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Ultrastructural study of spermatogenesis
in the Pacific oyster Crassostrea gigas (Bivalvia:
Ostreidae) from the Sea of Japan
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ABSTRACT: Spermatogenesis in the Pacific oyster Crassostrea gigas from the Sea of
Japan, was studied with transmission and scanning electron microscopes. Spermatogonia
are characterized by two kinds of nuage-like material (large germinal body-like structure
and/or cluster of small globules), cisternae of endoplasmic reticulum and prominent Golgi
body that gives rise to occasional proacrosomal vesicles. Spermatocytes contain numerous
proacrosomal vesicles, while both kinds of nuage-like material are rarely observed at this
stage. A large single acrosomal vesicle is formed by fusion of proacrosomal vesicles in the
basal part of each spermatid. After migration to the apical position of the acrosomal vesicle
becomes cup-shaped; the round nucleus assumes barrel-like outlines. Part of spermatocytes
and spermatids develop with flagellum while some spermatogenic cells are characterized
by intracellular axoneme. Spermatozoa have an electron-lucent knob situated on top of the
acrosome. This type of knob has never been described earlier in the C. gigas and other
ostreids. The pattern of C. gigas spermatogenesis which includes many ultrastructural
features may be used in future comparative studies of sperm development in Ostreidae and
other mollusks.
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YnbTpacTpyKTypHOE uccnegoBaHue crnepmaroreHesa
TUXOOKeaHCKOM ycTpuubl Crassostrea gigas (Bivalvia:
Ostreidae), o6uTtarowen B ANOHCKOM Mope
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PE3IOME: Metonamu ckaHUpYOMEH U TPAHCMUCCHOHHOH 3JIEKTPOHHON MUKPOCKOITUHI
HCCIIEJIOBAaH CHEPMATOreHe3 TUXOOKeaHCKoU ycTpulsl Crassostrea gigas n3 SINOHCKOro
Mopsi. CriepMaTOrOHMH COIepIKaT JiBa THIA MaTepHrala « Hyax» (repMUHaIbHOE TeNbIE 1/
WM CKOTUICHHE MEJIKUX TPaHyJI ), IUCTEPHBI HI0TIa3MaTHIECKOTO PETUKYIyMa U ANKTH-
0COMBI KoMIUTeKca I ombpku, hopMupYIOIIHe MPOAaKPOCOMHBIE BE3HUKYJIBI. B criepmaroru-
TaX OTMEYEHbI MHOTOUUCIIEHHBIE IPOAKPOCOMHBIE BE3UKYIIbI, MATEPUAI «HYaK» IPUCYT-
CTBYET 3HAYUTEIBHO peke. B 0a3ambHOM 9acTh criepMaTu IyTeM CIHSHHSI IPOAKPOCOM-
HBIX BE3UKYJ (OpPMHUpYETCs 0JTHa KPYIHAsl akpocoMHas rpaHysa. [ocie Toro, kak akpo-
COMHas TpaHyJia 3aHUMAaET allMKalIbHOE MOJI0KEHNE, OHa CTAHOBUTCS YallleBUAHOIM, a IAPO
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CIiepMaTuabl - 60‘IOHKOBI/II[HI)IM. Yactb CIIEPMATOLUTOB U CIICPMATUI pa3sBUBAIOTCA CO
KTYTUKOM, HaCTb KJICTOK BMECTO XTI'YTUKA UMCIOT TOJIbKO BHYTPUKIJIECTOUYHYIO AaKCOHEMY. B
CIIEpMAaTHIaX HOSIBJISIETCS 3JIEKTPOHHO-IIPO3PAUHbIN IIy3bIPEK, PACIIOJIOKEHHBIN HA BEp-
[IHHE aKPOCOMHO#M TpaHyIbl. DTOT My3bIPEK OCTACTCS XapaKTEePHOH METANBI0 CTPOCHHUSI
criepMaTo301/1a, paHee HeonrcaHHON HU Y C. gigas, HU y IpyTuX BUA0B ocTpen. [lartepH
crnepmarorenesa C. gigas, KOTOPBI BKIIFOUaeT B ¢e0s1 00MIBII0OE KOJTUYECTBO YIbTPACTPYK-
TYPHBIX IPU3HAKOB, MOXKET 6BITI) HUCIIOJIb30BaH I 6y}1yH_[I/IX CPaBHUTEJIBHBIX UCCIIC/IOBA-
HUH Pa3BUTHS CIIEPMATOTCHHBIX KieTok y Ostreidae U qpyrux MOJUTIOCKOB.

KJIFOYEBBIE CJIOBA: Crassostrea gigas, Ostreidae, criepMaToreHHbIe KICTKH, YIbTpa-

CTPYKTYpa.

Introduction

It is known that the general principle of
comparative spermatology has developed from
the view of Kolliker who wrote that the animal
sperm varies within narrow limits (Afzelius,
1984) to the statement of Retzius who assumed
the infinite structural diversity of metazoan sperm
and suggested impossibility of the existence of
even two species with similar sperm morpholo-
gy (Retzius, 1904; Franzen, 1956). Thus, Ret-
zius established a principle of species specific-
ity of spermatozoa and showed that sperm mor-
phology is a very reliable taxonomic feature.
Since no coincidence in the morphology of
spermatozoa in various species of metazoan
animals has been found, the Retzius’ conclusion
has not been refuted until now.

