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The first sign of tetrasporogenesis in D台。otadichotoma (Hudson) Lamouroux is the outgrowth of certain 
epidermal celIs白紙folIowa characteristic differentiation process. These celIs soon become polarized and 
constitute the tetrasporangium mother celIs (TMCs). Three distinct zones are established along their 
growth axis: one apical， fulI of smalI vesicIes， one central， in which most of出eorganelIes are aggregated， 
and a basal one with large vacuoles and peripheral chloroplasts. The nucIeus is displaced towards the basal 
zone and， as the celI grows outwards， the thick multilayered external wall breaks while new layers are 
deposited on its internal surface. An asymmetrical division of也eTMC results in the formation of也e
tetrasporangium， which is obviously larger白血血estalk celI(s)， wi出moredense cytopl回mand numerous 
organelIes distributed along its anticIinal axis. This celI undergoes a characteristic differentiation proccess， 
the pol釘itypattern ch組 gingfrom axial to radial. FinalIy， it becomes almost spherical. After meiosis， 
four ha判。idnucIei are formed釦 d也eorganelIes are arranged in groups around them. During these 
stages many active dictyosomes are observed， seαeting an amorphous material，也atis deposited between 
the membranous septa separating the tetraspores，剖 welIas in the inner side of the external wall. This 
material is probably mucilagenous and may help， by absorbing water， in the breaking ofthe external wall， 
也usfacilitating the release of出espores. 

Kり Index Words: asymmetrical divirion-DictyotaーPhaeophyceae-polarityーtetra脚rogenesir-
ultrastructure. 

The study of the reproductive processes of 

algae has been proved a significant tool for the 

understanding of many cytological， taxonomi-
cal and physiological problems. Moreover， 
these studies， combined with the fine structur-
al investigation of thallus development and 

differentiation， give answers to some im-
po口antmorphogenetic problems. 

Within the brown algal order Dictyotales 

the study of the reproduction has started very 

early， with出epioneer work of Wi1liams 
(1897， 1904a， b， 1905). More than fifty years 
later a number oflight microscope studies ap-

peared， dealing with tetraspore formation in 
some members of Dictyotales， like Dictyota 
dichotoma (Hudson) Lamouroux， D均砂市
divaricata (Ok釘nura)Okamura， Padinajaponi-
ca Yamada and P. cr，ω'a Ya町凶a(Ishii et al. 
1959， Kumagae et al. 1960). On an ultra-
structurallevel， there are detailed studies on 

thallus structure and development of D. dicho・
toma and D均opterismemhranacea (Stackh.) 
Batt. (Kats訂 os1980， Katsaros and Galatis 
1985， 1988， Gai1lard et al. 1986). However， 
only a few ultrastructural studies have been 

published， dealing with reproductive stages. 
These describe the structure of sperms of 

D. dichotoma (Manton et al. 1953， Manton 
1959) and eggs of Dictyota hinghamiae J. 
Agardh (Neushul and Liddle 1968)， as well as 
oogonia and eggs of Zonaria farlowii S. & G. 

(Neushul and Liddle 1968， Liddle and Neu-
shulI969). In addition， the sexual reproduc-
tion of Dictyota diemensis Kutzing was recently 
studied in detail by means of both， light組 d
electron microscopy (Philips et al. 1990). As 
far as we know， there is no ultrastructural 
information on tetrasporogenesis of any 

member of this class. 

The aim of the present study is to inves-
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tigate the ultrastructural changes accom-

panying the tetrasporogenesis in D. dichotoma， 
with particular attention to those preceding， 
accompanying and/or following the establish-

ment of a new polarity axis and the shift in the 

differentiation process. 

Materials and Methods 

Thalli of Dicりotadichotoma were collected 
between April and June at a depth of 1-3 m 
at “Rafi.na" ， about 30 km from Athens， 
Greece. Small pieces of mature thallus por-

tions bearing tetrasporangia and unreleased 

tetraspores were fi.xed and processed for EM 
according to Katsaros and Galatis (1986)， 
with a more prolonged (up to three days) 

infi.ltration time (see also Hallam and Luff 
1988). Thin sections were examined and 

photographed with a Philips 300 electron 

mlcroscope. 

Results 

Tetr，ゆ orangiummother cell (TMC) 
Tetrasporogenesis in D. dichotoma is not syn-
chronous. Therefore， all the developmental 
stages can be traced on a limited thallus 

area. Tetrasporangia occur alone or in small 

groups along the central part of the thallus， at 
some distance from the apex. 

