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The entire process of “segregative cell division ” characteristic of the siphonocladalean
algae was followed in the laboratory cultured material of the coenocytic marine green
alga Dictyosphaeria cavernosa.

Cell divisions both in the unicellular vesicles and the multicellular thalli were funda-
mentally the same, except for the number of daughter cells formed and pattern of their
distribution in the mother cell.

When the unicellular primary vesicles were exposed to conditions of 14 hr L: 10hr D
(the lights are on at 0500 and off at 1900), 1000-2500 lux and 23°C, in PES, the cell
division usually took place about 6 hr after the onset of the dark period and finished by
the next morning (about 0700). At first the protoplasm of each vesicle broke down into
small granular pieces, which then fused with one another to construct a network. In the
following stage, the network broke down again into many spherical protoplasmic masses
that synthesized new cell walls, as they increased rapidly in volume. By evening (about
1700), they became nearly twice in diameter.

Under continuous light the primary vesicle continued enlarging without cell division.
However, if they were transferred to a light-dark cycle within about 10 days, normal cell
division was induced within a few days.

Preliminary observations on the ultrastructure of the secondary vesicles are also

presented.
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In 1905 BOERGESEN recorded and illus-
trated for the first time the distinct process
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of cell division in the coenocytic marine
green alga Siphonocladus tropicus. Accord-
ing to him “the whole protoplasts with
nuclei and chromatophores are divided into
a number of small clumps, which are soon
surrounded by a membrane and grow larger
filling out the whole lumen of the mother
cell, which in this way becomes divided
into a number of small cells”. Later,
he detected this mode of cell division in
some allied genera Dictyosphaeria, Struvea,
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Chamaedoris, Cladophoropsis and Boodlea
(BOERGESEN 1912, 1913). For this mode of
vegetative cell division he coined the term
“segregative cell division” (BOERGESEN 1913).
After BOERGESEN (1912, 1913), segregative
cell division in Dictyosphaeria was observed
by ARNOLDI (1913) and EGErROD (1952).
Since then, many phycologists have con-
firmed this unique process of cell division
and have discussed its biological and system-
atic significance for a long time without
further investigation of the whole process.
In the previous paper on the life history
of D. cavernosa (ENOMOTO and OKUDA 1981),
we briefly mentioned this mode of division.
The present paper includes the whole pro-
cess of cell division both in unicellular and
multicellular germlings which originated
from zoospores, zygotes and both sexes of
parthenogametes of D. cavernosa.

Materials and Methods

Vegetative plants of Dictyosphaeria caver-
nosa collected at Amami Island, southwestern
Japan, during March and June of 1976-1980,
were cultured in filtered-autoclaved sea
water under 23-25°C, 1000-2500 lux, 14-16
hr L: 10-8 hr D. Although this light in-
tensity is lower than these plants received
in the field, plants normally produced repro-
ductive cells, which grew into new plants
under this light condition in the laboratory.
For prevention of the luxuriant growth of
algal epiphytes no nutrients were added.
About one month after initiation of the cul-
tures, zoospores, male and female gametes
were obtained from separate plants, and
zoospores, zygotes and male and female
parthenogametes were cultured under two
different conditions: (1) 16: 8 hr, 25°C and
(2) 14:10 hr, 23°C (see ENOoMOTO and OKUDA
1981). For unialgal cultures, PROVASOLI’s
ES-medium (PES) (prepared according to
McLAcCHLAN 1973) was used to facilitate the
growth of the germlings. All germlings
were maintained under 1000-2500 lux.

About 80-90 days after the establishment
of a unialgal culture, all germlings developed

Fig. 1. Dictyosphaeria cavernosa. Zoospore-
derived unicellular vesicles cultured for 90 days.
Scale: 3 mm.

into unicellular spherical vesicles (3-5 mm
in diam.) (Figs. 1, 2). These vesicles were
set under two different photoperiodic con-
ditions : (A) 14 : 10 hr (0500-1900 light period ;
1900-0500 dark period) and (B) 24 : 0 hr (con-
tinuous light illumination). All other condi-
tions were as follows, temperature: 23°C;
light intensity : 1000-2500 lux; and popula-
tion density : 10 vesicles/150 m/ of the fresh
medium of PES in glass vessel (60 mm diam.,
90 mm depth).

Light microscopy: For microscope obser-
vation 3-4 vesicles in which an impending
division was expected were transferred into
a flat vessel (24x40x8 mm, 6m/ of PES)
just before the inset of the dark period.
According to our preliminary experiments
(unpubl. data), the total increase in number
of vesicles which had undergone to the first
segregative cell division amounted within
3-5 days to 95% of all vesicles, so we used
such vesicles as not yet started division at
4th-5th day after transfer. This vessel was
put on the mechanical stage of a microscope
and then kept under the dark condition
(23°C).  For stepwise observations 12-13
times of brief illuminations (2-3 min/a
observation) were given.

