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Since the early 1930's, the classic works of Hämmerling and others 
(cf. review, Hämmerling, 1953) have demonstrated that the large uni-
nucleate, unicellular, green alga, Acetabularia, is a unique experimental 
organism for the study of a variety of cellular problems. However, despite 
extensive physiological and morphogenetic investigations, an adequate 
description of cytoplasmic fine structure has not yet appeared. A study 
of the fine structure of experimentally treated plants is believed to be 
ultimately capable of revealing the extent of nuclear control of the form 
and distribution of cytoplasmic fine structure, and possibly the role of 
fine structure in morphogenetic expression. The present paper represents 
the results of an investigation of the "normal" cytoplasmic constituents 
and, it is hoped, will provide some basis for future experimental work in 
fine structure on enucleate and variously treated portions of Acetabularia. 

Streaming in this plant has been described as occurring in parallel 
tracks or striations in the cortical gel, and running along the longi-
tudinal axis of the plant. Kamiya (1959) has found that when the major 
cell components are centrifuged to the basal portion of the plant, they 
always return along the original cortical tracks—a fact which suggests 
a difference in fine structure in the two states of the cytoplasm (i.e., 
moving and stationary). Thus a study of the fine structure of Acetabularia 
promised also the possibility of determining the fine structural basis (if 
any) for active cyclosis. 

Materials and Methods 

Stock cultures of Acetabularia were generously supplied by Mr. John 
Terborgh of Harvard University. The plants were given continuous 
illumination at 25°C while growing in "Erdschreiber" salt water medium 
(F0yn, 1934). Two-centimeter plants were then removed from the culture 
flask with a glass needle and placed whole in a 2 % osmium solution 
buffered with potassium phosphate (Millonig, 1961a) and adjusted to a 
final pH of 6.9 and a molarity of 0.49. Fixation was carried out at room 
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temperature on a rotating drum for 42 hr. This was followed by rapid 
washing in distilled water, dehydration in methyl alcohol, and embed-
ding in Epon (Luft, 1961). AU dehydration steps were carried out gradu-
ally. The propylene oxide intermediate step before embedding (Luft, 
1961) was found frequently to cause a severe bubbling within the plant, 
and was thus omitted from the embedding schedule. Plants were cut just 
before final embedding since infiltration was poor with whole plants or 
even with plants cut longer than a few millimeters in length. Sections of 
the polymerized blocks were cut with a diamond knife on either a Huxley 
or a Porter-Blum ultramicrotome, stained in Millonig's (1961b) lead stain, 
and photographed in either a Siemens Elmiskop I or a Japanese (JEM) 
electron microscope. 

Results 

Acetabularia presents special problems in electron microscopy due 
to difficulties with fixation and embedding. The thick wall, relatively 
small volume of cytoplasm, and extremely acid contents (pH 1-2) of the 
large vacuole make preparation difficult. Tandler (1962b) suggests the poor 
fixation usually achieved in Acetabularia may be the result of the rapid 
release of vacuolar oxalic acid into the cytoplasm when the plant is intro-
duced into osmium solutions. The osmium being slow to penetrate cannot 
stabilize cytoplasmic structures before the oxalic acid has damaged or 
destroyed the membranous components. The use of phosphate buffers 
seems to reduce this latter problem somewhat. 

V A C U O L E A N D V A C U O L A R M E M B R A N E 

An examination of the cytoplasm of Acetabularia reveals that the 
relatively thin layer of cytoplasm adjacent to the cell wall is not uni-
formly cytoplasmic, but appears invaginated by portions of vacuole (Fig. 
1). Thus, in a given section, strands of cytoplasm often seem unattached 
to other strands, but adjacent sections show them to be part of a con-
tinuum. The cytoplasm is separated from the vacuole by a clearly defined 
vacuolar membrane (tonoplast), consisting of the usual three layers (two 
electron-opaque bands separated by a less dense region). It is of some 

FIG. 1. Section through the cytoplasm of Acetabularia illustrating the major 
cytoplasmic components. Note the vacuole (V) invaginates into the cytoplasmic region 
and the vacuolar membrane (Vm) does not touch directly on the chloroplast (Ch) 
envelope. A mitochondrion (M) appears surrounded by anastomosing tubular elements 
(endoplasmic reticulum). A branched tubule may be seen at the arrow. L i , lipid droplet. 
Magnification: χ 33,000. 
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interest that the chloroplast envelope never touches on the vacuolar 
membrane but always leaves a narrow clear space separating the two 
membrane systems. The large lipid droplets, on the other hand, may come 
directly into contact with the vacuolar membrane. 

