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Isogamous fertilization and zygote development of Colpomenia bullosa Yamada were studied with elec-
tron microscopy. Chloroplasts and mitochondria from male and female gametes remained in zygotes.
Whereas two pairs of centrioles (=flagellar basal bodies) are derived from both male and female gametes,
only one pair remains within about four hours after plasmogamy. Disappearance of one pair of centrioles
occurred irrespective of karyogamy. Since morphological differences between male and female gametes of
C. bullosa could not be detected, it was impossible to determine which one pair of centrioles disappeared.
But observations on polyspermic zygotes (two or three male gametes to one female gamete) showed that
only one pair of centrioles disappeared even in these zygotes. As a result, it was strongly suggested that

centrioles from the female gamete disappeared.
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Sexual reproduction in almost all algal
groups (with the exception of the red algae) is
conducted by motile female and male gam-
etes. In the brown algae, three types of sex-
ual reproduction have been confirmed, i.e.,
isogamy, anisogamy and oogamy (Wynne
and Roiseaux 1976). Ultrastructural studies
on brown algal fertilization have been carried
out in detail on Fucus and Laminaria (Brawley
et al. 1976a, b, Motomura 1990). But sexual
reproduction in these genera is oogamous, so
there have not been any similar studies on the
fertilization of isogamous and anisogamous
groups in the brown algae.

Motomura (1990) reported in detail the fer-
tilization of Laminaria angustata using complete
serial sections. The results indicated that
chloroplasts and mitochondria in zygotes
were originated from eggs, while centrioles
were originated from sperms by egg centrioles
disappearing after plasmogamy. Paternal in-
heritance of centrioles has been well known in
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animal fertilization (oogamy) (Schatten et al.
1988, Sluder et al. 1989, Luykx 1991). Subse-
quently, by comparing the development of
zygotes and parthenogenotes using immuno-
fluorescence microscopy, it became clear that
this paternal inheritance of centrioles had a
crucial role in normal development of zygotes,
especially in normal spindle formation (Moto-
mura 1991).

In this study, it was found that the selective
disappearance of centrioles from female gam-
etes occurs even in isogamous brown alga.

Materials and Methods

Culture. Mature gametophytes of Colpome-
nia bullosa Yamada were collected in January-
April, 1988-1990, at Charatsunai, Muroran,
Hokkaido, Japan. The plants were washed
with autoclaved seawater, wiped with paper
towels, put in Petri dishes one by one and
incubated in a refrigerator overnight. The
next day, cold PESI medium (Tatewaki 1966)
was poured into these Petri dishes under
illumination. After several minutes, many
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gametes were liberated and sexuality was de-
termined by mixing gametes derived from dif-
ferent individuals. Firstly, only female game-
tes were inoculated into Petri dishes. Many
female gametes settled down within 20-30 min
and female gametes still swimming were
washed out with the medium. Next, male
gametes were inoculated into these dishes,
and plasmogamy was synchronous. Cultures of
zygotes were maintained in PESI medium,
10°C or 14°C, under continuous illumination
with fluorescent lamps (55 #Em~2s~! photon
flux density).

TEM preparation. Zygotes were fixed at
regular intervals of time. They were fixed
with a solution containing 3% glutaralde-
hyde, 0.1 M cacodylate buffer (pH 7.2), 2%
NaCl, 1% caffeine and 0.1% CaCl, for 2 hr
at 4°C. Samples were detached from Petri
dishes with a soft paint brush, and the fixative
solution containing samples was transferred
into centrifuge tubes. Fixed zygotes were
washed with 0.1 M cacodylate buffer
(pH 7.2), 2% NaCl, 1% caffeine and 0.1%
CaCly, pelleted by centrifugation and finally
embedded in 1% agar. They were post-fixed
for 2hr in 2% OsO, or overnight in 1%
0504, 0.1 M cacodylate buffer (pH 7.2), 2%
NaCl and 0.1% CaCl,. Samples were
stained en-bloc with 0.5% uranyl acetate for
15 min at 4°C, dehydrated gradually with ace-
tone and finally embedded in Spurr’s resin
(Spurr 1969). Serial sections were cut with
a diamond knife on a Porter-Blum MT-1
ultramicrotome and mounted on formvar-
coated slot grids. Sections were stained with
uranyl acetate and lead citrate or only with
lead citrate, and observed with a Hitachi H-
300 electron microscope. Results in this
paper were obtained from zygotes which were
completely serial-sectioned.

Results and Discussion

Shape and structure of female and male
gametes were typical of brown algal swarmers
(Clayton 1989, O’Kelly 1989) and it was
difficult to distinguish gametes from their
ultrastructure. They have a long, mastigo-

neme-bearing anterior flagellum and a short,
non-decorated, posterior flagellum. A nu-
cleus is located above a cup-shaped chlo-
roplast which has an eyespot near the base of
the posterior flagellum. One pyrenoid pro-
trudes from the chloroplast at the opposite
side of the eyespot.

