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The ultrastructural features of mitosis in the latter stages of male gametangial dif-
ferentiation in the siphonous green alga, Caulerpa brachypus HARVEY, is described. The
mitotic spindle is acentric and completely closed. No spindle microtuble nucleating
material is visible, either inside or outside the nuclear envelope. A typical equatorial
plate is formed and the chromosome separation towards the opposite poles proceeds
synchronously.

The separation of the chromosomes in early anaphase is promoted by the shortening
of chromosomal microtubules, concomitant with the extension of the nuclear envelope
along the division axis. At late anaphase the nucleus continues to elongate, followed by
the sharp constriction of the nuclear envelope, resulting in the formation of a long in-
terzonal spindle connecting two daughter nuclei. The interzonal spindle contains many

interzonal microtubules.
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The ultrastructure of cell division during
vegetative and reproductive differentiation
in various green algae has received much
attention (see PICKETT-HEAPS 1975, STE-
WART et al. 1975 for reviews), but until
recently comparable studies of the coenocytic
green algae have been rather meager (BURR
and WEST 1970, MUGUHAL and GODWARD
1973, HupsoN and WAALAND 1976, SCOTT
and BuLLock 1976, McDoNALD and Pic-
KETT-HEAPS 1976, HORI and ENOMOTO 1978
a, b, ¢).

A study of mitotic ultrastructure in the
coenocytes is important since it is now clear
that the ultrastructure of cell division is a
valid indicator of phylogenetic affinities
among the green algae (PICKETT-HEAPS
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1975, STEWART and MATTOX 1975). Com-
parison of mitosis in the siphonous forms
with that of other green algae could help
resolve the relationship of the coenocytic
algae to the other lines of chlorophycean
evolution. Thus, as part of a series of in-
vestigations of the mitotic ultrastructure in
the siphonous green algae, mitosis in the
coenocytic alga Caulerpa was studied.

Materials and Methods

Caulerpa brachypus HARVEY was collected
at Nemoto, Chiba in May, 1977 and was
maintained under the following conditions :
material was placed in 200 m/ culture dishes
in plain, filtered seawater and the seawater
was changed daily. Dishes were kept on a
table in the laboratory. After 15 days, the
cytoplasm began to differentiate into net-
works (Fig. 1). Blades were immediatedly
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fixed overnight in 3% glutaraldehyde in
0.l M phosphate buffer (pH7.0) containing
0.25M sucrose. Next, the material was
rinsed in buffer solution for 4h, and at this
time the sucrose content was gradually de-
creased in one-fifth step reductions by suc-
cessive changes of the buffer. After this
the blades were post-fixed for 20h in 2%
0s0,. All steps were performed in a cold
chamber (1-3°C).

Cultured materials of C. racemosa W.v.
BoSSE var. laete-virens W. v. BOSSE were also
preliminarily fixed for electron microscope
observation (Figs. 12, 13). However the
dividing telophase nuclei were observed only
in the material fixed in 2% OsO, solution
dissolved in seawater. This material was
supplied by Dr. S. ENoM0oTO (Kobe Univer-
sity), who originally collected it at Ayamaru-
Misaki, Amami-Oshima Island, and main-
tained it in PROVASOLI's Enriched Medium
(McLachlan 1973) at 25°C and under a 16:
8h LD regime.

Observations

Gametes : Gamete formation takes place pri-
marily in the blade portion of Caulerpa
brachypus. As seen in Fig. 1, gametangial
cytoplasm is characterized by a network
formation and eventually produces biflagel-
lated gametes. About a day before the re-
lease of gametes, the cytoplasm of the female

Fig. 1. Light micrograph of living specimens
of C. brachypus showing the cytoplasm net-work
which is differentiating to gametes.

plants changed to a greenish-yellow colour,
in contrast to a lack of color change in the
male plants. The female gametes produced
are 6.0-8.5um long and 2.5-3.5 ym wide and
have an eyespot (Fig. 2). The male gametes
are 5.0-6.5 ym long and 2.0-2.5 ym wide and
have no eye-spot (Fig. 3). These observations
agree with those of MIYAKE and KUNIEDA
(1937). The gametes of C. brachypus have
cruciate flagellar roots with a 4-3-4-3 pat-
tern (Fig. 4). As nuclei may undergo several
successive divisions before gamete forma-
tion, the following account of mitosis is
based on dividing nuclei in a small portion
of the blade at the same stage of cytoplasmic
differentiation.

Interphase : The interphase nuclei of Caul-
erpa brachypus are variously shaped, and
usually contain a nucleolus which is com-
posed of granular material. The chromatin
material is not discernible, because of lack
of electron density at interphase (Fig. 5).
A single membrane-bound body, probably a
microbody (ROTH and FRIEDMANN 1980), is
usually present at the depression over the
nuclear envelope (Fig. 6).

