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The fine structure of gametic fusion in the coenocytic, anisogamous green alga, Bryopsis maxima
Okamura, is described and compared with those of the isogamous and other anisogamous green algae.
Female gametes possess a putative mating structure similar in ultrastructure to that found in many
other green algae so far studied. This is a structure absent in male gametes. The general mode of
gametic conjugation is by fusion of male gametes at or near the mating structure of the female gamete,
but other modes of fusion occur without involvement of this structure. These observations suggest
that the mating structure does not function properly in the higher green algae, especially in the an-
isogamous groups. The mating structure in these algae may thus represent a vestigial sexual organ.

Nuclear fusion occurs at an early stage of zygote formation (25 minutes after mixing gametes),

but fusion or disintegration of chloroplasts and/or mitochondria does not occur at this stage. The
behaviour of the flagellar apparatuses in the early zygote from both mating types of gametes is dis-

cussed.
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The first ultrastructural study of fertiliza-
tion in green algae was made in the o-
ogamous alga Prasiola stipitata (MANTON
and FriepMANN 1960). Only a limited
number of genera (Chlamydomonas and Ulva)
have since been studied in detail. Al-
though it is generally accepted that Ulva
is anisogamous (e.g. Borp and WyNNE
1985), the difference in cell size between
female and male gametes is slight (e.g.
MEeLkoNIAN 1980b, KoEmaN 1985), and the
general mating behaviour and the structure
of gametes are similar to those of Chlamydo-
monas (MELKONIAN 1980b).

I have studied the fine structure of gam-
etes and the fertilization processes of ani-
sogamous green algae, as well as some
other isogamous green algae, as a prelude
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for analyzing mechanism of maternal in-
heritance in green plants. The main rea-
sons for selecting B. maxima were, 1) this
species shows extreme anisogamy and is
dioecious, 2) female gametes possess a large
chloroplast with an eyespot and a pyrenoid
while male gametes possess a reduced chlo-
roplast with fewer thylakoids and neither
eyespot nor pyrenoid, 3) behaviour of both
male- and female-derived chloroplasts in a
zygote can be easily followed by light and
electron microscopy. A part of the studies
showing that both male chloroplast-DNA
and male mitochondrial-DNA of this alga
are preferentially digested during the late
period of gametogenesis has already been
reported (Kuroiwa and Horr 1986). In
contrast to this, in isogamous species of
Chlamydomonas, the preferential degradation
of male chloroplast-DNA occurs in young
zygotes after gamete conjugation (Kurorwa
et al. 1982, KuroiwaA et al. 1985, TsuBo and
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Matsupa 1984, CorLemMAN and MAGUIRE
1983).

This paper presents the fine structure of
gametes and the early stage of zygote for-
mation.

Materials and Methods

Bryopsis maxima is dioecious. Gameto-
phyte fronds were collected a few nights
before full and new moon at Kimiga-hama,
Chyoshi, Chiba and brought back to the
laboratory, where they were kept in a tank
of seawater provided with aeration. Close
to full or new moon, the fronds become
fertile and change colour to orange (male)
and dark-green (female). At this stage the
female and male fronds were separated and
maintained as above.

In gametic fusion experiments two vol-
umes of a suspension of female gametes and
one volume of male gametes were mixed
and fixed for electron microscopy at 0.5, 2,
5, 10, 15 and 25 minutes after mixing.

Initial fixation was done by adding 50%
glutaraldehyde to gamete suspensions, giv-
ing a final glutaraldehyde concentration of
0.5%. The fixed cells were stored no lon-
ger than 12 hr before further processing.
After centrifugation the zygotes were fur-
ther fixed in 3% glutaraldehyde (made up
in 0.28 M sucrose in 0.1 M cacodylate buf-
fer, pH 7.1) for 1 hr at room temperature.
The cells were then washed in a series of
0.1 M cacodylate buffer solutions contain-
ing 0.28, 0.14, 0.07 M sucrose and no su-
crose, each step taking 15-20 minutes.
Post-fixation was made in 1% OsO, (pre-

pared as a 2% solution and mixed with
equal volumes of 0.2 M cacodylate buffer,
pH 7.1) overnight at 4° C. The fixed cells
were centrifuged and stained for 8 minutes
in a saturated solution of uranyl acetate in
distilled water. After dehydration through
a graded series of ethanol, the cells were em-
bedded in Spurr’s resin. Sections were cut
with a diamond knife and stained with lead
citrate. Observations were made using a
JEOL 100 CXII electron microscope.

