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ABSTRACT Ultrastructure of spermatozoa in artificially induced tetraploid mussels, Mytilus galloprovincialis, was examined by
light and electron microscopy and compared to that in normal diploid mussels. Sixteen tetraploid mussels were examined. Eight were
found to be males, seven had spent or undeveloped gonads for which sex could not be determined, and one was an hermaphrodite.
Ultrastructure of spermatozoa from tetraploids was similar to diploids, but there were some differences. Differences included the
number of mitochondria (5 to 71n tetraploids compared to only 5 in diploids) and the presence of abnormal acrosomes (2.4% in
tetraploids, 0% in diploids). The mean size of spermatozoa in tetraploids was larger than that from diploids: acrosome length (4.2 urn
vs. 3.0 urn), nuclear width (2.1 urn vs. 1.8 urn), nuclear length (2.1 urn vs. 1.9 urn), and flagellar length (73 urn vs. 63 urn). The
DNA content of spermatozoa in tetraploids was about 2 times that of spermatozoa from diploids. Oocytes were observed in the
hermaphroditic tetraploid, but only in very low numbers. These findings indicate spermatozoa will be capable of fertilization, and
therefore, useful in the production of triploids by crossing to normal haploid oocytes.
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INTRODUCTION

Induced triploid bivalves are useful in aquaculture because the
reduced gamete output improves meat quality and growth (Allen
and Downing 1.991, Akashige and Fushimi 1992). Triploidy is
usually induced by preventing meiosis II offertilized eggs. Several
procedures (chemical treatment, hydropressure, and temperature
shock) for the induction of triploidy in bivalves have been suc
cessful (Allen 1987, Beaumont and Fairbrother 1991). However,
the survival of larvae in treated groups has been found to be lower
than the controls (Tabarini 1984, Downing and Allen 1987, Wada
et al. 1989, Utting and Child 1994). Additionally, the percentages
of triploid induction were not always 100% for these studies.

A novel method to increase triploid induction rates and survival
would be the use of multiple-genome gametes. The crossing of
gametes from tetraploids and diploids has been shown to produce
all triploid populations in brown frog (Kawamura et aI. 1963) and
rainbow trout (Chourrout et al. 1986). This indicates that the ga
metes from tetraploids contained a diploid genome complement.

In bivalves, viable spermatozoa with a DNA amount 1.5 times
that of haploid spermatozoa were obtained from triploid Pacific
oysters (Akashige 1990). Eggs fertilized with these sperm were
aneuploid, containing 2.5 times the DNA level of haploid sperm
(Akashige 1990). Oocytes from triploid Japanese pearl oysters
fertilized with spermatozoa from diploids yielded some juveniles
with either a diploid or triploid genome (Komaru and Wada 1993).
This indicated that a small proportion of eggs contained twice the
genome complement. Therefore, the use of "diploid gametes"
from tetraploids for crossing with haploid gametes from diploids
may be an efficient procedure for the production of triploids. We
have previously reported the successful induction of tetraploidy in
mussels (Scarpa et al. 1993). In the present study, gamete pro
duction and ultrastructure in tetraploid mussels were compared to
that of diploid mussels by light and electron microscopy in order
to delineate their possible performance characteristics.

MATERIALS AND METHODS

Organisms

The parental mussels (Mytilus galloprovincialis Lamarck) used
to produce the tetraploid and diploid mussels examined in the
present study were collected in January, 1993 from a natural pop
ulation found in Gokasho Bay, Mie Prefecture, Japan (Scarpa et
al. 1993). Mussels were spawned the same day as collection and
tetraploidy was induced by inhibiting meiosis in fertilized eggs of
mussels with cytochalasin B (Scarpa et al. 1993). After 3 months
of controlled culture the spat were transferred to a pearl net and
hung from a raft in Gokasho Bay.

Mussels were sampled in March and April, 1994. The mean
shell height and standard deviation of mussels used were: tetra
ploid (3.13 ± 0.39 ern, n = 11), diploid (3.70 ± 2.06 em, n =
8) in March and tetraploid (3.48 ± 0.58 ern, n = 5), diploid (4.90
and 3.80 ern, n = 2) in April. Large mussels were not sampled in
this study as Scarpa etal. (1993) reported that tetraploids were
only found in the smaller size grouping. .