Prophase : As seen in Fig. 2, the prophase
nucleus is spherical and gradually increases
its volume, accompanying by the reduction
of electron density in the nucleoplasm due
to the disappearance of nuclear ribosomes.
At this stage the intranuclear microtubules
are not found, though cytoplasmic micro-
tubules are still present in the cytoplasm
(Fig. 5).

Metaphase : In the metaphase nucleus, the
chromosomes line up at the equator and
many microtubules connect the chromosomes
and the poles (Fig. 8). The microtubules
converge at the opposite poles in the nucleus
and are attached or lie close to the inner
surface of the nuclear envelope (Figs. 8-10).
No special polar substance occurs here. No
distinctly differentiated kinetochore is found
on the chromosomes, but microtubules pene-
trate into a slightly less dense, homogeneous
material in the granular chromosomal sub-
stance (Figs. 8, 9). During metaphase and
anaphase, the spindle microtubules are never
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observed to pass through the nuclear pores
or nuclear envelope, the latter remaining
completely intact during the nuclear divi-
sion. Centrioles were not detected in the
present material observed.
Anaphase-Telophase : At anaphase the nuclei
begin to elongate and chromosomes migrate
simultaneously towards the opposite poles
(Fig. 9). Microtubules do not proliferate to
any degree in the region between the separ-
ating sets of chromosomes as compared
with the proliferation occurring between
the chromosomes and poles (Fig. 9). At a
later stage of division, the distance bstween
the pole and chromosomes clearly decreases
and many microtubules appear in the region
between two separating sets of chromo-
somes (Fig. 11). It is noted that a significant
extension of the nuclear envelope along the
division axis occurs during this stage in
contract to the lack of a decrease of nuclear
dimensions perpendicular to the long axis
of division (Fig. 15).

An extension of the nuclear envelope to-
wards the opposite poles appears to be im-
portant in the separation of chromosomes.
After the chromosomes draw near to the
opposite poles, the nucleus changes its form
dramatically. The nuclear envelope of the
two daughter nuclei becomes constricted
and the long narrow cylindrical interzonal
spindle develops between them (Figs. 12, 13).
The interzonal spindle contains numerous
long microtubules (Fig. 14). The last stage
of abscission of the reforming daughter
nuclei from the interzonal spindle is made
by the sharp constriction of the inner nuclear
membrane concomitant with the late syn-
thesis of the outer membrane (Fig. 13). In-
formation from the electron micrographs is
schematically presented in Fig. 15.

Discussion

Almost all stages of nuclear division, ex-
clusive of the latest telophase, were observed
in nearly all sections cut from an EM block
containing a small piece of blade where all
areas of cytoplasm was differentiating into

gametes (Fig. 1). The development of re-
mainder of the thallus fixed for the present
observation was followed with the light
microscope, and it was noted that male bi-
flagellated gametes were later released from
other living blades on the same horizontal
rhizome from which the fixed blade arose.

Comparison of the mitotic ultrastructure
of Caulerpa with that of other siphoneous
green algae so far investigated shows some in-
teresting features characteristic of Caulerpa :
1) the absence of centrioles at the spindle
pole, at least until the later stage of game-
togenesis, 2) no appearance of visual spindle
microtubule nucleating material either in-
side or outside the nucleus, and 3) the total
complete retention of the nuclear envelope
throughout nuclear division.

The great variation in the size of chloro-
plasts found in the differentiating cytoplasm,
and the formation of a few number of
papilla on the blade suggest that the blade
was in a rather early stage of gamete de-
velopment. As cytoplasmic differentiation
advances, the chloroplasts divide many times
(Fig. 7) into smaller ones which will be
incorporated in the forming gametes.

In Acrosiphonia (HUDSON and WAALAND
1976), Cladophora (SCOTT and BuLLOCK
1976, McDONALD and PICKETT-HEAPS 1976),
Valonia (Horl and ENoMoTO 1978a) and
Dictyosphaeria (HORI and ENoMOTO 1978 ¢)
centrioles occur near the nucleus even in
the early stages of reproductive differentia-
tion, while in Batophora (LIDDLE et al., 1976)
and Caulerpa, centrioles seem to appear only
during the final stage of reproductive cell
differentiation. This indicates that centriole
formation is presumably suppressed until
the final stage of swarmer production in
some algae and that centrioles are not es-
sential organelles for producing the spindle,
but are necessary for flagella production.
In C. brachypus centrioles are not found in
the vegetative cytoplasm and the details of
their origin and development during repro-
ductive differentiation is unknown. It is
known that in the dividing nuclei of other
organisms that electron-dense areas exist in



Hori, T.

B ¢ 5 > . ﬂ“ﬁu—; w‘m 2

Figs. 2-4. Electron micrographs of gametes of C. brechypus. 2. Female gamete. x15000;
3. Male gamete. x15000; 4. Cross section of female gametes showing the cruciate flagella roots
(arrowhead). x18000.