Observations

Dioecious fronds of Bryopsis maxima pro-
duce different types of gametes which can
be clearly distinguished from each other by
cell size and intracellular structure. The
fine structure of these gametes is quite dif-
ferent and their components are useful as
definitive morphological markers for ana-
lyzing the behaviour of cell organelles in
zygotes.

I. Male gamete

The biflagellate male gametes of B. max-
ima are pear-shaped, measuring 4-7 ym in
length and around 2 um in width. The
cell anterior differentiates into a papilla in
which two basal bodies overlap at their
most proximal ends (Fig. 2). They con-
tinue with the flagellar proper, which are
15-17 ym in length, slightly shorter than
the female flagella (mean length 18 ym).

The fine structure of the male flagellar
apparatus has already been described in
detail for B. maxima (Hori 1977) and B.
lyngbyei (MELKONIAN 1980a) and will not be

Figs. 1-3. Male gamete of Bryopsis maxima.

1. Median longitudinal section showing relative positions

of organelles; mitochondrion (m), Golgi-body (g), nucleus (n) and a reduced chloroplast (c). The posterior

end of the cell body is overlain by one of four ridges that extends down from the papillae. x19,000. 2.
Cross-section of the flagellar apparatus showing the overlapping basal bodies which are displaced in a
counter-clockwise direction. % 52,000. 3. Cross-section just under the flagellar apparatus showing four
ridges. In the upper left and lower right ridges a two-membered microtubular root can be seen; and a
five-membered root can be seen in the upper right and lower left ridges (arrows). x40,600.

Figs. 4-5. Female gamete of B. maxima. 4. Near-longitudinal section of the cell showing relative
positions of organelles; the putative mating structure (arrow), many electron dense granules, Golgi body (g),
nucleus (n), mitochondrion (m), a large chloroplast with pyrenoid (p) and eyespot (¢). Note the location
of the mating structure and eyespot on the same side of the cell. x19,000. 5. Enlargement of the
putative mating structure (arrows). X 48,000.
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described here.

Fig. 3 is a section just under the flagellar
apparatus in which are discernible the basal
part of a cruciform papilla composed of four
ridges. The ridges originate from this point
and extend downward. Some of them ta-
per at an uncertain point in the posterior
half of the cell before they reach the cell
end, but others reach it (Fig. 1). Along
the whole length of each ridge overlies
a meniscus-shaped membranous material
which is connected to the cell membrane
by regularly-shaped bridges (Fig. 3). Mi-
crotubular flagellar roots pass along the
bulge of each ridge (Fig. 3 arrows, Fig. 11b
small arrows). In the upper left and lower
right ridges of Fig. 3 (arrow) a two-mem-
bered root can be seen, and a five-membered
root can be seen in the upper right and lower
left ridges (Fig. 3, arrows).

A longitudinal section of a male gamete
(Fig. 1) reveals relative positions of major
cell organelles; under the flagellar appara-
tus is the cross profile of a giant U-shaped
mitochondrion, the bottom of which is close
to the posterior surfaces of the basal bodies.
Two mitochondrial arms extend downwards
beneath the cell membrane. In the cyto-
plasm surrounded by these mitochondrial
arms are one or two Golgi-bodies and small
vacuoles (Fig. 1). The posterior half of the
cell body is occupied by a nucleus with con-
densed chromatin material (compare to fe-
male gamete in Fig. 4) and a small chloro-
plast. The chloroplast has a few thylakoids
but no pyrenoid or eyespot.