However, data obtained by different re-
searchers during the last forty years allow sus-
pecting sperm uniformity in some species of the
family Ostreidae. Indeed, it was reported that
mature spermatozoa are similar in various ostre-
idsinhaving a cup-shaped acrosome, subacroso-
mal material with an axial rod, a barrel-shaped
nucleus, and four spherical mitochondria
(Daniels et al., 1971; Brandriff et al., 1978;
Osanai, Kyozuka, 1982; O Foighil, 1989; Healy,
Lester, 1991; Bozzo etal., 1993; Sousa, Olivei-
ra, 1994a; Li et al., 2000; Dong et al., 2005;
Drozdov et al., 2009). Comparing the sperm
morphology in different oyster species Gwo and
co-authors (1996) suggested that the size and
shape of a nucleus, an acrosome and mitochon-
dria are specific in ostreid spermatozoa and can

be used to differentiate species. However, they
did not present reliable statistic data and it
remains uncertain whether the reported differ-
ences were caused by uncertainty of measure-
ments or they reflect real morphological differ-
ences among the species.

The ultrastructural features of spermatogen-
esis have been studied for several ostreid spe-
cies. It has been shown that Ostrea edulis Lin-
naeus, 1758, Crassostrea angulata Lamarck,
1819, and Crassostrea virginica Gmelin, 1791
have basically similar spermatogenesis: sper-
matogonia and primary spermatocytes contain
characteristic so-called nuage-like material, the
formation of an acrosome begins with the syn-
thesis of proacrosomal vesicles by the Golgi
complex priorto spermiogenesis, the proacroso-
mal vesicles are fused in the presumptive basal
part of the spermatid and the formed acrosomal
vesicle migrates from this area to the apex of the
cell where it forms the acrosome (Sousa, Olivei-
ra, 1994a; Eckelbarger, Davis, 1996). It seems
that spermatogenic cells as well as spermatozoa
do not have any differences between oyster
species.

The purpose of the present paper is to form
a pattern of sperm development in the Pacific
oyster Crassostrea gigas Thunberg, 1793, the
species, which has been introduced worldwide
for commercial cultivation (Ruesink etal.,2005)
and widely used in monitoring assays. The early
spermatogenesis of C. gigas from the Atlantic
Ocean (France) was recently described by Fran-
co and co-authors (2008). They gave a detailed
description of the size characteristics and chro-
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matin state in spermatogonia and spermatocytes
but other features of early spermatogenic cells
and spermiogenesis remain poorly known. In
our opinion, a study should be done through the
finding of some crucial signs of oyster sper-
matogenesis and comparison of those among
the various species of Ostreidae.

Materials and methods

Mature oysters C. gigas were collected by
SCUBA divers in the estuary situated in the
inner part of Vostok Bay (42°53’37.08”N,
132°44°02.45”E), Peter the Great Bay of the
Sea of Japan, in early June, 2005.

Transmission electron microscopy

Gonads of five males were fixed in 2.5%
glutaraldehyde (Sigma) in 0.1 M cacodylate
buffer (pH 7.5), with 21 mg/ml NaCl added, for
2hat4°C. Specimens were then rinsed in buffer
(changed several times), post-fixed for 2 h with
2% osmium tetroxide prepared in the same
buffer and then washed in buffer before dehy-
dration. After dehydration in a graded ethanol
series and acetone, specimens were embedded
in Spurr resin (Spurr, EMS). Semi- and ultra-
thin sections were made using a Leica UC6
ultramicrotome. Semi-thin sections were stained
with methylene-blue and examined with a Leica
DM4500 B light microscope. Images were tak-
en by a Leica DFC300 FX digital camera. Ul-
trathin sections were stained with 2% alcoholic
uranyl acetate and aqueous lead citrate, and
viewed with JEOL JEM 100S and Zeiss Libra
120 transmission electron microscopes.

Scanning electron microscopy

Suspension of sperm cells from dissected
gonads was dissolved 1:100 with filtered sea
water and placed on nucleapore filters coated
with poly-1-lysine hydrobromide (MP Biomed-
icals Inc). Spermatozoa on the filters were fixed
and dehydrated as described above in the TEM
procedure, and then critical point dried in car-
bon dioxide, coated with gold and viewed with
aZeiss LEO 430 scanning electron microscope.

Results

The sperm cells in the testes of mature males
were orderly arranged in acini in such a way that
spermatogonia were situated near the inner wall
of each acinus, mature spermatozoa occupied
the center of the acinus lumen, and spermato-
cytes and spermatids were situated in between
them (Fig 1A).

The spermatogonia contained single oval
nuclei about 3.9x4.3 pm along short and long
axes, respectively (see below in the nucleus de-
scriptions), and patches of electron-dense chro-
matin scattered in the nucleoplasm and nucleolus
(Fig. 1B). Two major kinds of electron-dense
non-membranous material or nuage were distin-
guished in the cytoplasm at this stage (Fig. 1C).
One kind was present as variations of a large
germinal body-like structure (Fig. 1 D, E) and
another as a cluster of small globules (Fig. 1F).
The cisternae of the rough endoplasmic reticu-
lum were frequently seen in spermatogonial cy-
toplasm (Fig. 1 F). Besides, the Golgi body form-
ingelectron-dense vesicles was also present (Fig.
1G, H). The spermatogonia were connected by
both intercellular bridges (Fig. 1H) and desmo-
some-like junctions (Fig. 11).