Figs. 5-8. Electron micrographs cf the nuclear division in C. brechypus. 5. Three phases of
the nuclei, interphase (top right), prophase (lower right) and metaphase (large left) nuclei.
Vacuclar invagination (arrows) results in the production of gametes. x28000; 6. Interphase
nucleus. Single membrane bound bedy is present in a depression of the nucleus. Nucleolus is
composed of closely aggregated granular material. x26000; 7. Dividing chlereplast. 12000 ;
8. Metaphase nucleus clearly showing a classical metaphase platc ccmpesed cf fcur sets of paired

chromesomes. % 24000.
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Fig. 15. Diagramatic comparison of nuclear
changes during the division in Caulerpa. . Note
the distinct expansion of the nuclear envelope
along the division axis without significant de-
crease of the nuclear width in dimension. a,
metaphase ; b, early anaphase; c, late anapease.

the regions which are in contact with the
spindle microtubules (cf. PERKINS 1975,
FRANKE and REAU 1973, HINCHEE and Ha-
SKINS 1980). In neither Batophora (LIDDLE
et al., 1976) nor in C. brachypus was a spe-
cially differentiated polar structure present,
either inside and or outside the nuclear en-
velope, nor was any perinuclear substance
from the nuclear envelope found which
would suggest participation in spindle micro-
tubule formation. Although nothing can be
said at present about the origin of micro-
tubules in the nucleus of C. brachypus, it
may be reasonable to suspect that the micro-
tubule nucleating substance, if present, is in
a very diffusable form in this alga.

As was true for Vaucheria litorea (OTT
and BROWN, Jr. 1972), Cladophora glomerata
(McDoNALD and PicKETT-HEAPS 1976), C.
flexuosa (SCOTT and BuLLOCK 1976), Valonia
ventricosa (HORI and ENoMOTO 1978 a) and
Dictyosphaeria cavernosa (HOR1 and ENo-
MoTO 1978 c), C. brachypus prolongs the
interzonal spindle after each chromosome
set draws near to the opposite poles. This

suggests that the separation of chromosomes
towards each pole has been substantially
completed at early telophase. The interzonal
spindle separation in Vaucheria littorea is
known to be accomplished both by an in-
vagination of the inner nuclear membrane
and by what appears to be an abscission or
depolymerisation of the nucleus (OTT and
BROWN, Jr. 1972). The rotation of the late
telophase nuclei might be instrumental in
interzonal spindle separation in C. flexuosa
(ScoTT and BuLLocK 1976) and Valonia
ventricosa (HORI and ENoMoTO 1978 a).
However the method of separation in C.
brachypus remain unresolved.

The question arises why it is necessary
to produce such a very long spindle in
coenocytic nuclear division. Although there
has been no reasonable interpretation for this
feature, it may be due to the nature of the
cytokinetic mechanism. Reproductive cyto-
kinesis in the green coenocytes does not use
either a phycoplast or a phragmoplast, un-
like many other green algae. During
swarmer differentiation in the green coeno-
cytes, cytoplasm is gradually partitioned into
small, multinucleate areas by vacuolar in-
trusions (BURR and WEST 1970, SCOTT and
BuLrLock 1976, Horl and ENOMOTO 1978 b).
This appears to be a rather unreliable mech-
anism, because such a form of cytokinesis
may not necessarily produce an equal dis-
tribution of nuclei into all zooid units. In
addition, the final process of cytoplasmic
separation leading to the production of uni-
nucleate zooids is also not necessarily by
binary partition concurrent with nuclear
division, but it appears to be a multiple
partition which simultaneously produces

Figs. 9-14. Electron micrographs of anaphase and telophase nuclei in C. brachypus (9-11, 14) and
C. racemosa var. laete-virens (12,13). 9. Anaphase nucleus showing the progressive separation
of chromosomes towards the opposite poles. Ill-defined structure of kinetochores (arrows). x31000;
10. Microtubules either closely approach to or impinge on the inner surface of nuclear envelope.
x52000; 11. Late anaphase nucleus showing chromosomes close to the poles. x21000; 12. Telo-
phase nucleus. The nuclear envelope of daughter nuclei sharply invaginate and develope a long
interzonal spindle between two daughter nuclei. Xx34000; 13. Invagination of the inner nuclear
membrane of daughter nucleus has just completed. x32000; 14. Cross section of interzonal
microtubules that connect two daughter nuclei. x33000.
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many zooids (HORI and ENomoTO 1978 b).
Thus, a long interzonal spindle may contrib-
ute to separating the two daughter nuclei at
a great distance within the cytoplasm mass
and may prevent the inclusion of more than
one nucleus in each zooid unit at the final
stage, ensuring the formation of uninucleate
zooids.
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