II. Female gamete

The biflagellate female gametes measure
about 8-14um in length and 4-7 ym in
width. Two isokont flagella, being 17.5-
19.5 um in length, extend from the papilla.
Two basal bodies lie in exactly the same way
as those in male gametes. The flagellar ap-
paratus of female gametes has a pair of
unusual crescent-shaped bodies (Fig. 6)
(see MEeLkoNIAN 1981, ROBERTS ef al.
1982); a two-membered root is associated
with each crescent-shaped body (Fig. 7).
These are absent from male gametes and
other green coenocytes. Another compo-
nent associated with the two-membered
root is the electron dense material which
overlies the root for some distance (Fig. 7).
MELkoNIAN (1981) demonstrated that in
female gametes of B. lyngbyei this material
forms a cylinder and suggested that it re-
presents a mating structure. Such a con-
figuration is not discernible in the female
gametes of B. maxima. At the shoulder re-
gion under the basal portion of the papilla
is an area of thicker cell membrane under-
lain by an electron-dense material (Figs. 4,
5), which may represent the putative mating
structure of this alga. Longitudinal serial
sections through this area revealed that it
measures 500 nm in length and 240-350
nm in width. The cytoplasm between the
flagellar apparatus and nucleus contains
four to five Golgi-bodies, small vacuoles and
many granules filled with electron-dense
material (Fig. 4). Individual granules
measure 100 to 300 nm in diameter and
sometimes a single limiting-membrane is
discernible. These granules are present
only in female gametes, and disappear in

Fig. 6. Part of a longitudinal section of conjugating gametes showing the female flagellar apparatus
(@) with crescent bodies (arrows) and one basal body of the male (&). x40,600.

Fig. 7. Part of a longitudinal section of the cell anterior of a female gamete showing the electron dense
material (arrows) lying over the emerging roots. x 33,500.

Figs. 8-10. Early stage of gametic fusion fixed 2 minutes after copulation. 8. Section illustrating the
distinct individuality of each papilla from both female (left) and male (right) gametes. x49,400. 9. A
slightly later stage of gametic fusion than that shown in Fig. 8. Note a vesicle (arrow) that stemmed from
the cell gap originally formed between the two conjugating gametes. n, nucleus; c, chloroplast. x 12,000.
10. A more advanced stage than that shown in Fig. 9, showing that the cell anterior becomes more round
due to the disappearance of the groove between male and female gamete papillae (compare to Fig.
8). Arrow indicates the flagellar root of the female apparatus extending down along the fusion site.

% 16,200.
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the zygote cytoplasm after conjugation (Fig.
16).

The female chloroplast contains a pyre-
noid and an eyespot (Fig. 4). The eyespot
is composed of a layer of granules 80 nm
in diameter and is located on the same side
of the cell body as the putative mating
structure (Fig. 4).

The whole cell surface is covered by a
fuzzy material similar to the male gamete
(Fig. 4).

III. Gametic fusion

Early zygote fixed 2 minutes after mixing:

The most general mode of gametic fusion
is initiated at the anterior of female gam-
etes, including the area of the putative
mating structure located near the basal
bodies (Figs. 8, 9). In many cases the
fusion site of the male gamete is restricted
to the cell anterior, but sometimes the pos-
terior half or posterior two thirds of the
male gamete fuses to the cell anterior of
the female body (Fig. 12). The initial
fusion process appears to be a quick event,
since neither the initial fusion nor activa-
tion of the mating structure were detected.
At a very early stage of conjugation, papil-
lae from both female (left in Fig. 9) and
male (right in Fig. 9) gametes can be dis-
tinguished. At a slightly later stage the
groove between the two papillae (Fig. 8)
rises up as the cytoplasmic fusion proceeds,
resulting in a rounded dome (Fig. 10).
Fig. 9 shows the two sets of basal bodies
close together. The original arrangement
of cell organelles found in each unfused
gamete is maintained even at this stage
(Figs. 9, 10).

Fig. 11 is a set of serial sections which
show the initial fusion event of the gametes,
the left half being female and the right
male. The female gamete cytoplasm is

continuous with that of the male gamete,
but a cylindrical lumen formed by the cell
membranes of both gametes can be seen
along the fusion site (Fig. 11b-f). The
lumen is open to the cell exterior at the
posterior end of the male gamete (large
arrow in Fig. 11g), but it is closed again in
the next section (arrow in Fig. 11h). Itis
possible therefore that when the anterior
portion of two ridges of the male gamete
attaches to the female cell surface, the
initial coalescence of gamete membranes
begins both around the outer most margin
of the male gamete body, which tightly at-
taches to the female body and to the margin
of the lumen formed by the cell surface of
the female gamete and the inter-ridge con-
cave cell surface of the male gamete (Fig.
4). The continuity of the cytoplasm ex-
pands inwards, resulting in a reduction of
lumen size and the formation of vesicles.
These vesicles are released into the zygotic
cytoplasm (Fig. 9) and later released out-
side the zygote. Along the cytoplasmic sur-
face of the lumen two flagellar roots extend
down, one from the female flagellar appa-
ratus (large arrows in Figs. 11a-c) and one
from the male (small arrows in Fig. 1le-g).
Fuzzy material on the inner side of the
lumen indicates the origin of the lumen
membrane from the gamete cell membranes
engaged in the cell fusion. The presence
of electron-dense granules specific to female
gametes was not observed near the fusion
site.