Plasmogamy in Colpomenia bullosa proceeds
as in other brown algae (Maier and Miller
1986, Peters and Miiller 1986); female gam-
etes first settle down and secrete phero-
mones, and then male gametes are attracted
to them and plasmogamy occurs. Frequent-
ly, two or three male gametes fertilize a
female gamete (polyspermy), especially when
many more male gametes were inoculated
than female gametes.

Both nuclei fused (karyogamy) after plas-
mogamy, but the timing of karyogamy was
not constant. When female and male nuclei
are close to each other after plasmogamy,
karyogamy occurs soon afterward (Figs. 2-
4). Karyogamy is delayed when one or two
chloroplasts are situated between both nuclei
(Figs. 11, 12).

After plasmogamy, zygotes started to de-
velop, and germinate after about 12 hr. The
zygote development was examined by serial
sections till 24 hr in culture. Cellular or-
ganelles, such as chloroplasts and mitochon-
dria from both gametes, continued to exist in
the zygote development. On the contrary,
one pair of centrioles disappeared during
zygote development.

Figures 1-6 show six sections of a one-hour-
old zygote after plasmogamy. There are two
chloroplasts, each having a pyrenoid and an
eyespot. Therefore this zygote was produced
by normal plasmogamy, not polyspermy.
The outer membranes of both nuclei have just
fused (Figs. 2-4). Two pairs of centrioles
(Figs. 2, 6) derived from both female and
male gametes could be detected in one-hour-
old zygote after plasmogamy. Basal plates
were observed at the distal end of centrioles
but axonemes were detached from them (Fig.
6).

One pair of centrioles disappeared in four-
hour-old zygotes. Figures 7-9 show three
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sections of a four-hour-old zygote after plas-
mogamy. This zygote contained one nucleus
and two chloroplasts, each containing a pyre-
noid and an eyespot. Therefore, clearly the
zygote was formed after normal plasmogamy
and karyogamy had occurred. In this
zygote, only one pair of centrioles could be
detected (Fig. 7). Also, Figures 10-12 show
three sections of another four-hour-old zygote
after normal plasmogamy. The nuclei’ (N1
and N2) were not fused yet. Similar to the
previous example, only one pair of centrioles
existed near the nucleus (N1) (Fig. 11), the
other pair of centrioles had disappeared.
Therefore, it became clear that the presence
or absence of nuclear fusion did not affect the
disappearance of one pair of centrioles.
Because of the identical ultrastructure of
flagellar basal bodies of female and male gam-
etes, it was difficult to determine which pair
of centrioles disappeared. However observa-
tions on polyspermic zygotes suggest the fe-
male gamete’s centrioles disappear. Figures
13-18 show six sections of a four-hour-old
zygote of polyspermy. This zygote resulted
from polyspermy (two male gametes to one
female gamete) because three chloroplasts
could be detected, each having a pyrenoid
and an eyespot. Three nuclei were not fused
yet with one another. In this polyspermic
zygote, two pairs of centrioles remained
(Figs. 16, 17), one pair have disappeared.
Disappearance of only one pair of centrioles
was not affected by the presence or absence of
karyogamy, like normally fertilized zygotes.
Disappearance of one pair of centrioles was

also observed in polyspermic zygotes which
resulted from one female gamete and three
male gametes (not shown). Therefore, I be-
lieve that centrioles which were derived from
the female gamete disappeared and ones
derived from the male gamete remained. It
means that centrioles in diploid thallus
(=sporophyte) cells are originated from
basal bodies (=centrioles) of flagella of male
gametes. Similar results were obtained from
Scytosiphon lomentaria (Scytosiphonales) and
Analipus japonicus (Ralfsiales) in the brown
algae (Motomura unpublished data).

In this study, I report the ultrastructure of
the fertilization in isogamy of the brown algae
for the first time. Different from the ooga-
mous group, Fucus vesiculosus (Brawley et al.
1976a, b) and Laminaria angustata (Motomura
1990), degradation or digestion of chlo-
roplasts and mitochondria of male gametes
was not observed in Colpomenia bullosa zygote
development. In the oogamous groups, these
cellular organelles of sperms, especially chlo-
roplasts, are smaller than those of the eggs,
and the sperms can not develop partheno-
genetically. On the contrary, cellular or-
ganelles in female and male gametes of the
isogamous brown algae are almost identical.
It is well known that the gametes of the isog-
amous group of brown algae can develop par-
thenogenetically (Wynne and Loiseaux 1976,
Peters 1987). Nakamura and Tatewaki
(1976) reported parthenogenesis of female
and male gametes of Colpomenia bullosa.
Therefore, monoparental or biparental in-
heritance of chloroplasts and mitochondria in

Figs. 1-6. Six non-consecutive serial sections of an one-hour-old zygote. Both nuclei (N1 and N2) are just
fusing their outer nuclear membranes. There are two chloroplasts (Chl and Ch2) containing eyespots (Esl and
Es2) and pyrenoids (P1 and P2). Two pairs of centrioles (C1 and C2) exist in this zygote and note that axonemes
are detached from the centrioles having a basal plate (Fig. 6 C1). Scale bars=1 ym.