C R Y S T A L S 

Within the vacuole there appears little evidence for preservable fine 
structure except for the occurrence of rather large crystals (Fig. 2b). These 
crystals described as high in bound indoles (Tandler, 1962a) have major 
spacings in one plane about 240 A and finer spacings separating 
these into approximately 120 A regions (Fig. 2a). The crystals are easily 
visible with the light microscope and sometimes appear in older cells in 
great abundance. Their significance in the intact cell is unknown. Under 
the culture conditions of these experiments the crystals tend to collect in 
the vacuole along the margin of the cytoplasm. 

C H L O R O P L A S T S 

The chloroplasts consist of a limiting double membrane or envelope 
enclosing an internal matrix (Sager, 1959). This matrix is occupied in 
part by a series of roughly parallel discs or plates, characteristic "globuli," 
and frequently, starch grains. The discs may run parallel to one another 
throughout the length of the chloroplast (Fig. 3a), or the discs may be 
shortened and locally stacked to form granal regions (Fig. 3b). There 
appears to be little consistency as to whether a chloroplast will lack or 
possess grana, and apparently in a given cell chloroplasts of both types 
may be present. An older report (Mangenot, cited in Fritsch, 1945) that 
chloroplasts of Acetabularia probably lack starch is untenable, at least 
under the present culture conditions. 

M I T O C H O N D R I A 

Mitochondria are large and numerous with platelike cristae (often 
swollen at their tips) extending approximately half the width of the 
mitochondrion (Figs. 1 and 4). Small globuli may be seen in some sec-
tions of mitochondria, and these globuli appear similar to, but smaller 
than, the chloroplast globuli. There appears to be no special orientation 

FIG . 2. (a) Portion of a vacuolar crystal cut in a plane to show 240 A spacings 
(between arrows). These spacings are bisected by less electron-opaque points. Magnifi-
cation: χ 58,000. (b) An entire crystal as seen suspended in the vacuole. Several 
different planes of regular spacings may be seen at the lower portion of the crystal. 
Note the margin of the crystal suggests that materials are being incorporated into or 
dissolved from its surface. Fixed in osmium vapors for i/2 hr. Magnification: χ 23,000. 
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of mitochondria to a particular portion of the cytoplasm, and it is as-
sumed they are randomly scattered. 

G R O U N D S U B S T A N C E ( H Y A L O P L A S M ) 

In the ground cytoplasm can be found two kinds of obvious structural 
organization: (1) Groups of ribonucleoprotein particles which seem un-
attached to a membrane system, and (2) an anastomosing system of tubules 
which possibly represent elements of a smooth endoplasmic reticulum 
(Figs. 1 and 4). These latter tubules are limited by a well-defined mem-
brane which has about the same width as the plasma membrane and 
vacuolar membrane. The tubules vary considerably in diameter perhaps 
as a result of swelling or shrinkage during fixation procedures. Some 
areas of the cytoplasm seem crowded with these tubules whereas in other 
regions, profiles are widely scattered. 

L I P I D D R O P L E T S 

Large, electron dense droplets which are spherical in outline and 
homogeneous in content are found throughout the cytoplasm. These 
droplets may have local "erosions" suggesting that material is being 
removed from their surface. They may represent the metaphosphate 
granules of Stich (1953). 

C E L L W A L L 

The thick wall of Acetabularia is composed of two structurally dis-
tinct regions. The inner, larger portion seems granular or possibly coarsely 
fibrous in nature, whereas the outer region appears homogeneous or pos-
sibly composed of finer and more closely packed fibrils (Fig. 5). In 
the innermost region of the wall there is an alternation of orientated 
layers, but this alternation is lost in older portions of the wall. The 
two-layered appearance of the wall agrees with Tandler's (1962a) 
conception of a wall composed of two regions, the outer of which 
is thin and stains metachromatically with toluidine blue. Frei and Preston 
(1961) find that the principal constituent of wall extracts of Acetabularia 
is mannose and not glucose (though there may be some glucose residues 
present) and conclude that cellulose is not the chief structural polysac-