Histological Procedures

Gonadal tissue was fixed with 4% glutaraldehyde in cacodylate
buffer (pH 7.5) (Komaru et al. 1994) for the March sample and
Bouin fixative for the April sample. Tissue' samples were then
dehydrated through a graded ethanol series and embedded in par
affin. Sections (6 11m) were cut, placed on glass slides, and stained
with acid-haemalaum and eosin.

Tissue samples fixed with 4% glutaraldehyde in cacodylate
buffer were also prepared for electron microscopy following the
procedure by Komaru et al. (1994). Small pieces (1-2 mm") of
gonadal tissue were postfixed with 1% osmium tetroxide, dehy
drated through a graded ethanol series and embedded in epoxy
resin Quetol 812 (Nisshin E.M. Co., Tokyo, Japan). Ultrathin
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B

Figure 1. Light micrograph of gonadal tissue section from a diploid (A) and tetraploid (B-F) mussel, Mytilus galloprovincilJIis. A: Diploid mature
testis. D,C: Tetraploid mature testis. D: Tetraploid spent testis. E,F: Tetraploid hermaphrodite gonad. Scale; A,D,C,E: 100 fLm, D: 50 fLm,
F: 25 fLm.

sections were stained with uranyl acetate and lead citrate, and
observed using a JEOL 1200EX transmission electron microscope.

DNA Quantification

Ploidy of mussels was determined by DNA microfluorometry
following the procedure of Kornaru et al. (1988). Gill cells were
dissociated from glutaraldehyde-fixed materials by mincing with
scissors in 50% acetic acid, dropped on a prewarmed glass slide
and air dried. The cells were stained with the DNA specific dye

DAPI and the fluorescence intensity per nucleus (n = 30) was
measured by microfluorometry. The DNA content of spermatozoa
(n = 100) was also estimated using this procedure.

Spermatozoa Measurements

Nuclear width, nuclear length, and acrosome length were mea
sured from the paraffin embedded material stained with acid
haemalaum and eosin.

Spermatozoa from gonads fixed with 4% glutaraldehyde were
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Figure 2. Electron micrograph of spermatozoa in diploid (A,B) and tetraploid (C-F) mussel, Mytilus gaUoprovincialis. A: Longitudinal section
through spermatozoon in diploid. B: Transverse section through midpiece in diploid. C: Longitudinal section through spermatozoon in
tetraploid. D,F: Transverse sections of through midpiece with 6 (D) and 7 (F) mitochondria (M) in tetraploids. E: Longitudinal section through
abnormal spermatozoon with 2 acrosomes. Acrosome = Ac, Nucleus = Nu, Flagellum = F. Arrows indicate centrioles. Scale:l fLm.

dispersed by mincing with scissors in 50% acetic acid, dropped on
a prewarrned glass slide and air dried. Unstained preparations of
dispersed spermatozoa were observed by phase contrast micros
copy. Flagella length was measured with an ocular micrometer.
The percentage of spermatozoa with 2 acrosomes was also esti
mated. The mean size of spermatozoa components (n = 30) be
tween tetraploids and diploids was statistically analyzed using Stu
dent's t-test (Sakuma 1964).

The number of mitochondria per spermatozoa were counted on
TEM negatives showing transverse sections of the midpiece.

RESULTS

Gamete Production

In the March sample, 8 diploids and II tetraploids were ex
amined. Among the diploids, three were mature males (Fig. IA),

one was a mature female, and four had spent gonads. Among
tetraploids, four contained spermatozoa (Fig. IB,C) but were less
prolific compared to the diploids (Fig. IA). The other 7 tetraploids
had spent gonads, but two of these seven were identified as male
because of residual spermatozoa (Fig. ID). In the April sample,
one of 5 tetraploids was an hermaphrodite, two were identified as
male because of residual spermatozoa, and the other two had spent
gonads.