Llectron microscopy: Procedures for elec-
tron microscopy are identical to those de-
scribed earlier in detail (Hori and Enomoto
1978).
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Observations

Cell division under a light-dark cycle con-
dition: The present observation described
two successive events of the segregative
divisions occurring both in unicellular and
multicellular plants. Since the process of
both divisions is fundamentally identical, the
description depends on the first division in
an unicellular vesicle. The first cell division
usually occurred after midnight (0100-0130
about 6 hr after the inset of the dark period)
between 3-5 days after the unicellular vesi-
cles were placed under culture condition (A).

The impending division was recognized
by a change in aggregation of protoplasm,
because the protoplasm just after the onset
of darkness was still homogenously distrib-
uted in a thin layer along the entire inner
surface of the cell (Figs. 2, 26). The proto-
plasm divided into numerous nearly equally
sized units (Fig. 3). This compartmental-
ization of protoplasm started at one end of a
cell and expanded over the entire cell within
5-10 min. After 10-30 min, they aggregated
with one another becoming larger polygonal
discoid masses (Figs. 4, 5). After 30-60 min,
these aggregations fused further becoming
larger irregularly shaped masses (Fig. 6).
About 2 hr after the initiation of division,
the larger masses absorbed adjacent smaller
masses, constructing a protoplasmic network
(Fig. 7), and soon, the contour of the net-
work became clearer (Fig. 8). After about
2.5 hr, the protoplasms of the network con-
densed more, resulting in enlarging the
diameter of the network meshes (Fig. 9).
Protoplasmic condensation continued for 30
minutes more breaking the network apart at
some points (Fig. 10), and finally segregating
into irregularly shaped masses (Fig. 11).
Breakdown process of the network during
this stage proceeded rapidly (Figs. 12, 13),
but each mass was connected to the other
masses with fine strands (Figs. 13, 20 arrows).

After 3.5 hr, just before or after the be-
ginning of the light period, most of the
segregated masses became nearly spherical
bodies (Fig. 14). The fine strands were no

longer detected. After about 5.5hr they
became completely spherical bodies (Figs.
15, 27), distributed in a layer along the
primary vesicle wall (Figs. 16,27). After
about 6-8 hr, a new cell wall was seen
around the cell surface of the secondary
vesicle (Figs. 16, 28). The secondary vesicles
then increased rapidly in volume coming
into contact with one another by evening
(Fig. 17). After about 20 hr, they enlarged
further, crowding together within the pri-
mary vesicle wall (Figs. 18,29). After 2-3
days they adhered to one another and
became polygonal in surface view (Fig. 19).

Electron microscopic observations indicate
that a spherical body at the stage shown in
Fig. 14 is occupied by many chloroplasts,
interphase and dividing nuclei, and variously-
sized vacuoles with or without their inner
contents (Figs. 21, 22). A new cell wall and a
central vacuole are not formed yet. Dividing
nuclei are centric.

The secondary vesicles at the stage of
Fig. 15 have already secreted a thin layer
material of cell wall on their surface (Fig.
23) and contain dividing nuclei as well as
interphase one. A central vacuole has not
yet been formed even at this stage. All
dividing nuclei observed in both stages are
interestingly either in prophase or metaphase.
No other stages of nuclei later than these
are found.

As the secondary vesicles were closely
arranged in a single layer beneath the pri-
mary vesicle wall, they formed a hollow,
monostromatic saccate plant essentially
identical with an adult plant (Fig. 30).
About one month after the first cell
division, the muiticellular unit grew to
5-8 mm diam. and finally the parent cell
wall broke open (Fig. 30). Each cell of a
multicellular plant did not disperse, because
they were connected with one another by
minute intercellular tenaculae (see Figs. 44
—46 in ENOMOTO and OKUDA 1981). About
one month after the first cell division, the
secondary division occurred in all cells com-
posing a multicellular plant (Fig. 24). It
also occurred during a dark period. Tertiary
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Figs. 2-19. The entire process of protoplasmic changes with the passage of time during the first
segregative cell division in a primary vesicle of D. cavernose. All photographs were taken fo a

single vesicle, though some of them appear different from one another.