The primary spermatocytes with round to slight-
ly oval nuclei about 3.6x4.1 um in size had char-
acteristic synaptonemal complexesatthe pachytene
stage (Fig. 2A). The spermatocytes were connect-
ed by intercellular bridges and had a number of
electron-dense vesicles distributed in the cyto-
plasm (Fig. 2B). The nuage appeared mainly a
cluster of small globules was noticed in the cyto-
plasm rarely (Fig. 2C and inset). The secondary
spermatocytes were similar in the set of organelles
to the primary spermatocytes but had smaller
nuclei, about 2.7%3.3 pm in size. Additionally,
these spermatocytes usually had not any nuage
material. Both the primary and secondary sperma-
tocytes were flagellate cells (Fig. 2D). The basal
body of the flagellum comprised two centrioles
situated perpendicular to each other near the cell
membrane (Fig. 2E). Apart from spermatocytes
with flagellum (Fig. 2D), the spermatocytes with
intracellular axoneme were found (Fig. 2F).
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The early spermatids had nuclei with size
about 2.5x3.1 pm and more condensed chroma-
tin than in the nuclei of spermatocytes.
Proacrosomal vesicles were concentrated in the
basal area of each cell together with mitochon-
dria (Fig. 3A). After the fusion of proacrosomal
vesicles, the formed acrosomal vesicle was lo-
cated among mitochondria (Fig. 3B) but then
moved to the lateral part of the spermatid (Fig.
3C). An electron-lucent knob (0.1-0.15 pm in
diameter) appeared on top of the acrosomal
vesicle, beneath the cell membrane (Fig. 3D, E).
As the cross section shows, a mitochondrial
collar, consisting of five to six mitochondria,
formed around the centrioles (Fig. 3F). The late
spermatids had nuclei about 2.2x2.7 pm in size
and contained electron-dense chromatin with
small electron-lucent areas (Fig. 3G). At this
stage the acrosomal vesicle was situated in the
apical part of the cell (Fig. 3G). In the course of
spermiogenesis the basal part of the acrosomal
vesicle became concave and formed invagina-
tion filled with flaked material (Fig. 3H). Pro-
gressive invagination of both the acrosomal ves-
icle and the nucleus resulted in the formation of
a subacrosomal space. An axial rod appeared in
the subacrosomal space (Fig. 3I). At the final
stage of the spermatid maturation, small amounts
of flaked material were scattered in the nucleus at

various distances from the subacrosomal space
(Fig. 3J-M). Spermatids with flagellum were
typical (Fig. 3C) but cells with an intracellular
axoneme were also present in the acini (Fig. 3G).

Each spermatozoon had abarrel-shaped head
(Fig. 4A) about 2.5 pm long and 2.1 um wide,
composed of a cup-like acrosome and electron-
dense nucleus (Fig. 4B). An electron-lucent
knob was situated on top of the acrosome (Fig.
4A, B) and they were about 0.7 um long togeth-
er. The nucleus was 1.2 um long and 1.9 um
wide and had an anterior fossa extending through
the middle part and filled with flaked material
(Fig. 4B). An axial rod extended from the basal
part of the acrosome to the posterior part of the
nuclear fossa (Fig. 4B). The midpiece consisted
of four spherical mitochondria (Fig. 4C) and the
basal body of the flagellum composed of the
proximal and distal centrioles (Fig. 4B). The
distal centriole had nine radially arranged satel-
lite fibers (Fig. 4D). The flagellum had typical
9+2 pattern of microtubules.

Discussion

Our data and those previously obtained by
Franco and co-authors (2008) enable us to form
a pattern of spermatogenesis in C. gigas and
compare it with other oysters. The characteristic

Fig. 1. Spermatogonia in the Pacific oyster Crassostrea gigas.

A — fragment of acinus showing developing spermatogenic cells (light microscopy); B-I — spermatogonia (TEM):
B — outer part of acinus with spermatogonia and spermatocytes; C — spermatogonium with two kinds of nuage
(arrowheads); D, E — two variations of nuage presented as large germinal body-like structures (arrowheads); F —
spermatogonium containing cisternae of the RER (arrows) and nuage presented as a cluster of small globules; G —
dictiosomes of the Golgi body with electron dense substance morphologically similar to proacrosomal vesicle content;
H — proacrosomal vesicles in the cytoplasm (arrowheads point at intercellular bridge); I — spermatogonia joined by
desmosome-like junction (arrow). Abbreviations: G — Golgi body, m — mitochondrion, n» — nucleus, pv —
proacrosomal vesicle, sc — spermatocyte, sd — spermatid, sg — spermatogonium, sz — spermatozoon. Scale bars:
A—10pm; B,C,H,I —2 um; D-F — 1 um; G — 0.5 um.

Puc. 1. CnepMaTOroHun TUXOOKeaHCKOH ycTpuubl Crassostrea gigas.