Apart from this common mode of gametic
fusion, other modes were observed in B.
maxima. The first type is shown in Fig. 13,
where a male gamete has fused to the pos-
terior half of a female gamete. The second
type is where the posterior half of a male
gamete attaches to or near the posterior
end of the female gamete (Fig. 14). The

Fig. 11. Eight sections (numbers 1, 3,4, 6, 7,8, 10, 13) from a series through a young zygote fixed
two minutes after mixing. Note a long lumen formed along the fusion site due to the incompleteness
of cytoplasmic continuity. It is open to the cell exterior at the posterior end of the male gamete (large
arrow in Fig. 11g). Flagellar roots extend down from the female flagellar apparatus ( ) (large arrows
Fig. 11a-c) and from the male (3 ) (small arrows in Fig. 11a-b, and small arrows in Fig. 1le-g). See details

in the text. X 16,000.
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15

Figs. 12-15. Conjugating gametes fixed two minutes after mixing. Iigures showing atypical modes of
gametic fusion. b, basal bodies; &, male nucleus; @, female nucleus. 12, x 14,500. 13, x13,000. 14,
% 11,000. 15, x8,300.
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third type is where both gametes fuse to
each other at their posterior ends (Fig. 15).

Zygotes fixed 25 minutes after mixing:

Zygotes are spherical at this stage (Fig. 16),
but new cell wall has not been formed yet.
The most prominent feature of zygotes at
this stage is the appearance of variously-
sized vacuoles containing small vesicles of
about 60 nm in diameter. These vesicles
are not present in unfused gametes. The
flagellar apparatuses from both gametes
are present as separate entities in the peri-
phery of the zygotic cytoplasm (Fig. 16).
The origin of each flagellar apparatus is
identified by the presence of the crescent-
shaped bodies specific to female gametes.
The composition of the flagellar apparatus
is the same as in unmixed gametes, except
that the microtubular roots appear to dis-
solve as the cytoplasmic coalescence pro-
ceeds. The two sets of paired basal bodies
are still continuous with their flagellar ax-
onemes, indicating that they are absorbed
into the cytoplasm through the cell surface
(Fig. 17), similar to Ulva mutabilis (BRATEN
1971). Another event characteristic to
this stage is nuclear fusion. Once the con-
tinuity of the outer nuclear membranes of
both nuclei is established (Fig. 17), then
the inner membranes coalesce (Fig. 18).
The fusion or disintegration of chloroplasts
and mitochondria was not observed. These
events occur in this alga at a later stage of
zygote maturation (Horr and Kuroiwa in

prep.).
Discussion

The mating reaction of the isogamous,
biflagellate alga, Chlamydomonas reinhardti,
is initiated by an agglutination between the
flagellar tips of mating type plus (mt*) and
minus (mt~) gametes (SAGER and GRANICK
1954, GoopenouGH and WEiss 1975), and
then the extension of the fertilization tubule
from the mt* cell surface to the mt™ cell,
an event mediated by a mating structure
of specialized cell membrane (FRIEDMANN
et al. 1968, CavaLier-SmitH 1975, Go-

oDENOUGH and WEIss 1975, TRIEMER and
Brown 1975, WEiss et al. 1977).

The multicellular green alga, Hydro-
dictyon reticulatum, produces isogamous gam-
etes. One of the mating pair has a spe-
cialized structure of cell membrane (apical
cap) which mediates gametic fusion (MaARr-
cHANT and PickeTrT-HEAPS 1972).