2. Unicellular vesicle

just before division (0100) ; 3. Initiation of division, numerous small granular protoplasmic units
formed on one side of a cell (0130); 4. Progression of granular unit formation (0140) ; 5. Granular
unit aggregated with one another to become larger discoidal masses (0150); 6. Discoidal masses
fused with each other (0230); 7. Masses fused with adjacent masses to form a network (0330) ;

8. Contour of network becoming clearer (0350) ;

9. Network condensed and the meshes enlarged

(0400) ; 10. Network broken apart at various spots (0410) ; 11. Network broken down into a number
of irregularly-shaped masses (0425) ; 12. Protoplasmic masses forming spheres (0430) ; 13. Segregated
spherical protoplasmic masses (0440) ; 14. Protoplasmic masses nearly spherical, fine strands already
disappeared (0450) ; 15. Spherical protoplasmic masses formed cell walls and became secondary vesicles
(0700) ; 16. Nearly 100 secondary vesicles formed in a primary vesicle (1000) ; 17. Secondiry vesicles
enlarged and came into contact with one another (1730); 18. Secondary vesicles increased their
volume, crowding together within a primary vesicle (2030); 19. A saccate young plant, secondary
vesicles adhering to adjacent ones, becoming polygonally shaped vesicles in surface view, after 3 days.

Scale: (Figs. 2-19) =1 mm.

vesicles in a secondary vesicle were fewer
in number than in the secondary vesicles in
the primary vesicle (Fig. 25). Since the
protoplasm of the secondary vesicles were
densely distributed at the sides facing the
outer surface of the secondary vesicle wall
(Fig. 31), the tertiary vesicles were conspic-
uously located at this side in a single layer

as shown Fig. 25 and Fig. 32. Therefore,
as the thalli grew into adult plants, they
still remained monostromatic saccate struc-
tures (Fig. 33).

Cell division under continuous light: As
described above, when single vesicles were
exposed to light-dark cycle condition (A),
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Fig. 20. Fine strands (arrows) between proto-
plasmic masses (0430). Scale: 0.5 mm.

cell division took place no later than 5 days
after transfer. In continuous light condition
(B), they lived for one month or less only
increasing in volume. If single vesicles,
previously exposed to continuous light, were
transferred within approximately 10 days
to light-dark cycle (A), they underwent
normal cell division within 9 days, but ab-
normal divisions, that is, formation of several
(usually 5-8) irregularly-shaped, variously-
sized, larger masses (or clumps) of proto-
plasm, occurred in 502 of the vesicles.
When exposed to continuous light, they grew
to 8-10 mm vesicles in diameter after one
month. Abnormal protoplasmic masses also
synthesized new cell walls. The other vesi-
cles remained in the unicellular state under
continuous light for 45 days, but during this
period their chloroplasts gradually changed
from dark green to yellow-green and white-
yellow-green, finally bleached white, result-
ing in the death of the vesicles.

Discussion

Since segregative cell division was ob-
served by BOERGESEN (1905), several authors
(BoErGESEN 1912, 1913; ARNOLDI 1913;
EGEROD 1952) have described only the final
features of the division. They also discussed
the biological significance and validity of

this feature as a systematic criterion.
FRrITSCH (1935, 1946) pointed out that “the
protoplasmic contents of segment have been
found to divide into a number of rounded
masses, which become enveloped by a
membrane as in segregative division. The
bodies appear to constitute cysts which
give rise to new plants. This suggests the
possibility of regarding segregative division
as a process of cyst formation, in which
the cysts develop in situ, instead of outside
the parent plant ”.

Certainly, in D. cavernosa, when young
secondary vesicles (protoplasmic spherical
bodies which have not yet developed inter-
cellular tenaculae) are artificially excluded
from a primary vesicle wall, they did develop
into normal new plants (ENoMOTO and
OxuDpA 1981). According to our observations
on the entire process of thallus develop-
ment, we would consider this mode of
division in D. cavernosa as “a method of
vegetative growth” (EGEROD 1952). Pro-
duction of the secondary vesicles in D.
cavernosa progresses through four steps, 1)
protoplasts divided into numerous small
protoplasmic masses, 2) each fuses with
another resulting in a protoplasmic network,
3) the network breaks down into many
spherical bodies, and 4) each body synthe-
sizes a new cell wall and becomes a
secondary vesicle.

The protoplasmic network also appears
during process of artificially induced aplano-
spore formation in Boergesenia forbesii.
However, the network in this alga is formed
directly by aggregation of protoplasm which
was distributed in a thin layer (ENOMOTO
and HIROSE 1972). The protoplasm of D.
cavernosa does not segregate directly into
the network leading to spherical bodies.