Figs. 7-9. Three non-consecutive serial section of a four-hour-old zygote. This zygote is normally fertilized
because it has two chloroplasts (Ch1 and Ch2) containing eyespots (Es1 and Es2) and pyrenoids (P1 and P2). Both
nuclei had already fused into one (N). Note only one pair of centrioles (C1) in this zygote. Scale bars=1 ygm.

Figs. 10-12. Three non-consecutive serial section of a four-hour-old zygote.

The zygote is normally fertilized

because it has two chloroplasts (Ch1 and Ch2) containing eyespots (Es1 and Es2) and pyrenoids (P1 and P2). But
two nuclei (N1 and N2) have not fused yet because one chloroplast (CH2) exists between them. Note only one pair

of centrioles (C1) in this zygote. Scale bars=1 gm.

Figs. 13-18. Six non-consecutive serial section of a four-hour-old zygote. The zygote is polyspermic (two
male gametes to one female gamete) because it has three chloroplasts (Ch1l, Ch2 and Ch3) containing eyespots
(Es1, Es2 and Es3) and pyrenoids (P1, P2 and P3). Three nuclei (N1, N2 and N3) have not fused yet. Note two
pairs of centrioles (C1 and C2) in the zygote. Scale bars=1 ym.
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Figs. 1-6.
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Figs. 13-18.
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zygotes might be related to the ability of both
female and male gametes to grow parthenoge-
netically.

Even though flagellar apparatuses of female
and male gametes of Colpomenia bullosa were
identical, one pair of centrioles disappeared
during the development of zygotes. Based on
the observations on polyspermic zygotes, it
would be proper to conclude that centrioles
which were introduced from female gametes
disappeared. In the case of Laminaria angus-
tata, it was possible to distinguish female
from male basal bodies (= centrioles) by their
arrangement and connecting structures
(Motomura and Sakai 1988, Motomura
1989). Motomura (1990) reported that
sperm centrioles remained but egg centrioles
disappeared in the zygote development of L.
angustata. Also, in Fucus evanescens, liberated
unfertilized eggs do not have centrioles, and
sperm centrioles are introduced into the egg
after plasmogamy (Motomura unpublished
data). Therefore, irrespective of isogamy
and oogamy, it could be considered that cen-
trioles of the female gamete disappear and
ones of the male gamete remain during brown
algal fertilization and zygote development.
Afterward, the centrioles from male gametes
will begin to function as a component of cen-
trosomes in vegetative cells of the diploid
sporophytic generation.

Paternal inheritance of centrioles might be
universal in brown algal fertilization, based
on this study and previous work (Motomura
1990). The occurrence of paternal inher-
itance of centrioles is well known in animal
fertilization (Schatten et al. 1988, Sluder e al.
1989, Luykx 1991). It is significant that
paternal inheritance of centrioles, in other
words, regulation of mitotic spindle pole for-
mation in the first division of zygotes, would
be a common phenomenon between the
brown algal and animal fertilization.

In this experiment, I report the behavior of
centrioles, which are one component of the
centrosome, using electron microscopy of Col-
pomenia bullosa fertilization. However the be-
havior of centrosomal material (pericentriolar
material), which is the actual microtubule

organizing center (Robbins ¢t al. 1968, Gould
and Borisy 1977), in the isogamous brown
algal fertilization is still obscure. Motomura
(1991) reported that centrioles in Laminaria
angustata were derived from the sperm but
centrosomal material might be present already
or synthesized de novo in the egg.
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AFR= 575 TRHEARCOMMRBFERLE M) A—LOHK

RMNEBTFEESYTO8BEY £ € (Colpomenia bullosa) DFH - REBB*BETFHEBELXHVTHE L, X
B 4 BEEA L Ba T o, i - BEEBETAOELRAThLHDL Y bV F—1D 5 b—Eh KL
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B TEE v b Y+ — VB R R\ TG OMBIC— AT FET 2 2 Lah, ABRBTES - BE
BB WTESTOE—E B OBAHUOSHUEBVBICIE L HEHEHBSHERE L TV a2 H < RE T
B, (051 BEWHEAEN1-13 tEEAFES TN BEEERR)





