prosobranchia (Mollusca: Gastropoda). Sci Rep 
Fac Educ Gunma Univ 34:33 153 

Komaru A, Konishi K, Wada KT (1994) Ultrastructure of sper- 
matozoa from induced triploid Pacific oyster, Crassostrea gigas. 
Aquaculture, Amsterdam 123:217~22 

Longo FG, Dornfield EJ (1967) The fine structure of spermatid 
differentiation in the mussel, Mytilus edulis. J Ultrastruct Res 20: 
462-480 

Loosanoff VL (1937) Development of the primary gonad and sexual 
phases in Venus mercenaria Linnaeus. Biol Bull mar bioI Lab, 
Woods Hole 72:389-405 

Loosanoff VL, Davis HC (1963) Rearing of bivalve molluscs. Adv 
mar Biol 1:1 136 

Molinia FC, Swan MA (1991) Effect of ethanol and methanol on the 
motility of Saccostrea commercialis sperm and sperm models. 
Molec Reprod Dev 30:241-249 

Motavkine PA, Varaksine AA (1983) Histophysiologie du systeme 
nerveux et regulation de la reproduction chez les mollusques 
bivalves, Nauka, Moscow 

Moueza M, Frenkiel L (1995) Ultrastructural study of the spermato- 
zoon in a tropical lucinid bivalve: Codakia orbicularis L. Invert 
Reprod Dev 27:205 211 

Nakamura HK (1985) A review of molluscan cytogenetic informa- 
tion based on the CISMOCH-computerized index system for 
molluscan chromosomes. Bivalvia, Polyplacophora and Cephal- 
popoda. Venus 44:193-225 

Nicotra A, Zappata S (1991) Ultrastructure of the mature sperm and 
spermiogenesis in Callista chione (Mollusca, Bivalvia). Invert 
Reprod Dev 20:213 218 

O'Foighil D (1989) Role of spermatozeugmata in the spawning 
ecology of the brooding oyster Ostrea edulis. Gamete Res 
5:49 60 

Osanai K, Kyozuka K (1982) Cross fertilization between sea urchin 
eggs and oyster spermatozoa. Gamete Res 5:49 60 

Peredo S, Garrido O, Parada E (1990) Spermiogenesis and sperm 
ultrastructure in the freshwater mussel Diplodon chilensis chilen- 
sis (Mollusca, Bivalvia). Invert Reprod Dev 17:171 179 

Pipe, RK (1987) Ultrastructural and cytochemical study on interac- 
tions between nutrient storage cells and gametogenesis in the 
mussel Mytilus edulis. Mar Biol 96:519 528 

Popham JD (1979) Comparative spermatozoon morphology and 
bivalve phylogeny. Malac Rev 12:1-20 

Rocha E, Azevedo C (1990) Ultrastructural study of the spermato- 
genesis of Anodonta cygnea L. (Bivalvia, Unionidae). Invert 
Reprod Dev 18:169-176 

Sousa M, Corral L, Azevedo C (t989) Ultrastructural and 
cytochemical study of spermatogenesis in Scrobicularia plana 
(Mollusca, Bivalvia). Gamete Res 24:393-401 

Sousa M, Oliveria E (1994) An ultrastructural study of Crassostrea 
angulata (Mollusca, Bivalvia) spermatogenesis. Mar Biol 120: 
545-551 

Thielley M, Weppe M, Herbaut C (1993) Ultrastructural study of 
gametogenesis in the French Polynesian black pearl oyster 
Pinctada margaritifera (Mollusca, Bivalvia). J Shellfish Res 12: 
41-47 

Xiang Q, Yongqiang F (1989) Spermatogenesis of Ruditapes philip- 
pinarum. J Oceangr Taiwan Strait 8:245 250 