The fi.rst sign of TMC formation is the 
outgrowth of certain epidermal cells (Fig. 1). 
Sometimes two or more adjacent cells are ob-

served swelling in parallel. These cells are de-

void of large vacuoles and have a more dense 

cytoplasm compared to their neighbouring 

cells. The swelling grows outwards resulting 

in a pear-like form (Fig. 3). The structural 
polarization of this cell is further expressed by 

the deposition of additional layers of wall 

material in the external periclinal wall (Figs. 

1， 2) and the gradual distribution of the cell 
elements in three distinct zones along the cell 

axis: 1) an apical zone with numerous dictyo・

somes， vesicles and small vacuoles， 2) a subap-
ical zone in which the nucleus and most of the 

organelles around it are localized， and 3) a 
basal one with well developed vacuoles and 

peripherally distributed chloroplasts (Figs. 2， 
3). 
As the cell grows outwards， the thick mul-
tilayered external wall breaks and new， less 
dense layers are deposited on its internal sur-

face. A large number of vesicles and small 

vacuoles are observed in the apical region 

(Fig. 2). The nucleus is larger than that of 

typical epidermal cells and is usually lobed. 

A centriole is usually displaced in a depres-

sion of the nuclear envelope (Fig. 6). The 

chloroplasts are smaller than those of typical 

epidermal cells， with poor internal membrane 
organization (cf. Figs. 4 and 5). Small vacu-

oles， dictyosomes， physodes and endoplasmic 
reticulum (ER) membranes. are observed 

among them (Fig. 5). 

TMC-surrounding ePidermal and stalk cells 
The epidermal cells surrounding the TMC 

follow a characteristic differentiation process 

parallel to TMC formation. This process 

results in a polar organization of these cells 

which is expressed by: 1) Cell outgrowth that 

is parallel to that of the TMC， but not so 
extensive (Figs. 1， 3). 2) Zonation of the 
organelles in a way similar to that of the 

Fig. 1. Light micrograph showing two TMCs and the surrounding epidermal cel1s，出appearin transverse 
thallus section. TMC: tetrasporangium mother cel1. Scale bar=30μm 
Fig. 2. Transverse thallus section passing through the cortical cytoplasm of a TMC at血 earlydevelopmen-
tal stage. The distribution of cel1 elements varies gradual1y along its anticlinal axis. Note the break of the exter-
nal layers of the cel1 wall at也eapical dome町田(町rows).Ch: chloroplast， CW: cel1 wal1. Scale bar=5μm. 
Fig. 3. Light micrograph of a TMC at a more advanced developmental stage. The polarization is further 
expressed by the position of the nucleus towards the basal part of the cel1. N: nucleus. Scale bar=25μm 
Figs. 4， 5. Plastids of a typical epidermal cel1 (Fig. 4) and of a TMC (Fig. 5). Ch: chloroplast， ER: en-
doplasmic reticulum. Scale bar= 1μm 
Fig. 6. Part of the nucleus and the perinuclear cytoplasm of a TMC. The nuclear envelope shows invagina-
tions and the centriole is located in a deep depression ofit. C: centriole， N: nucleus， NE: nuclear envelope. Scale 
bar=O.5μm. 
Fig. 7. Epidermal cel1 surrounding a TMC. CW: cel1 wall， N: nucleus， V: vacuole. Scale bar=5μm. 
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TMC， i.e. most ofthe organelles (except chlo幽
roplasts) are gathered in the apical region， 
while the basal part is usually occupied by a 

large vacuole and typical per旬herallydis-

tributed chloroplasts (Fig. 7). The nucleus is 

located in the central region with many dictyo-

somes and mitochondria around it (Figs. 7， 
8). 3) The cell wall structure is similar to 
that of the TMC with thick multiple layers 

(Fig. 7). 
After the completion of TMC differentia-

tion， an asymmetrical division results in the 
formation of the tetrasporangium and one 

stalk cell (Figs. 9， 10). The latter can be fur-
ther divided， giving rise to a two-celled stalk. 
The stalk cell is similar in structure with the 

basal part of the TMC (Fig. 10) and when 
two stalk cells are present， this difference is 
further amplified. 

Tetrasporangium and tetraspore formation 
The apical cell separated by the asymmetri-

cal division of the TMC continues growth 

further， symmetrically in all directions. Its 
nucleus is large and lobed， and is positioned 
towards the basal part of the cell (Fig. 9). 

This cell undergoes gradual differentiation 

and finally becomes almost spherical (Fig. 