BRATEN (1971) described Ulva mutabilis as
isogamous and no morphological difference
can be found between the two sex types of
gametes even at the ultrastructural level.
Another species, U. lactuca, produces a fe-
male gamete slightly larger than the male,
but their ultrastructure is similar to that of
U. mutabilis gametes (MELKONIAN 1980Db).
The mating structure of both gamete types
of U. lactuca is a special region of the cell
membrane. This region is oval-shaped (1.1
—0.7 ym) and is a rather complicated struc-
ture composed of four different elements
(MELKONIAN 1980Db).

Another more conspicuous feature com-
mon to this isogamous group of algae is
that their gametes can germinate without
fertilization (MARCHANT and PICKETT-
Heaps 1971, Kocuert 1982, KoEmaN
1985).

In the oogamous alga, Prasiola stipitata,
the membrane of one of the two spermato-
zoid flagella coalesces with the membrane
of the egg, and the axoneme of that flagel-
lum is incorporated into the egg protoplast
(ManToN and FriEpMANN 1960).

Male gametes of the coenocytic, anisoga-
mous green algae, Bryopsis maxima (Hori
1977) and B. lyngbye: (MELKONIAN 1980a)
have no mating structure. In female gam-
etes of B. lyngbyei a cylindrical structure
which is linked to the basal bodies overlies
the two-membered microtubular root for
some distance. This cylinder is suggested
to represent a mating structure (MELKONIAN
1980b), but it has yet to be confirmed that
it functions as such during gametic fusion
because of an insufficient number of gamete
pairs studied by electron microscopy (MEL-
KONIAN 1980b). In the posterior region of
the cylindrical structure, however, there is



122




Gametic fusion in Bryopsis 123

an area of thickened cell membrane (which
measures 300400 nm in cross section) ad-
jacent to the cell membrane oveilaying the
cylindrical structure. This specialized area
of cell membrane resembles the mating
structure found in the isogamous algae dis-
cussed above and in B. maxima (as well as
in other ulvalean algae).

The gametic fusion of B. maxima usually
occurs in a certain area of the female gam-
ete membrane, which corresponds to the
putative mating structure. In this alga,
however, gametic fusion also occurs else-
where on the female cell body. The male
gametes do not have a putative mating
structure and their fusion with the female
gametes commonly occurs at an area near
the basal part of the papilla, though it does
occur at other areas of the male cell body
too. This is conspicuously different from
that in isogamous algae described above.
Female and male gametes of B. maxima are
not able to germinate without fertilization
(TaTewakt 1973).

Light microscopists have shown that
anisogametes of coenocytic green algae can
fuse with each other at any site as well as
at the cell anterior; examples are found in
Pseudobryopsis sp. (Figs. 262-3, 5a in Ovrt-
MANNS 1922), Codium tomentosum (Fig. 258
in Ort™Manns 1922), C. fragile (Fig. 1-7 in
ARrasaxi ¢t al. 1956), Halimeda cuneata (Figs.
4M, N, P in CHiHARA 1956) and some other
halimedean algae (Plate II-I in Kamura
1966).

It has been observed by electron micro-
scopy that female gametes of Pseudobryopsis
sp. possess a dense staining region at cell
membrane, and an electron-dense tubular
extension along one of the outer microtubu-
lar roots (ROBERTs et al. 1982). These
structures correspond to the features which
MEeLkONIAN (1981) considered to be a puta-

tive mating structure in the female gamete
of B. lyngbyei. The male gamete does not
have these structures. Derbesia is also an-
isogamous, but both gamete types lack the
mating structure and eyespot (ROBERTS et
al. 1981). MEeLkoNIAN (1981) suggested
that the absence of a mating structure in
the female gamete of Derbesia might be due
to its lack of an eyespot.

The genus Halimeda is anisogamous and
from light microscope studies female gam-
etes are known to have an eyespot, but not
male gametes (CHIHARA 1956, KaMmura
1966). Gorr (1979) studied Halimeda tuna
by electron microscopy, but he mentioned
nothing about the presence or absence of
a mating structure in the male gamete. If
MELKONIAN’s suggestion mentioned above is
correct, the female gametes of Halimeda pos-
sess a putative mating structure as in other
green siphons having eyespots. The male
gametes of coenocytic green algae have no
mating structure (ROBERTS et al. 1982), and
no species is known in which the male gam-
etes have an eyespot.