A — (parMeHT aruHyca ¢ pa3BUBAOIINMHUCS CIIEPMATOTCHHBIMHU KJIETKaMH (CBETOBast MUKpocKomust); B—I — criepma-
torounu (TOM): B — BHemHuil y4acTok anuHyca co CHEepMAaTOTOHHAMHE H criepMaTonnTamu; C — crepMaTOrOHHI
cojlepyKaluil Hyax JBYX THIOB (KOpoTkue crpenkn); D, E — 1Ba BapuaHTta OpraHu3aiiu Hyax, MPEICTABICHHOTO
KPYIHBIM TepPMUHAILHBIM «TebIeM» (KOpOoTKHe cTpeikn); F — mucrepust [IIDP (IuinHHBIE CTPEKN) U HyaX B BUJIE
CKOIUICHUsI MENKHUX rpanyl; G — IUKTHOCOMBI KOMILIeKca ['OJIbIKH, COEpIKAIie dIEKTPOHOIUIOTHBIN MaTepual,
MOP(OJOTHYECKH CXOXKHUI C COMEPKUMBIM MPOAKPOCOMHBIX TpaHyl; H — mpoakpocoMHbIe TPAHyIIBI B IHTOILIA3ME.
KopoTkue cTpenku yKa3blBAIOT Ha MEKKIETOUHBII MOCTHK; | — CriepMaToOroHuH, COeNHEHHBIE ECMOCOMOIIOT00HBIM
KOHTaKTOM (JutnHHask ctpeika). O6o3HaueHus: G — AUKTHOCOMBI KOMILIEKCa [ 0JIbIKH, m — MHTOXOHAPHS, 1 — SIPO,
PV — TPOAKPOCOMHBIE IPaHYJIbl, SC — CIIEPMATOLHT, sd — CIIEpMaTH/a, Sg — CIIEPMATOrOHHIA, Sz — CIIEPMaTO30MI.
Macrmra6si: A — 10 mxm, B, C, H, T — 2 mkm, D-F — 1 mxm, G — 0,5 MkMm.
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Fig. 2. Spermatocytes in the Pacific oyster Crassostrea gigas (TEM).

A — primary spermatocyte; B — cytoplasmic components of primary spermatocytes (the intercellular bridge is indicated
by arrows); C — spermatocyte with nuage (arrowhead); inset — higher magnification of nuage; D — flagellate
spermatocytes; E — two centrioles perpendicular to each other located near the cell membrane; F — dividing
spermatocyte with inner axoneme (arrowheads), chromatin is surrounded by proacrosomal vesicles. Abbreviations: ¢ —
centriole, chr — chromatin, dc — distal centriole, f— flagellum, G — Golgi body, m — mitochondrion, » — nucleus,
pv — proacrosomal vesicle, pc — proximal centriole, snc — synaptonemal complex. Scale bars: A-D — 1.5 um, E,
F— 0.5 pm, inset — 0.3 pm.

Puc. 2. CnepmaTonuTel THXOOKeaHCKOH yerpunsl Crassostrea gigas (TOM).

A — mepBHYHBIN CHEpMaTOLUT; B — cozepXiMoe LUTOMIA3Mbl MEPBHYHBIX CIEPMATOLUTOB. JUTHHHBIE CTPEIKH
YKa3bIBAIOT Ha MEXKJIETOUHBIH MOCTHK; C — CHEPMATOLHUT C MATEPUAIOM Hyax (KOPOTKasi CTPeJIKa); Bpe3ka — Hyak
yBeIn4eHo; D — XKIyTHKOBBIE CIEPMATOLUTHI; E — 1BE MepreHANKyIIpHbIe APYT APYTY LEHTPHOIIH, PACTIONOKESHHbIC
BOJIM3M M1a3MaTHYECKOil MeMOpanbl; F — Jensiuiicst ciepMaToluT ¢ BHYTPEHHEH aKCOHEMOMN (KOPOTKHE CTPEIIKH).
ITpoakpocOMHbIE BE3HKYJIbI PACTIONIOKEHBI BOKPYT XpoMaTuHa. OG03HAUCHUS: ¢ — LEHTPUOIIb, chr — XPOMATHH, dc —
JMCTANIbHASL LCHTPHOIb, f — KIYTHK, G — JUKTHOCOMBI KOMIUICKCa [ OJIbIKH, m — MHTOXOHAPHS, 1 — SIAPO, pV —
MPOAKPOCOMHbIE TPAHYJIbl, p¢ — HPOKCHMAIbHAsI LEHTPUOIb, SNC — CHHANTOHEMAIbHBIH KoMIUIeKe. Maciiradsl: A—
D — 1,5 Mxm, E, F — 0,5 mxM, inset — 0,3 MKMm.
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feature of spermatogonia in C. gigas (Fig. 5A)
is the presence of nuage which seems to be a
distinct marker of the metazoan germ cell lin-
cage (Eddy, 1975; Ikenishi, 1998; Extavour,
Akam, 2003). This structure has been described
or merely illustrated in various mollusks. In
some species only one kind of nuage was no-
ticed (Sousaetal., 1989; Sousa, Oliveira, 1994a,
b; Erkan, Sousa, 2002), whereas in some mol-
lusks two patterns of nuage material were found
(Hodgson et al., 1990; Erkan, Sousa, 2001,
2002).

Two kinds of nuage such as the “fragmented
smaller bodies” and “homogeneous body” were
also described in the spermatogonia of the At-
lantic population of C. gigas (Franco et al.,
2008). Similar structures that we define as the
“large germinal body-like structure” (nl) and
the “cluster of small globules” (n2) were ob-
served in the Pacific population of the species
(Fig. 5A). Though only one kind of nuage re-
ported in C. angulata and Ostrea edulis (Sousa,
Oliveira, 1994a) and has not been described in
C. virginica (Eckelbarger, Davis, 1996), the
dual pattern of nuage is likely to be found in
these species.