11). The nucleus migrates towards the cen-

tre of the cell and most of the organelles are 

distributed in the perinuclear cytoplasm 

(Figs. 10， 11). A large number of active dic-
tyosomes are observed around the nucleus 

with their formative faces associated with the 

nuclear envelope or with ER membranes 

(Figs. 12， 13). Numerous vesicles are 
pinched off from their maturing face (Figs. 

12， 13). The plastids are small with few 

t出hηポ】

ole白s負fus民ewith each other giving rise to large 

ones that are peripherally arranged (Figs. 10， 
11 ). 
Meiotic division takes place at this stage， 
resulting in four haploid nuclei. They are 

usually arranged in one plane parallel to the 

thallus surface and have a more or less central 

position within the cell (Fig. 15). The or-

ganelles are evenly distributed around the 

nuclei. This is particularly evident in 

plastids， which show a strictly radial arrange-
ment around each nucleus (Fig. 16). A great 

number of vesicles and small vacuoles appear 

around the nuclei-organelle complexes (Figs. 

15， 17). The cell wall appears thicker than 
before， consisting of at least three distinct 
layers: an external electron dense layer， an 
intermediate more transparent one consisting 

ofloose fibrils， and an internal one consisting 
of both dense fibrillar and more transparent 

granular material (Fig. 16). In addition， a 
more or less amorphous material is observed 

in some areas between cell wall and plas-

malemma (Fig. 16). After the complete for-

mation of the four haploid nuclei， cytokinesis 
takes place， and a thin membranous septum 
separates the tetraspores (Figs. 17， 18). This 
septum at the first stages of its formation con-

sists of two more or less parallel membranes 

similar to those of the surrounding vesicles， 
while in more advanced stages an electron 

dense material is deposited between them 

(Fig. 18). At this stage， fragments of the old 
external excised walllayers are observed (Fig. 

17). The amorphous material along the inter-

nal face of the external cell wall appears in-

creased， while similar material occurs on both 

Fig. 8. Electron micrograph showing a p紅tof the perinuclear cytoplasm of a cell surrounding a TMC. A 
dictyosome (D) is c10sely associated with the nuclear envelope by its fo口nativeface. DV: dictyosome vesicle， M: 
mitochondrion， N: nucleus， NE: nuclear envelope. Scale bar=0.5μm. 
Fig. 9. Light micrograph showing a newly-formed tetrasporangium. The nucleus (N) is located c10se to出e
basal cell wall separating出iscell企'Omthe stalk cell. Scale bar=25μm. 
Fig. 10. Tetrasporangium at a more advanced developmental stage comp釘 edto that shown in Fig. 9. The 
nucleus has taken a central position and the stalk cell (SC) has been further divided. Ch: chloroplast， N: nucleus. 
Scale bar=5μm. 
Fig. 11. Tetrasporangium before meiosis. Its shape is spherical and the nucleus (N) is centrally position-
ed. Scale bar= 10μm. 
Fig. 12. Part of the nucleus and the perinucle訂 cytoplasmof a tetrasporangium. Two dictyosomes are 

c10sely associated with the nuclear envelope. DV: dictyosome vesicles， M: mitochondrion， N: nucleus. Scale 
bar=0.4μm. 
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Fig. 13. Two active dictyosomes (D) of a young tetrasporangium. DV: dictyosome vesicle， ER: en 
doplasmic reticulum. Scale bar=0.3μm 
Fig. 14. Plastids of a tetrasporangium. Ch: chloroplast， ER: endoplasmic reticulum， Ph: physode. Scale 

bar=0.4μm 

Fig. 15. Pre-cytokinetic tetrasporangium. Meiosis has already taken place. Three of the four haploid 
nuclei (N) are visible. Scale bar= 10μm 
Fig. 16. Part of the wall of a tetrasporangium at the stage of the meiotic division. AM: amorphous 

material， CW: cell wall. Scale bar=3μm 
Fig. 17. Light micrograph showing a post-cytokinetic tetrasporangium. Three tetraspores are observed 

AM: amorphous material. Scale bar= 10μm 
Fig. 18. Detail of the membranous septum (MS) separating the young tetraspores. AM: amorphous 

material. Scale bar= 1μm 
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Figs. 19，20. Scanning electron micrographs ofyoung tetrasporangia. Their surface exhibits a shrink-like 
appearance. Arrow in 20 indicates由epossible trace of the wall separating the tetraspores. Double arrows show 
amorphous material connecting two neighbouring tetrasporangia. Scale bar= 10μm 

sides of the partition membranes (Figs. 17， 
18). Examination of mater凶 underthe 

scanning electron microscope， reveals that the 
tetrasporangia at the stage before tetraspore 

release， appear spherical， with an irr巴gular
and shrinked external surface (Figs. 19， 20). 
Sometimes neighbouring t巴trasporangiaap-

pear sticked together by an amorphous materi-

al (Fig. 20). In the tetrasporangium of Fig. 