In the hermaphrodite tetraploid, oocytes and spermatozoa were
usually observed in different acini (Fig. IE). Acini filled with
spermatozoa predominated, but spermatozoa and oocytes were ob
served occasionally in the same acini (Fig. IF). The oocytes had
a large nucleus, prominent nucleoli, and well developed cyto
plasm, although the number of oocytes were few. The means ± sd
of the long and short axis of 10 oocytes from the hermaphrodite
were 68.5 ± 4.0 J.Lm and 52.6 ± 7.2 J.Lm, respectively. In com-
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TABLE 1. TABLE 3.

Size (mean ± standard deviation) of spermatozoa components from
2 tetraploid and 1 diploid mussel in March, 1994.

The percentages of spermatozoa with abnormal acrosome produced
by 2 tetraploid (No.1, No.2) and 2 diploid (No.1, No.2) mussels

fixed in March, 1994.

Tetraploid

No.1 No.2 Diploid
Tetraploid Diploid

No. 1 No.2 No.1 No.2
Length of

Acrosome (....m) 4.27 ± 0.30* 4.22 ± 0.22* 2.98 ± 0.08 Abnormal Acrosome (%) 1.7 3.0 0 0
Width of Nucleus (....m) 2.16 ± 0.06* 2.14 ± 0.06* 1.78 ± 0.07 Normal Acrosome (%) 98.3 97.0 100 100
Length of Nucleus (....m) 2.06 ± 0.06* 2.04 ± 0.05* 1.85 ± 0.06 Number of Sperm Observed 423 427 328 253
Length of

Flagellum (....m) 72.3 ± 2.3* 75.1 ± 2.3* 63.0 ± 1.9

* Significantly different (P < 0.01). Number of sperm measured was as
follows; tetraploid: 30, diploid: 30.

content of spermatozoa from 2 tetraploids was about 2 times (2.10
and 1.95) that of spermatozoa from diploids.

TABLE 2.

Ultrastructure of Spermatozoa

Number of sperm observed was as follows; tetraploid: 20, diploid: 11.

Although gamete production and ultrastructure have been ex
amined in a number of bivalves (Popham 1979, Hodgson and
Bernard 1986, Dorange and Le Pennec 1989, Thielly et al. 1993),
it is only recently that gamete ultrastructure in a polyploid bivalve
has been reported (Komaru et al. 1994). In the present study, male
tetraploids predominated in the sample taken; therefore, only sper
matozoa ultrastructure could be observed and compared in detail.

Spermatozoa produced by tetraploid mussels were composed of
an acrosome, nucleus, mitochondria, and flagellum and their mor
phology was almost identical to that of diploid mussels reported
(Hodgson and Bernard 1986). Judging from ultrastructure, sperm
from tetraploid mussels should be functional. Chourrout et al.
(1986) reported that in trout the low fertilizing ability of sperma
tozoa produced by tetraploids was due to the difficulty of sperm
penetrating the micropyle. In mussels this should not be of con
sequence since mussel sperm enter into the egg cytoplasm follow-
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Figure 3. Relative DNA content of spermatozoa as measured by mi
crofluerometry from diploid (white bars, n = 100) and tetraploid
(black bars, n =100) mussel Mytilus galloprovincialis in March 1994.
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Frequency distribution of the number of mitochondria in spermatozoa
observed in tetraploid and diploid mussel in March, 1994.

parison, the means of the long and short axis of 10 oocytes in one
mature diploid were 60.1 ± 2.6 urn and 45.2 ± 4.4 urn, respec
tively.

Number of Mitochondria

General ultrastructural morphology of spermatozoa produced
by tetraploids (Fig. 2C,D) was almost identical to that of sperma
tozoa produced by diploids (Fig. 2A,B), except for the number of
mitochondria and increased size of flagellum, acrosome, and nu
cleus (Table 1). Spermatozoa produced by tetraploids (Fig. 2C,D)
were composed of an elongated acrosome (4.2 urn), an electron
dense nucleus (2.2 urn X 2.1 urn), spheroid mitochondria and a
flagellum (74 urn). These measured parameters were all signifi
cantly larger (P < 0.01) in the tetraploids compared to the dip
loids.

The acrosome was elongated and conical, composed of an
outer layer with electron dense material and inner layer of electron
lucent material. The nucleus was filled with fine electron dense
materials and was barrel shaped. As shown in Table 2 the number
of mitochondria per spermatozoa produced by tetraploids ranged
from five to seven (Fig. 2D,F) with a modal number of six, while
the number of mitochondria in diploids was always five (Fig. 2B).
Centrioles were observed in the mitochondrial ring (Fig. 2C,D) of
tetraploids.