Another phenomenon is the presence of
proacrosomal vesicles in spermatogonia and
spermatocytes (Fig. 5A, B). Early appearance
of proacrosomal vesicles in spermatogonia has
been described for some invertebrates, includ-
ing bivalves (Hodgson, Bernard, 1986; Reunov,
Drozdov, 1987; Eckelbarger et al., 1990; Re-
unov, Hodgson, 1994). In the Pacific popula-
tion of C. gigas, the first proacrosomal vesicles
were found at spermatogonial stage, while in the
Atlantic population of C. gigas the proacroso-
mal vesicles were described from the secondary
spermatocytal stage (Franco et al., 2008). Ta-
king into account the early development of the
proacrosomal vesicles in spermatogonia of C.
angulata and O. edulis (Sousa, Oliveira, 1994a)
we suggest that presence of proacrosomal ves-
icles in spermatogonia might be found in other
oyster species with intensive study and this
phenomenon may be common for the oysters.

In the Pacific C. gigas the primary sperma-
tocytes were flagellate cells (Fig. 5B). The same

phenomenon was recorded for C. angulata
(Sousa, Oliveira, 1994a), while in C. virginica
and the Atlantic C. gigas (according to illustra-
tions presented by authors (Eckelbarger, Davis,
1996; Franco etal., 2008) the flagellum appears
only at spermatid stage. Certain conclusion con-
cerning these alternative versions can be made
only after careful examination of the flagellum
appearance in spermatogenic cells in different
oyster species.

It was shown in the present work that in an
acinus of the Pacific C. gigas the spermatocytes
and spermatids were represented by cells with
flagellum (Fig. 5C, D, E) as well as cells with
intracellular axoneme (Fig. 5C°, D’, E’). The
intracellular axoneme was noticed in the sper-
matids of the Atlantic C. gigas oysters (Franco
et al., 2008) but was not mentioned for other
oyster species. However, among mollusks the
inner axoneme was reported in the spermatoge-
nic cells of the cockle Anadara granosa (Su-
wanjarat, 1999), and the green-lipped mussel
Pernaviridis (Reunov etal., 1999). Besides, they
are known for four species of sea urchins (Eckel-
bargeretal., 1989; Auetal., 1998, 1999). For the
sea urchin Anthocidaris crassispina the origin of
“inner” axoneme was suggested by Au and co-
authors (1998) as a result of different flagellum
differentiation. During cell division, the maternal
pair of centrioles remains associated with the tail,
while the daughter centrioles migrate to the op-
posite pole of the cell and give rise to an intrac-
ellular axoneme. The same reason is conceivable
for mollusks including oysters and further re-
search is needed to clarify whether inner ax-
oneme is typical for Ostreidae species.

Spermiogenesis is the most demonstrative
process with dynamic transformation of nucle-
us and all cytoplasmic organelles. Among avail-
able reports concerning spermatogenic cell
ultrastructure in C. gigas (Bozzo et al., 1993;
Franco etal., 2008), the description of sperma-
tid stage/stages is sketchy; furthermore, early
spermatids of C. gigas have never been charac-
terized. However, spermiogenesis shows cha-
racteristic features of cell morphogenesis and
may be used for interspecies comparison. As
we have shown for Pacific C. gigas, at early
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spermatid stage the cytoplasmic organelles
demonstrate obviously ordered distribution
defining future basal and apical parts of the cell
(Fig. 5D, D’). In middle spermatids, the
proacrosomal vesicles fuse into a large acroso-
mal vesicle (SE, E”) which afterwards migrates
to the apical area of the cell. As soon as the
acrosomal vesicle is in this area, its shape
gradually transforms from rounded to cup-
shaped (Fig. 5F, G). The acrosomal vesicle
formation is accompanied by the development
ofasmall terminal electron-lucent knob situat-
ed on the top of it (Fig. 5E, E’—H).

The development and morphology of the
acrosomein C. gigas, as described in the present
study, appears similar to previous reports (Boz-
zo et al., 1993; Gwo et al., 1996; Dong et al.,
2005; Drozdov et al., 2009) but differs from
them in the presence of the terminal electron-
lucent knob. The consistent distal position of

of spermatozoa, as observed in a series of cells
in the present study, exclude interpretation of
this structure as an artifact. The function of this
knob is unknown, but its overacrosomal posi-
tion suggests its involvement in the process of
fertilization. This structure is likely to have been
overlooked in previous investigations of C. gi-
gas and other oysters due to possible absence of
strict anterior-posterior section and the data
obtained with scanning electron microscope. At
the same time, if the electron-lucent knob is
really absent in the sperm of C. gigas from the
Atlantic population and other oyster species, it
may actually be a specific feature of the Pacific
population of C. gigas.

The studies of the oyster spermiogenesis
show that the presence of subacrosomal materi-
al located between the acrosomal vesicle and
nucleus is the common feature of late sperma-
tids and spermatozoa of all studied Ostreidae

this knob on the acrosomal vesicle and common
movement of both structures to the apical area

(Bozzo et al., 1993; Sousa, Oliveira, 1994a;
Eckelbarger, Davis, 1996). However, the ways

Fig. 3. Spermatids in the Pacific oyster Crassostrea gigas (TEM).