20 th巴 cytokinesisof the meiotic division is 

probably fi.nished， and the wall separating the 
tetraspores can be seen as an intense shrink-

age on the external surface of the tetrasporan-

glUm 

Discussion 

The present observations on the sequence 

of cell divisions that result in tetraspore for-

mation， confi.rm those made with light 
microscope by Williams (1904a)， Ishii et al. 
(1959) and Kumagae et al. (1960). The fi.rst 
ultrastructural change in the process of 

tetrasporogenesis is the de-differentiation of 

certain epidermal cells， the TMCs. The in-
creased metabolic activity of these cells， com-
pared to typical epidermal cells， is expressed 

by the dense cytoplasm and numerous small 

vacuoles. The chloroplasts， due to repeated 
divisions， become small and undiff，巴renti-

ated. This process is similar to that already 

described during branch or propagule mother 

cell formation in Sphacelaria tribuloides 

Meneghini (Katsaros 1980) and unilocular 

sporangium d由ev刊巴lopmen凶1t出nHaloψpμt伽enρsfi五Jルiたωczn
(Gr悶at旬凶elou叩pω)Ki凸白i江tロZI出ng(Katsaros and Gala拭t1山s 
1986). These changes are accompanied by 

outgrowth ofthe TMC， followed by the estab-
lishment of a new polar axis in it. Polariza-

tion is further expressed by the distribution of 

the organelles in particular zones. A similar 

organization occurs in apical cells of Zonaria 

farloωii (N eushul and Dahl 1972)， Dictyopteris 

仰 7叫ranacea(Katsaros 1980， Katsaros and 

Galatis 1988)， and Sphacelaria tribuloides (Kat-
saros 1980， Katsaros et al. 1983). It seems 

that at this stage the TMC behaves like an 

apical cell， showing a kind of tip growth. 

However， after the asymmetrical division of 
the TMC the polarity pattern changes from 

axial to radial. This results in the formation 

of the tetrasporangium， which gradually 
becomes almost spherical， with a radial distri-
bution of the organelles around the centrally 

located nucleus. The cell organization at this 

stage is comparable to that of the sporangium 

of H. filicina before meiosis (Katsaros and 

Galatis 1986). However， ultimately th巴 or-

ganelles in the tetrasporangium of D. dichoto-

ma show a perinuclear distribution， whereas 
in H. filicina they ar巴moreor less evenly dis-

tributed throughout the sporangium volume. 
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The change in the polarity pattern is in ac-
cordance with a change in the growth pattern， 
which becomes apparent by the evenly ex-
panding cell wall. The old external walllay-

ers cannot accomodate the surface increase 
and break under the internal pressure， as in 
H.メlicina(Katsaros and Galatis 1986). 1n 
parallel， the deposition ofnew wall material is 
carried out by numerous dictyosome vesicles 
released from active dictyosomes near the ex-
panding cell wall. Similar observations have 

been made in other brown algal cells showing 
apical growth (Katsaros 1980， Katsaros et al. 
1983， Katsaros and Galatis 1985， 1988， 1990， 
Gaillard et al. 1986). 
The presence of specialized sterile cells sur-
rounding the sporangial sori is not a general 
feature of Dictyotales， but it has also been 
observed in D. diemensis (Philips et al. 1990). 
Their 白lestructure is different from the typi-
cal epidermal cells， showing polar growth and 
increased metabolic activity. This activity is 
indicated by the shape and size of the nucleus， 
as well as the abundance of dictyosomes and 
dictyosome vesicles. Since the differentiation 
of the cells surrounding the TMCs in D. di幼 0・
toma is limited and stops before the comple-
tion of tetraspore formation， their pa口icular
activity can be attributed to a coordination 
with the TMCs. 
After meiosis， the four haploid nuclei oc-
cupy a more or less central area of the cell and 
do not divide further， in contrast to H. fiルzna
zoospore formation (Katsaros and Galatis 
1986). The organelles are re-arranged， in 
order to訴vea full organelle complement to 
each nucleus. This is the “coenocytic tetra-
nucleated stage"， in which the organelles 
show radial arrangement around each of the 
nuclei. 1t is noteworthy that occasionally the 
four nuclei are arranged in one plane， usually 
parallel to that ofthe thallus. This protoplast 
reorganization is different from that observed 
in developing sporangia of Ectocarpales (Bak-
er and Evans 1973a， b， Loiseaux 1973， Mar-
key and Wilce 1976) and H.メlicina(Katsaros 
and Galatis 1986)， and was not observed in 
Laminariales (Toth 1974， Henry and Cole 
1982). The differences in the pattern ofpro-