In testes from tetraploid most spermatozoa were not grossly
different from those in diploids (Fig. 2e), but abnormal sperma
tozoa with 2 acrosomes were found occasionally (Fig. 2E). The
percentage of spermatozoa with 2 acrosomes was 1.7% and 3.0%
in 2 different tetraploids examined in the March sample (Table 3).

Figure 3 shows the DNA content of spermatozoa from tetra
ploids and diploids. Spermatozoa could be differentiated from
other cell types because of the elongated nucleus, ensuring that
only spermatozoa DNA levels were measured. The mean DNA
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ing an acrosome reaction with the egg membrane (Niijima and Dan
1965). It should be examined whether the acrosome reaction of
sperm from tetraploid mussels would be adequate and normal for
penetration.

In all measured parameters, the size of spermatozoa in tetra
ploids was larger than that of diploids. The nuclear size may be
increased due to the increased DNA content as shown by DNA
microfluorometry. Flagella length and acrosome length in tetra
ploids were significantly larger. How the increased DNA content
may give rise to a larger acrosome and longer flagellum is not
apparent from our study.

It was interesting to observe that the number of mitochondria in
spermatozoa from tetraploids was greater by one to two as com
pared to spermatozoa of diploids. In diploids, the number of mi
tochondria was five, as previously reported (Hodgson and Bernard
1986). It has been previously suggested that motility of sperma
tozoa produced by triploid Pacific oysters may be reduced, be
cause the head was significantly larger (compared to spermatozoa
from diploids) and the number of mitochondria was the same
(Komaru et al. 1994). Sperm from tetraploids with only 5 mito
chondria, which is the number found in sperm from diploids, may
have reduced motility compared to the sperm of diploids. How
ever, the increased number of mitochondria in the majority of
sperm from tetraploids may negate the size increase with resultant
motility similar to sperm from diploids.

Although differences of spermatozoa ultrastructure between te
traploids and diploids were primarily size related, another differ
ence was the production of abnormal spermatozoa with 2 ac
rosomes. The spermatozoa produced by tetraploids most likely
have 2 sets of chromosomes and the formation of 2 acrosomes may
be related to this. The final morphogenetic process may sometimes
be abnormal due to 2 sets of genes being expressed that regulate
acrosome formation.

Spermatozoa produced by tetraploids will be useful for produc
ing triploid and other polyploid levels if they contain 2 euploid

chromosome sets. In the present study this was indicated indirectly
by DNA microfluorometry. The induction of triploidy is usually
achieved by preventing polar body formation in fertilized eggs
from diploids (Allen 1987, Beaumont and Fairbrother 1991).
Treatments used to induce triploidy generally reduce larval sur
vival compared to untreated eggs and the proportion of triploid
organisms is often less than 100% (Tabarini 1984, Downing and
Allen 1987, Wada et al. 1989, Scarpa et al. 1994, Utting and
Child 1994). If spermatozoa with a diploid genome were available
the production of 100% triploid population could be easily
achieved by inseminating normal haploid eggs with these "diploid
sperm". Recently, this has been achieved in the Pacific oyster
(Dr. Ximing Guo, pers. comm.). Additionally, if second polar
body formation was inhibited in such a cross tetraploidy could

\theoretically be induced (Kawamura et al. 1963, Chourrout et al.
1986). A similar technique was used to produce tetraploids by
inhibiting polar body I formation in eggs from triploid oysters
fertilized with normal haploid sperm (Guo and Allen 1994).

In the present study, well-developed oocytes in an hermaphro
dite tetraploid were also observed. A cross between oocytes and
spermatozoa produced by tetraploids would also yield tetraploids
if the oocytes had a diploid genome. Oocytes containing 2 ge
nomes have been produced by triploid pearl oysters as indicated by
the ploidy of surviving juveniles (Komaru and Wada 1994). "Dip
loid sperm" may be useful not only for the induction of an all
triploid or polyploid population but for producing androgenetic
organisms by crossing diploid sperm and genetically inactivated
oocytes (Kusunoki et al. 1994).
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