Recent electron microscopical studies re-
vealed that nuclear division in uninucleate
green algae is generally followed by cyto-
kinesis (see PICKETT-HEAPS 1975). In some
algae the cytokinetic cleavage furrows pre-
cociously appear even before prophase
(LovLIE and BRATEN 1970; MATTOX and
STEWART 1974). The segregative cell divi-
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Figs. 21-23. Electron micrographs showing subcellular structure of the nearly-formed secondary
sphere in primary vesicles of D. cavernosa. 21. Part of a sphere corresponding to that of Fig. 14.
%2000; 22. Interphase (left) and metaphase (right) nuclei seen in another portion of the same sphere
of Fig. 21. x6000; 23. Part of a sphere corresponding to that of Fig. 15, showing a thin layer of
wall material (arrow) secreted on the surface. x18000.
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Figs. 24-25. Tertiary vesicles formed in the

parent plant of D. cavernosa. 24. Secondary
segregative cell division in a multicellular plant;
25. Eight to fifteen tertiary vesicles formed in
each secondary vesicle and distributed just below
the exposed outer cell wall surface of secondary

vesicle. Scale: (Figs. 24-25) =2 mm.

sion in the coenocytic green alga, D. caver-
nosa, however, seems to be quite different
from them. In this alga the protoplasm is
segregated simultaneously into a number of
spherical bodies when a cell reaches a
certain volume. Although these newly-
formed spheres contain many dividing nuclei,
there is no direct evidence that nuclear
division is in concord with the progression
of segregative cytoplasmic division.

Rather, that protoplasmic spheres just
before or after the completion of segrega-
tive division contain interphase, prophase
or metaphase nuclei probably indicates that
the onset of their division might start near
the end of the cytoplasmic division.

Before this unique division in the coeno-

Figs. 26-33. Schemata of distribution of sec-
ondary and tertiary vesicles and their growth in
D. cavernosa. 26. Undivided unicellular primary
vesicle (PV), protoplasms (P) distributed in a
single thin layer along the entire inner surface
of a cell wall; 27. Spherical protoplasmic bodies
(SB) in a primary vesicle; 28. Protopasmic
spheres formed new cell walls and became sec-
ondary vesicles (SV) ; 29. Each secondary vesicle
increased its volume and came into contact with
surrounding vesicles; 30. Cross section of a
saccate young plant which is constructed by
adjacent secondary vesicles; 31. A part of a
multicellular plant. Wall of primary vesicle
(WPV) burst. Protoplasms were distributed just
below the exposed outer surfaces of wall of
secondary vesicles (WSV); 32. Distribution of
tertiary vesicles (TV) in secondary vesicles; 33.
Growth of tertiary vesicles in a plant.

cytes is characterized, cytological studies
will be necessary more in detail.

JONSSON (1965) considered that the differ-
ence between the segregative division and
Cladophora-type division in which the septum
is formed centripetally is regulated by
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relative abundance of protoplasm in the cell
at the moment of the division, because he
observed these two types of divisions in
different portions of a thallus of Anadyomene
stellata. We can not follow his opinion, for
only centripetal division was observed in all
cells of Anadyomene wrightii (ENOMOTO and
HIrOSE 1970) and Microdictyon okamurai
(ENoMOTO and HiroSE 1971). We believe

that the ratio of protoplasmic quantity either .

to cell volume or to cell-sap volume induces
the segregative cell division. In all the
siphonocladalean algae undergoing the segre-
gative cell division, cells composing a thallus
are occupied by a large central vacuole,
always appressing the cytoplasm in a thin
layer against the cell wall. Therefore, this
thin layer of protoplasm may bring about
the segregative cell division.

In D. cavernosa, the protoplasmic network
is formed both in production of secondary
vesicle for vegetative growth and in for-
mation of reproductive cells in fertile cells.
Both processes are very similar, but they
are easily distinguished by the following
features: 1) during swarmer formation the
protoplasts change their color from green
to yellowish green, 2) several protoplasmic
dense aggregations are formed in a fertile
cell, 3) ostioles for swarmer discharge are
formed in the cell wall of a fertile cell
(Hor! and EnoMoToO 1978; ENOMOTO and
OxupA 1981), and 4) the network during a
vegetative growth division appears only
during a dark period, whereas the network
formation leading to reproductive cells in a
fertile cell is not always restricted to a
dark period (ENOMOTO and OKUDA 1981).

Present observations suggest that cell
division requires a dark period, for several
hours at least each day, and that continuous
light or lacking of darkness inhibits cell
division. However, once division has begun,
several short periods of illumination do not
inhibit the normal progression of division.
Further studies on the relationship between
cell division and light conditions (intensity,
quality, photoperiod etc.) will provide a
better understanding of segregative cell

division. The systematic significance of the
division will be discussed in a subsequent
article.
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