toplast reorganization between D. dichotoma 
and the other groups already mentioned， is 
due to the large difference in the number of 
the spores forming into the sporangia. Or-
ganelle movements and change in the pol町 ity
pattern are supposed to be based on interac-
tions of cellular elements， like the cell wall 
and the cytoskeleton (Schnepf 1986). The 
organization of the microtubule cytoskeleton 
in polarized cell types ofbrown algae has been 
already studied by immunosuorescence 
(Kats町os1992， Rusig et al. 1993). 
The partition membrane separating the 
tetraspores， is formed after the protoplast reor-
ganization， probably by the fusion of vesicles 
that have been aggregated around the nuclei-
organelle complexes. A similar process has 
been described during zoosporogenesis in 

different brown algal orders (Loisea'四 1973，
Toth 1974， Markey and Wilce 1976， Katsaros 
and Galatis 1986). The external cell wall ofthe 
post-cytokinetic tetrasporangium is usually 
thicker than that of the tetrasporangium 
mother cell. 1t appears similar to the three-

layered cell wall of the Fucus zygote， which 
consists of an external rather amorphous 
layer， mainly of alginic acid and sulphated 
fucoidan， a median layer of cellulose and 
alginic acid， and an inner layer of sulphated 
fucoidan fi.brils (Callow et al. 1978). 1nside 
the external cell wall， and also on both sides of 
the membranous septa that separate the tetra-
spores， the amorphous deposits of granular 
material increase signifi.cantly. This material 
is possibly mucilagenous and may help， by ab-
sorbing water， in the breaking of the external 
cell wall and the release of the tetraspores. 1t 
has been repo口edthat in various algal species 
a mucilagenous material secreted among 
zoospores generates pressure出atforces the 
sporangial wall to break down locally 
(Loiseaux， 1973， Toth 1974， 1976a， b， Mar-
key and Wilce 1976， Katsaros and Galatis 
1986). However， a local digestion of the in-
ternal cell wall cannot be excluded (Markey 
and Wilce 1976， Toth 1976a， b)， although 
Kumagae et al. (1960) have noticed that the 
four tetraspores are released together bound-
ed by intact inner layers of cell wall. 
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Christos I. Katsaros・KonstantinosPentaris :褐藻アミジグサ Dictyotadichotoma 
(Hudson) Lamouro田(アミジグサ目)の四分胞子形成における微細構造

アミジグサの四分胞子形成は，ある表層細胞の外側への発達により始まり，それに引き続き特徴的な分化がみ

られる。これらの細胞はすぐに極性を持つにいたり，四分胞子嚢母細胞になる。これらの細胞の成長の軸におい

て三つの顕著な領域が生じる。すなわち小さな小胞に満たされた頂端領域，ほとんどの細胞内小器官が集合した

中心領域，大きな液胞と表面に集まった葉緑体がみられる基部領域である。核は細胞が外側に向けて成長するに

つれ基部領域に移動し，厚い多層の外側の細胞壁は，新しい層が内側に向け形成されるにつれて崩壊する。四分

胞子襲母細胞の非相称分裂により四分胞子嚢が形成されるが，これは柄細胞よりはるかに大きく，またより密度

の高い細胞質と背軸にそって分布する多くの細胞内小器官を有する。この細胞は特徴的な分化過程を経て極性が

軸にそう方向から放射状に変化する。最終的にそれはほとんど球状になる。減数分裂の後 4つの単相の核が形

成され細胞内小器官はそれらの回りに集まって配置する。この段階では多くの活動的なディタティオソームがみ

られ，不定形の物質を分泌している。これらは4分胞子を隔てている膜状の隔壁の聞や外側の細胞壁の内側に蓄

積する。この物質は多分粘質で，水分を吸収することで外側の細胞壁の崩擦を助け，それにより胞子の放出を引

き起こしていると考えられる。 (Instituteof General Botany， University of Athens， Athens 157 84， Greece) 
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