A — early spermatid with proacrosomal vesicles and mitochondria on one pole of the cell; B— middle spermatid with
formed acrosomal vesicle; C — flagellated middle spermatid with acrosomal vesicle in the basal position; D — middle
spermatid with acrosomal vesicle associated with electron-lucent knob (arrowhead) in the midway position; E —
electron-lucent knob (higher magnification) (arrowhead); F — late spermatid containing single rounded mitochondria
(asterisks) and fusing mitochondria (arrow) in the basal part of the cell; G — late spermatid with an inner axoneme
(arrows) and a spherical acrosomal vesicle in the apical position; H — late spermatid with invaginations on basal part
of acrosomal vesicle and on apical part of the nucleus (subacrosomal space pointed by arrow, intercellular bridge is
indicated by the arrowhead); I — late spermatid with barrel-shaped nucleus and cup-like acrosome (axial rod inside the
subacrosomal space is indicated by the arrow); J-M — nuclei containing small amount of flaked substance (arrows).
Abbreviations: ¢ — acrosome, av — acrosomal vesicle, dc — distal centriole, G — Golgi body, m — mitochondrion,
n — nucleus, pc — proximal centriole, pv — proacrosomal vesicle. Scale bars: A — 2 pm, B-G, F-I — 1 um, J-M —
0.5 pm, E — 0.2 pm.

Puc. 3. Ciepmatuibl THXOOKeaHCKOW ycTpuubl Crassostrea gigas (TOM).

A — paHHsisI criepMaTHIa, CoJeprKaliasi IPOaKPOCOMHBIC BE3UKYJIbl I MUTOXOH/IPHHU Ha OJTHOM MoJiroce; B — cpensist
criepmMartiia co c(hOpMUPOBAHHONW aKpOCOMHOM rpaHynoit; C — cpeaHss crepMmaruia ¢ akpOCOMHOW TpaHyJIOi B
6a3aJbHOM IOJIOKCHHHU ¥ XKI'YTHKOM; D — cpejiHsis criepMaryia ¢ akpoCOMHO# IpaHyJIoif W 3JIEKTPOHOIPO3PAYHBIM
y3BIPHKOM (KOPOTKasi CTPEJIKa) B ITOJI0KEHNH MEXK Ty 0a3aIbHbIM 1 allMKaIbHBIM ITOJTI0CaMU KIEeTKH; E — anekrpoHorn-
po3pauHblii 1y3sipek (Oonbinee yBenudeHne) (KOpoTkas crpenka); F — 0GasaipHas 4acTh MO3JHEH CHEPMaTHBI,
coJieprKaliiasl OJJMHOYHBIC OKPYIJIbIe (3BE3/109KH) U CIMBAMOIINECS (JUIMHHAS CTPesKa) MUTOXOHApUH; G — MO3HSIs
criepMariia ¢ BHYTPCHHEH aKCOHeMOH (JUIMHHBIC CTPEIKH) M ChepHUECcKONl aKpOCOMHON BE3HMKYJION B allMKaIbHOM
nonokeHnn; H— o3 /iHsist criepMaTi/ia ¢ HHBarnHauusiMu 0a3aibHON YaCTH aKpOCOMHOM IPaHyJIbI U AlINKAIbHON YaCTH
siapa. JTHHHAs CTpelika yKa3blBaeT Ha Cy0aKpOCOMHOE IPOCTPAHCTBO, KOPOTKHE CTPENIKH YKa3bIBAIOT HA MEXKKIICTOY-
HBI MOCTHK; | — mo3aHss criepmMaTiia ¢ GOYOHKOBHAHBIM SIPOM H 4aIlenogo0HOI akpocoMoil (0CEBOM CTEPKEHb

BHYTPH Cy0aKpOCOMHOIO IIPOCTPAHCTBA OTMEYEH MIMHHOH cTpenkoil); J-M — sgpa, coneprkamme HeOOJbIIOE
KOJIYECTBO XJIONILEBUIHOTO BEIeCTBA (JUIMHHBIE cTpesiky). O603HAYEHHs: @ — aKpocoMa, ¢V — aKpOCOMHas IpaHyJia,
dc — pucranbHas HEHTpUONIb, G — IUKTHOCOMBI KOMIUIEKca ['ONBIDKH, m — MHTOXOHAPHS, n — SAPO, pc —

MIPOKCUMAaJIbHAs [IEHTPHOIIb, pV — IIPOAKPOCOMHas Be3uKyna. Macmradsr: A — 2 MkM, B-G, F-I — 1 Mxm, J-M — 0,5
MM, E — 0,2 MkMm.
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Fig. 4. Spermatozoa in the Pacific oyster Crassostrea gigas by SEM (A) and TEM (B-D).

A — overview of mature spermatozoon; B — mature sperm (terminal electron-lucent knob is indicated by the arrow);
C — midpiece of the spermatozoon showing distal centriole surrounded by four mitochondria (asterisk); D — distal
centriole with nine satellite fibers. Abbreviations: @ — acrosome, ar — axial rod, dc — distal centriole, f— flagellum,
h — sperm head, m — mitochondrion, mp — midpiece, n — nucleus, pc — proximal centriole. Scale bars: A, B —
I pm, C — 0.5 pm, D — 0.2 pm.