The putative mating structure has since
been found in many other green algae by
electron microscopy (O’KeLLy and Frovp
1983, Froyp and O’KEeLrLy 1984, O’KELLY
et al. 1984, Mrvajt and Hor: 1984). 1In all
these cases the structure is similar to an area
of thickened cell membrane as found in U.
lactuca and Chlamydomonas. The position of
the structure is restricted to a region close
to the flagellar apparatus. At present,
there is no evidence that the mating struc-
ture can move freely in the cell membrane.
It has also been suggested that the mating
structures are fixed at a certain position in
the cell by the flagellar roots (GoobENOUGH
and WEiss 1978, MELkoNIAN 1980b). If the
conjugation property of the mating struc-
ture of the coenocytic or anisogamous green

Figs. 16-18. Zygotes fixed 25 minutes after mixing. 16. Female (2) and male (&) nuclei (n),
chloroplast (c) and basal bodies are present. Arrows indicate vesicles which specifically appear in the
zygote cytoplasm after copulation. Xx25,000. 17. Part of a zygote illustrating the uptake of the flagellar

axonemes (small arrows) through the cell surface.

Note nuclear fusion where the outer nuclear membrane

is continuous, but the inner one (large arrow) is still intact. X20,900. 18. A later stage of nuclear fusion
than in Fig. 17. Arrow indicates remnants of the inner membrane. X 52,200.
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algae functions properly as in isogamous
algae, their gametes will fuse only at the
cell anterior, at least in the female gametes.
However, note that gamete fusion of ani-
sogamous algae often occurs at a region far
away from the putative mating structure of
female gametes. Thus, it may be conclud-
ed that the mating structure, even if it oc-
curs, does not function properly in the green
siphons, or more generally, in anisogamous
green algae. The mating structure found
in female gametes of these algae probably
represent a vestigial sexual organ.

The young zygotes of U. lactuca contain
two sets of flagellar apparatuses originated
from both sexes of gametes. They lie side
by side within the zygote (see Fig. 29 in
MEeLkONIAN 1980b). This arrangement in-
dicates that the gametes fuse parallel to
each other by using their mating structures.
As the process ensues, zygotes become
spherical. At present, the fate of these two
sets of flagellar apparatuses at a much later
stage of zygote maturation in U. lactuca is
not known.

The two flagellar apparatuses in the early
zygote of B. maxima lie in the same way as
in U. lactuca. However, they soon separate
in the zygote cytoplasm of B. maxima and
later disappear. According to preliminary
observations on early zygotes of Monosiroma
latissimum (unpublished observation) and U.
nitidum (MOTOMURA personal communica-
tion) (both were fixed 30 minutes after mix-
ing), four basal bodies originated from the
two gamete types are arranged in the same
manner as in quadriflagellate zoospores of U.
lactuca (MELKONIAN 1979). At a very early
stage of zygotic fusion (20 seconds after mix-
ing) two sets of the flagellar apparatuses in
M. latissimum lie in the same way (unpublish-
ed observation) as in the early zygotes of B.
maxima and U. lactuca, that is, gamete pairs
lie side by side with their longitudinal axes
parallel to one another. These observa-
tions strongly suggest that the arrangement
of the two sets of basal bodies is changed
and rearranged as the zygotic maturation
proceeds. Although the basal body ar-

rangement in quadriflagellate zoospores of
M. latissimum and U. nitidum has not been
observed, they probably have the similar
arrangement as that of the zoospores of U.
lactuca.

References

Arasaki, S., Tokupa, H. and Fujivama, K. 1956.
The reproduction and morphology in Codium
Jragile. Bot. Mag. Tokyo 69: 3944 (in Japanese).

Borp, H.C. and WynNE, M.]J. 1985. Introduction
to the Algae: Structure and Reproduction, (2nd
ed.). Prentice-Hall, Englewood Cliffs, New Jer-
sey.

BrATEN, T. 1971. The ultrastructure of fertilization
and zygote formation in the green alga Ulva
mutabilis Foyn. J. Cell Sci. 9: 621-635.