FIG. 3. (a) A chloroplast in which the discs are not locally stacked into granal 
regions, but are closely packed and traverse the width of the chloroplast. Magnification: 
χ 40,000. (b) A chloroplast containing granal stacks (Gr), starch grains (St), and electron 
opaque globuli. Note the vacuolar membrane (arrow) is apparently continuous around 
the chloroplast, but is separated from the chloroplast envelope by a narrow space. 
Another strand of cytoplasm occupied largely by another chloroplast may be seen in 
the lower right-hand corner. Magnification: χ 37,000. 
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charide in the wall. The encrusting calcium carbonate found in walls of 
plants taken directly from the sea, but not found in the walls of plants 
grown in culture, presumably would be located within the outer thin 
mucilagenous layer (Fritsch, 1945). 

D i s c u s s i o n 

Although fibers have been identified in electron micrographs of 
several forms of moving cytoplasm (e.g., de Pétris et al., 1962; Wohlfarth-
Botterman, 1962), their existence has not been confirmed by electron 
microscopy in the moving cytoplasm of green plants. Even the fibers 
seen in dark field microscopy in Char a (Jarosch, 1956) and Nitella 
(Kamiya, 1959) have not as yet been clarified by electron microscopy. 
Judging from the results of physiological and biochemical investigations 
(Takata, 1958, for example) it would seem likely that contractile act-
omyosin-like fibers do exist in green plants, but apparently present 
methods of preparation for electron microscopy do not preserve their 
structure. Or, possibly these fibers are present in such a diffuse form that 
their identification in electron micrographs will be most difficult. How-
ever, other cytoplasmic structure can be satisfactorily preserved and it is 
of interest to examine their possible role in streaming phenomena. 

The anastomosing tubules seen in abundance in many regions of the 
cytoplasm of Acetabularia offer at least three alternatives for their possible 
function: (1) They may be elements of smooth endoplasmic reticulum 
somehow involved in cell wall deposition. Porter and Machado (1960, 
1961) have shown the endoplasmic reticulum may be associated with the 
developing walls of higher plants, and the present writer's own un-
published examination of pea root cells has demonstrated that clear 
continuities may exist between the smooth endoplasmic reticulum and 
the expanding cell wall. However, in Acetabularia the anastomosing 
tubules are not confined to the outer margin of the cytoplasm where wall 
deposition is most active, nor have direct continuities of the tubular 
elements with the wall yet been established. (2) The quantity of anas-
tomosing tubules in a given region may reflect the physical state of the 

FIG. 4. A portion of the hyaloplasm showing the anastomosing tubules sectioned 
in various planes. Ribonucleoprotein particles show no affinity for the tubules. M, 
mitochondrion. Magnification: χ 48,000. 

FIG. 5. Part of the wall of a 2-cm Acetabularia showing two structurally distinct 
regions. T h e larger portion of the wall is coarsely fibrous in texture whereas the 
smaller portion (arrow) is homogeneous or composed of very fine fibers. Pm, plasma 
membrane. Magnification: χ 40,000. 
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cytoplasm of that region. Thus large numbers of tubules may indicate a 
gel state whereas fewer tubules (or their absence) may characterize a sol 
condition. The extremely crowded appearance of the cytoplasmic tubules 
in some areas (Fig. 1, for example) suggests that organelles within this 
area are not free to move about with great ease. In other regions chloro-
plasts and mitochondria seem suspended in cytoplasm almost devoid of 
background structure, and would thus appear capable of unimpeded 
movement. Since it is known that the sol-gel interface (Kamiya and 
Kuroda, 1956) or sol-gel transformations (Abé, 1962) may be involved in 
the driving mechanisms for protoplasmic streaming, it would seem of 
prime importance to investigate further the structural basis for the sol 
and gel conditions. Unfortunately it has not been possible thus far to 
correlate positively the tracts of streaming cytoplasm seen in the living 
cell with a definite region of the cytoplasm after the cell has been fixed 
and embedded for electron microscopy. (3) The possibility that the 
tubules may also operate as a conveyor or communications network con-
necting various regions of the cytoplasm should also be considered. 
The occurrence of a system of anastomosing tubules in the sarcoplasm of 
striated muscle is well documented (cf. Porter, 1961), and this sarcoplasmic 
reticulum most probably serves to coordinate different regions of muscle 
fibers (either to relax the muscle or in some other capacity). Since con-
tractile fibers may also be present in the moving cytoplasm of Acetabularia, 
it would not be too surprising to find a coordinating system provided to 
produce the uniform, unidirectional motion resulting from the action 
of many individual fibers. 