Puc. 4. CiepmaTo30u/1ibl THXOOKEeaHCKO# yeTpuisl Crassostrea gigas o nanasiM COM (A) u TOM (B-D).
A — o6muii Bux 3penoro cnepmarozonga (COM); B — 3pemnstif ciepmaTo30u (TepMHHAIBHBII 2IEKTPOHONIPO3PAYHEIH
ITy3bIpeK 0003HaYeH JUIMHHOH cTpenkoi); C — cpefHss 9acTh CIIepMaTO301Aa — AUCTAIbHAS IIEHTPUONb, OKPYKECHHAS
YETHIPEMS MHUTOXOHAPUSIMH (3Be3gouka); D — aucTanpHas HEHTPHUONB C JCBSTHIO BCIIOMOTAaTEIbHBIMH HHUTSMH.
OO003HaYeHNUS: @ — aKpOCOMa, ar — OCEBOU CTEPIKeHb, dc — AUCTAIbHAS LCHTPHOIb, [ — JKIYTHK, /I — TOJIOBKa
CIIEPMATO30M A, M — MHTOXOHIPHS, Mp — CPEIHSSL 4acTh, 1 — SAPO, pC — MPOKCUMAIIbHAS LEHTPHUOINBb. Macurabbr:
A, B — 1 mxm, C — 0,5 MM, D — 0,2 MKM.

Fig. 5. Scheme of spermatogenesis in the Pacific oyster Crassostrea gigas.

A — spermatogonium; B — primary spermatocyte; C — secondary spermatocyte with flagellum; C* — secondary
spermatocyte with inner axoneme; D — early spermatid with flagellum; D’ — early spermatid with inner axoneme;
E — middle spermatid with flagellum; E> — middle spermatid with inner axoneme; F — late spermatid; G — late

spermatid; H — spermatozoon. Abbreviations: @ — acrosome, ar — axial rod, av — acrosomal vesicle, dc — distal
centriole, f— flagellum, G — Golgi body, iax — intracellular axoneme, k£ — knob, m — mitochondrion, » — nucleus;
nl — nuage presented as large germinal body-like structure, n2 — nuage presented as cluster of small globules, n/ —
nuclear lacunae, pc — proximal centriole, pv — proacrosomal vesicle, rer — rough endoplasmic reticulum, sas —
subacrosomal substance, snc — synaptonemal complexes.

Puc. 5. Cxema criepMaTorenesa THXOOKeaHCKoOH ycrpulisl Crassostrea gigas.

A — cniepmaroronuif; B— nepeuunslii ciepmaTorut; C — BTOPHYHBIN CIIEPMATOIHNT €O KIyTHKOM; C’ — BTOpUUYHBII
CIIEPMATOLMT C BHYTPEHHEH akcoHeMoil; D — paHHss crepMaTnja co JKIyTHKOM; D’ — paHHssS crepMaruia ¢
BHYTpeHHell akcoHemoill; E — cpeanss crnepmaTtuja co krytukom; E’ — cpenHss cnepmatuaa ¢ BHYTpEHHEH
akcoHeMmoii; F — mo3uss ciepmaruia; G — no3ansis crepmaruaa; H— crnepmarosonn. O603HaueHHS: @ — aKpoCcoMa,
ar — 0CeBOIl CTepIKEeHb, aV — aKPOCOMHAsI TpaHyia, dc — NUCTANIbHAs NEHTPHOIb, f — XKIYTHK, G — IUKTHOCOMBI
xomiuiekca [oJbJKH, iax — BHYTPHKICTOYHAs aKCOHEMa, k — Iy3BIPEK, M — MUTOXOHAPHS, n — SIAPO, nl — Hyax,
MPEACTABICHHBINH KPYITHBIM TePMUHATBHBIM «TEIbLEMY, 712 — HyaiK, IPeCTaBICHHbII CKOIUICHUEM MEJIKHUX rpaHyJL, nl
— yriyOuieHust B siApe, pc — HPOKCHMAIbHAS LIEHTPHOJb, pv — IMPOAKPOCOMHASI TPpaHyla, rer — ILIEPOXOBATHIH
9HIOIIA3MATHYECKUI PETHKYIIYM, sas — CyOaKpOCOMHBIH MaTepual, snc — CHHANTOHEMalIbHbI KOMILIEKC.
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of'subacrosomal substance formation have nev-
er been discussed. Based on the present data we
suggest that the formation of subacrosomal
material in C. gigas is connected with the ap-
pearance of intranuclear lacunae (Fig. 5G). In
the course of spermiogenesis these lacunae were
often found to release their content into sub-
acrosomal space and this mechanism seems to
relate to subacrosomal material formation. The
electron-lucent intranuclear lacunae were no-
ticed in Saccostrea commercialis (Healy, Lest-
er, 1991), Tectura testudinalis (Buckland-Nicks,
Howley, 1997) and Tridacna maxima (Keys,
Healy, 1999) but authors did not discuss their
origin. It seems rather possible that the perfor-
mance of electron-lucent nuclear lacunae is re-
lated to a poorly known mechanism of sub-
acrosomal material formation, which should be
better studied not only in Ostreidae but in other
invertebrates as well.