CavaLier-SmitH, T. 1975. Electron and light mi-
croscopy of gametogenesis and gamete fusion in
Chlamydomonas reinhardii. Protoplasma 86: 1-18,

CHmarA, M. 1956. Studies on the life-history of
the green algae in the warm saes around Japan
(4). On the life-history of Halimeda cuneata Hering.
(1). J. Jpn. Bot. 31: 102-110 (in Japanese).

CoLEMAN, A.W. and Macuire, M.T. 1983. Cytol-
ogical detection of the basis of uniparental in-
heritance of plastid DNA in Chlamydomonas
moewusii. Curr. Genet. 7: 211-218.

Froyp, G.L. and O’KeLLy, C.]J. 1984. Motile cell
ulrastructure and the circumscription of the
orders Ulotrichales and Ulvales (Ulvophyceae,
Chlorophyta). Amer. J. Bot. 7: 111-120.

Friepmann, I, Corwin, A.L. and Corwin, L.H.
1968. Fine-structural aspects of fertilization in
Chlamydomonas reinhardi. J. Cell Sci. 3: 115-128.

GoobeNoucGH, U.W. and Werss, R.L. 1975. Gametic
differentiation in Chlamydomonas reinhardtii. 111,
Cell wall lysis and microfilament-associated mat-
ing structure activation in wild-type and mutant
strains. J. Cell Biol. 67: 623-637.

GoopenNouGH, U.W. and Werss, R.L. 1978. Inter-
relationships between microtubules, a striated
fiber, and the gametic mating structure of
Chlamydomonas reinhardi. J. Cell Biol. 76: 430—438.

Gori, P. 1979. Ultrastructure of the spermatozoid
in Halimeda tuna (Chlorophyceae). Gamete Re-
search 2: 345-355.

Hori, T. 1977. Electron microscope observations
on the flagellar apparatus of Bryopsis maxima
(Chlorophyceae). J. Phycol. 13: 238-243.

Kamura, S. 1966. On the sexual reproduction of
two species of Halimeda. Bull. Art and Sci. Div.,
Univ. of Ryukyus, Math. & Nat. Sci., No. 9:
302-313 (in Japanese).



Gametic fusion in Bryopsis 125

KocHerT, G. 1982. Sexual processes in the Vol-
vocales. In Prog. Phycol. Reser. Vol. 1, (F.E.
Rounp and D.J. CuaPMAN, eds.), pp. 235-256,
Elsevier Biomedical Press B.V..

Koeman, R.P.T. 1985. The taxonomy of Ulva
LinNaeus, 1753, and Enteromorpha Link, 1820,
(Chlorophyceae) in the Netherlands. Ph. D.
thesis, Rijksuniversiteit te Groningen.

Kuroiwa, T. and Hori, T. 1986. Preferential
digestion of male chloroplast nuclei and mito-
chondrial nuclei during gametogenesis of Bryopsis
maxima OKAMURA. Protoplasma 133: 85-87.

Kuroiwa, T., Kawano, S., NisHiBavasHi, S. and
Saro, S. 1982. Epifluorescence microscopic ev-
idence for maternal inheritance of chloroplast
DNA. Nature 298: 481-484.

Kuromwa, T., NAKAMURA, S., SaTo, C. and Tsuso,
Y. 1985. Epifluorescence microscopic studies on
the mechanism of preferential destruction of
chloroplast nucleoids of male origin in young
zygotes of Chlamydomonas reinhardtii. Protoplasma
125: 43-52.

ManToN, I. and Friepmann, I. 1960. Gametes,
fertilization and zygote development in Prasiola
stipitata Sunr. II. Electron microscopy. Nova
Hedwigia 1: 443-462.

MarcuanT, H.J. and Pickerr-Hears, J.D. 1971.
Ultrastructure and differentiation of Hydrodictyon
reticulatum II. Formation of zooids within the
coenobium. Aust. J. Biol. Sci. 24: 471-486.

, 1972. Ultrastructure and differentiation
of Hydrodictyon reticulatum IV. Conjugation of
gametes and the development of zygospores and
azygospores. Aust. J. Biol. Sci, 25: 279-291.

MELkonIaN, M. 1979. Structure and significance of
cruciate flagellar root systems in green algae:
Zoospores of Ulva lactuca (Ulvales, Chlorophy-
ceae). Helgoldnder wiss. Meeresunters. 32: 425-
435.