Whatever their function it is clear that the anastomosing tubules 
(endoplasmic reticulum) from a major structural component of the 
hyaloplasm of Acetabularia. It is of some interest that tubular vesicles 
have also been seen in electron micrographs of the endoplasm of ameba 
(Schneider and Wohlfarth-Botterman, 1959). Obviously only continuing 
investigations of the fine structure of streaming cytoplasm will determine 
the universality of this kind of structure, and ultimately, its possible 
relation to the streaming process. 

Summary 

The fine structure of Acetabularia has been examined after osmium 
fixation and Epon embedding. Many of the cellular components seem 
similar to structures described elsewhere in other plant tissue. However, 
the presence of numerous anastomosing tubules in the ground cytoplasm 
(hyaloplasm) are noted, and theories for their possible function especially 
in relation to streaming are discussed. Large crystals in the vacuole are 
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examined and are found to have regular spacings. Chloroplasts may or 
may not possess grana and often contain starch. 
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DISCUSSION 

C H A I R M A N T H I M A N N : Now we are ready for discussion or questions. 
DR. R E B H U N : Would it be possible to cut strips from the wall in Acetabularia 

before you fix the cell and, say, fix just part of this wall, with its associated ectoplasm? 
DR. B O U C K : I tried this, but obtained extremely poor fixation. If successful, one 

might thus be able to reveal the structure of the endoplasm, without having materials 
from the vacuole affect fixation. 

C H A I R M A N T H I M A N N : The problem occurs not only with fixation but also with 
enzyme preparations, for example, from very acid cells such as the cells of leaves of 
Kalanchoë where there is a high concentration of malate. It has been found in these 
cases that one can get protection against the large amount of organic acid there by 
previously exposing the leaf tissue to ammonia. Ammonia penetrates very rapidly 
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into the cells. T h e n , after a few minutes in ammonia, depending on the thickness of 
the cuticle, you can make your preparation of enzymes; the ammonia hasn't had time 
to be metabolized and the free acid is neutralized. I wonder if this is worthwhile trying 
in Acetabularia. 

DR. BOUCK: It seems like a very good idea. 
DR. R O T H : First of all, I would like to compliment you on your very nice work. 

I tried diligently for several weeks to fix Acetabularia and gave up. It is a very difficult 
cell with which to work; nevertheless, very interesting. 

In the amcbac there are areas seen in the cytoplasm which have no ribosomes, no 
vesicles, no mitochondria, but, nevertheless, look very compact. These are the areas 
that are frequently called "ectoplasm." Do you see any such concentrations of very 
finely filamentous material? 

DR. BOUCK: Filaments, of course, are generally elusive in plant material. Spindle 
fibers are extremely hard to demonstrate by electron microscopy. I have not as yet seen 
fibers of any kind in the cytoplasm of Acetabularia. 

DR. A L L E N : I would like to comment that it would be extremely useful for electron 
microscopists to study the relationship between the deployment of endoplasmic reti-
culum and regions of active cytoplasmic streaming in plant cells, in the light of the 
kinds of mechanisms of streaming Kavanau has recently proposed. 

C H A I R M A N T H I M A N N : According to electron microscopists it (the ER) is less marked 
in regions of vigorous streaming. 

DR. M A H L B E R G : Were you able to see the nucleus in any of your sections? 
DR. BOUCK: Yes. T h e nucleus has a typically pored membrane; but the contents 

were not preserved. 
DR. W O L P E R T : I presume you fixed your material in the cold. 
DR. BOUCK: NO. 

DR. R E B H U N : If I remember correctly, it was Dr. Takata who did work with 
glycerated Acetabularia using adenosine triphosphate to stimulate temporary stream-
ing motion in this glycerated material. Assuming these are good repeatable experiments, 
one wonders if it wouldn't be worthwhile to do electron microscopy on this glycerated 
material. Have you tried this? 

DR. BOUCK: NO. I think it would be a good project. 
DR. M A H L B E R G : IS the tonoplast a "typical" unit membrane? 
DR. BOUCK: Yes. 