We observed numerous mitochondria con-
centrated in the centriolar region starting from
the stage of early spermatid, thus forming a
sperm midpiece. There were five to six mito-
chondria in the middle and late spermatids, but
in the spermatozoa only four mitochondria were
always present around the basal part of the tail.
The reduction of mitochondria in spermatids
occurs probably due to their fusion, as in other
mollusks studied (Hodgson, Bernard, 1986;
Hodgson et al., 1987). The number of mito-
chondria in the spermatozoa seems to be charac-
teristic for mollusks at a family or even super-
family level (Healy, 1995). Oyster species typ-
ically have four mitochondria in spermatozoa
(Bozzo et al., 1993; Sousa, Oliveira, 1994a;
Eckelbarger, Davis, 1996; Gwo et al., 1996;
Drozdov et al., 2009), but Dong and co-authors
(2005) reported different patterns of midpiece
organization in diploid and tetraploid individu-
als of C. gigas. In diploid oysters, only four
mitochondria were present in mature spermato-
zoa, while in tetraploid oysters, four mitochon-
dria were present in 44%, five mitochondria in
53%, and six mitochondria were present in 3%
of sperm. Five mitochondria were also observed
in the midpiece of some spermatozoa of C.
virginica (Eckelbarger, Davis, 1996) but taking

into account large amount of cytoplasm seen on
the figure, those cells might be premature and
mitochondria may later fuse and thus decrease
in number. Anyway, whether this number of
mitochondria was a local deviation from normal
condition remains unknown.

Dimensional data of spermatogenic cells of
oysters are very scanty. We have found only
sizes of spermatogonia and spermatocytes as
whole cells for C. virginica (Eckelbarger, Davis,
1996) and sizes of just spermatogonial and
spermatocytal nuclei for Atlantic C. gigas (Fran-
coetal.,2008). An oval form of spermatogonial
and spermatocytal nuclei (especially in primary
spermatocytes) makes measuring difficult; that
is why for detailed description it would be better
to give two sizes: along short and long axes. The
sizes of spermatogonia and spermatocytes of
Atlantic and the Pacific C. gigas are likely to be
similar, but we think that this feature is not
enough informative because it may depend on
the peculiarities of measure techniques and fix-
ation procedures.

Ultrastructural studies of sperm morpholo-
gy in C. gigas from different geographical re-
gions reported different sizes of sperm parts
(Table 1). But whether sperm size differences in
various populations of the C. gigas are caused
by approximate measurements or they reflect
real differences in sperm size remains unclear.
Additionally, males of many species can simul-
taneously produce two or more sperm types
(“sperm heteromorphism”). Besides, spermato-
zoa could have identical shape but differ from
each other by their lengths only (short or long)
(Snook, 1998). Moreover, as it was shown for
the sea urchin Strongylocentrotus droebachien-
sis the spermatozoa may have different sizes in
remote populations of the same species (Marks
et al., 2008). We think that focused study of
various ostreids sperm collected by similar
methods are required to make a final conclusion
concerned sperm uniformity existence or ab-
sence in Ostreidae.

Thus, the developing spermatogenic cells of
the Pacific population of C. gigas have some
characteristic features such as two kinds of
nuage-like material in the spermatogonia, intra-
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Table 1. Dimensions of spermatozoa of the Pacific oyster Crassostrea gigas as reported from different

regions of the Oceans.

Tabmuma 1. PazmepHble XapakTepUCTUKHU CIIEPMATO30H/0B THXOOKEaHCKOH ycTpuuel Crassostrea gigas

U3 pa3sjindHbIX PETHOHOB MI/IpOBOFO OKCaHa.

Region Head length, Head width, Length/width Reference
pm pm

Taiwan ~1.93* ~1.55 ~1.25% Gwo et al., 1996
Pacific coast of the USA 2.61** 2.32%* 1.12%* Dong et al., 2005
Atlantic Spain — ~2 — Bozzo et al., 1993
Pacific coast of Honshu

2.46 +0.06 2.29+0.04 1.07 Komaru et al., 1994
Island, Japan
North-western part of "
the Sea of Japan, Russia 2.80 2.50 1.12 Drozdov et al., 2009
North-western part of
the Sea of Japan, Russia 2.51 2.12 1.18 Present study

* sperm head length is calculated by us as a sum of the acrosome, nucleus and mitochondrion dimensions (according

to Dong et al., 2005);
** only for fixed spermatozoa of diploid oysters;
— no data.

* IIMHA TOJIOBKY ITOJCYMTaHA HAMH, KaK CyMMa pa3MepoB aKpOCOMBI, sipa i MUTOXoHApuii (1o Dong et al.,, 2005);
** TONIBbKO U1 PUKCUPOBAHHBIX CHIEPMATO30HM/I0B JTUIIIOUIHBIX YCTPHIL;

— HET JJaHHBIX.

cellularaxonemes, and the apical knob ofacroso-
mal vesicle which is typical for spermatids and
sperm. The presence of these characters empha-
sizes speciality of the C. gigas spermatogenesis
(Fig. 5A-H) in comparison with other oyster
species studied. Since some of these characters
have not been described in the Atlantic popula-
tion of the C. gigas and in the other oyster
species, it is rather possible that they have not
attracted the author’s attention and probably
might be found by reinvestigation. The pattern
of C. gigas spermatogenesis which includes
many ultrastructural features may be used in
future comparative studies of sperm develop-
ment in Ostreidae and other mollusks.
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