, 1980a. Ultrastructural aspects of basal
body associated fibrous structures in green algae:
A critical review. BioSystems. 12: 85-104.

, 1980b. Flagellar roots, mating structure
and gametic fusion in the green alga Ulva lactuca
(Ulvales). J. Cell Sci. 46: 149-169.

, 1981. Structure and significance of cru-
ciate flagellar root systems in green algae: Fe-

male gametes of Bryopsis lyngbyei (Bryopsidales).
Helgolander wiss. Meeresunters. 34: 555-365.

Miyaq, K. and Hori, T. 1984. The ultrastructure
of gametes of Spongomorpha duriuscula (Acrosipho-
niales, Chlorophyta), with special reference to
the flagellar apparatus. Jpn. J. Phycol. 32: 307-
318.

O’KeLry, C.J., FLoyp, G.L. 1983. The flagellar
apparatus of Entocladia viridis motile cells, and
the taxonomic position of the resurrected family
Ulvellaceae (Ulvales, Chlorophyta). J. Phycol.
19: 153-164.

O’KeLry, C.J., FLoyp, G.L. and Dusg, M.A. 1984.
The fine structure of motile cells in the genera
Ulvaria and Monostroma, with special reference
to the taxonomic position of Monostroma oxy-
spermum (Ulvaphyceae, Chlorophyta). Pl. Syst.
Evol. 144: 179-199.

Ocrtmanns, F. 1922, Morphologie und Biologie der
Algen. I. Band. Jena, Gustav Fischer.

Roserts, K.R., SLuman, H.J., STEwarT, K.D. and
Martox, K.R. 1981. Comparative cytology and
taxonomy of the Ulvaphyceae. II1. The flagellar
apparatuses of the anisogametes of Derbesia tenuis-
sima (Chlorophyta). J. Phycol. 17: 330-340.

RoserTs, K.R., STEwART, K.D. and MaTtTox, K.R.
1982. Structure of the anisogametes of the green
siphon Pseudobryopsis sp. (Chlorophyta). J. Phy-
col. 18: 498-508.

SAGER, R. and Granick, S. 1954. Nutritional con-
trol of sexuality in Chlamydomoans reinhardi. J.
Gen. Physiol. 37: 729-742.

Tatewakr, M. 1973,  Life histories of Bryopsis plumosa
(Hups.) C. Ag. and B. maxima Oxam. Bull. Jpn.
Soc. Phycol. 21: 125-129, (in Japanese).

TrIEMER, R.E. and BrownN, RM. Jr., 1975. The
ultrastructure of fertilization in Chlamydomonas
moewusii. Protoplasma 84: 315-325.

Tsuso, Y. and Marsupa, Y. 1984. Transmission of
chloroplast gene in crosses between Chlamydo-
monas reinhardtii diploids: Correlation with chlo-
roplast nucleoid behaviour in young zygotes.
Curr. Genet. 8: 223-229.

Werss, R.L., GoobeEnouGH, D.A. and GOODENOUGH,
U.W. 1977. Membrane differentiation at sites
specialized for cell fusion. J. Cell Biol. 72: 144~
160.

B B=  FFnxE (880 OREFEIURBTFESOBMEEE

RRURBTREA A EORMT, BABXUEATFONMAHMBEICHTL, hoREE XUCRLERE
FREOEN LB LT, HERETE, Lo2 ORBORBFTHLASLAT 3 b0 LEMEBEIICEUL
EBFEAEEL O, HERMBTRhERL, BEFOEAIEERBTOEAEEY, 250G <hH
ICGEEORM TR D05 & —MHEHERTH 5, LHL, ABCEOTREAREISBESLEVESGDH ST



126 Hori, T.

Ehbhrotc, Thid, BRFEARESAEEETFRECE I 2BICIBHICHEEL RSB ->TVET LER
RETBHEDEEIOND, -T, LDEALRE, BEIMED S Vv~ TREAEENFTARICEL 52—
BOBEBBRELIZ>TNBEDTHAS,

BATERONY METREABSH%ET) T, el MBOBMAREsH, ERE Ita vy F) 70
AT RARIES 20, BEEThIBY i - HEBETFHROWELZEREDEBICO VT HRFB L o
(305, WIWEDEHFTRER 1—1—1, FHEAFZEHRER)





