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Introduction 

Observations on organelle movements in hair cells of tomato and 
tobacco, and mesophyll cells of spinach are recorded here by phase-
contrast cine photomicrographs in color at 24 frames/sec. Previously 
Guilliermond (1941) and Jones et al. (1960) filmed organelle behavior 
in plant cells by time-lapse photomicrographs. Honda et al. (1961, 1962) 
without time-lapse photography recorded novel features of the inter-
play between chloroplasts and mitochondria as well as illustrating some 
rapid changes in mitochondrial forms. 

In general, organelle movement is passive, being the result of Brown-
ian motion or kinoplasm (streaming cytoplasm) movement. Only in 
case of mitochondria, chloroplast jackets, protuberances of the chloro-
plast jackets and the cytoplasmic network does it appear that some 
independent motion occurs. These motions are relatively localized and 
do not result in any substantial swimming movement or locomotion. 
Still, the movements shown here are remarkably dynamic and illustrate 
that time-lapse photography is unnecessary and even detrimental for the 
recording of most organelle motion in the uncultured, mature, higher 
plant cell. 

Some systems considered here may not be classified as organelles. 
However, since we are concerned with organelle movement in streaming 
cells it is relevant to show the behavior, for example, of kinoplasm as 
it carries different organelles about the cell. 

Mitochondria 

The particles identified here as mitochondria are highly pleomorphic 
bodies encompassing all previously reported variations in shape and 
size. We consider these forms to be normal since the cells can stream for 
days and, as evidence of normal metabolic behavior, will produce starch 
in chloroplasts when illuminated. The mitochondria appear the most 
labile organelles in the plant cell. The slightest injury or other irritation 
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causes them rapidly to assume spherical shapes before conspicuous 
changes occur in other organelles. Indeed, the appearance of apprecia-
ble numbers of rounded mitochondria is a sign that the cell is about 
to expire. 

Although all forms of mitochondria may be seen easily in cells of 
spinach leaves, potato tubers, and sweet potato roots, the hair cells of 
tobacco and tomato are especially suited for photography at one site or 
of a particular mitochondrion because virtually all variations of form 
may occur in a short time. For example, the following sequence of events 
was recorded on cine film in 105 sec. An elongated mitochondrion formed 
a loop by end-to-end fusion (cf. Gey et al., 1956; Tobioka and Biesele, 
1956). Two arms were extended from the loop (cf. Frédéric, 1958) and 
the loop opened near the junction with one arm. A second, short, rodlike 
mitochondrion joined with the opened loop by end-to-end fusion (cf., 
sticky mitochondria reported by Gey et al., 1956). A thread connecting 
the newly added mitochondrion with the opened loop traversed the 
length of the added portion in a way appearing to turn the arm inside 
out. Later, the remaining branch, formed before the loop opened, was 
retracted. Then a new arm was extended from a location near the site 
of the previous retraction. The arm formed by fusion with the second 
mitochondrion was retracted and the result was a very elongated mito-
chondrion with no branches. A sphaerosome collided several times with 
the elongated mitochondrion without showing any tendency to fuse or 
stick. Finally, a third mitochondrion fused end-to-end with the elongated 
mitochondrion. 

In addition, we have observed loop formation by longitudinal split-
ting of a portion of a mitochondrion (cf. Dangeard, 1958), but we have 
not observed complete longitudinal splitting. Fusion of spherical mito-
chondrial granules occurs (cf. Sorokin, 1941; Tobioka and Biesele, 1956; 
Jones et al., 1960), but we have never observed full length, side-to-side 
fusion of rodlike mitochondria (cf. Tobioka and Biesele, 1956). Syncytial 
complexes of several mitochondria occur (cf. Dangeard, 1958; Palade, as 
reported by Novikoff, 1961). Common mitochondrial forms, showing 
thick portions tapering to thin threads, resemble those forms that 
Robertson (1960) interprets as occurring in the formation of mitochon-
dria from the endoplasmic reticulum. Rarely, the process of mitochondria 
becoming trapped in pulsating loops of kinoplasm may be seen. Mito-
chondria at times enter between the lobes or platelets of Golgi bodies 
and may or may not emerge. Although not recorded on cine film, we 
have observed the coalescence of mitochondria with the cytoplasmic 
network upon application of pressure on cells and their reappearance 
from the network after the release of pressure. 
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Apart from arm extensions and retractions, which have been de-
scribed as ameboid (cf. Sorokin, 1941), and local contractions and re-
laxations (pulsations), mitochondria show only passive motion. They 
often move on paths defined by the cytoplasmic network. Sometimes 
the mitochondria in following invisible tracks suddenly move out of 
focus. These deviations may result from a twisting motion of strands 
of kinoplasm (cf. Kamiya and Seifriz, 1954) which carry along the mito-
chondria, sphaerosomes, Golgi bodies, chloroplasts, and nuclei. 

We have recorded a transformation between chloroplast structures 
and mitochondria (Honda et al., 1961, 1962; Spencer and Wildman, 
1962; Wildman et ah, 1962). Chloroplasts in situ are surrounded by 
jackets of material not containing chlorophyll (Figs. 1 to 3). The jackets, 
integral parts of chloroplasts, are in continuous motion and at times 
extend long protuberances even from chloroplasts without any obvious 
amount of jacket. These protuberances may segment into particles re-
sembling mitochondria.1 In addition, mitochondria may coalesce with 
the chloroplast protuberances and lose their individual identities or 
only partially fuse together. It is stressed here that the segmentation of 
chloroplast protuberances does not appear to be a very widespread ac-
tivity in terms of numbers. 

Many plant physiologists and biochemists are reluctant to accept 
these segmented particles from chloroplast protuberances as mitochon-
dria, in the sense that they contain respiratory enzymes, even though 
the particles appear and behave in situ as mitochondria do in plant cells 
without chloroplasts. The biochemical properties of the particles from 
protuberances remain to be characterized. However, there is no rigorous 
evidence with purified plant preparations that respiratory systems with 
dehydrogenases, electron transport enzymes, phosphorylating enzymes, 
and cytochrome oxidase are limited, in fact, to one type of plant par-
ticle with cristae. Two possibilities, among several, to account for mi-
tochondrial behavior of particles derived from chloroplast protuberances 
are: (a) Mitochondria may be incorporated into chloroplast jackets by 
a fusion or melting of their limiting membranes and become invisible 
and later by segmentation of chloroplast protuberances the mitochon-
dria may regain their individuality; and (b) particles segmented from 

ι Some of the confusion about the pleomorphism of chondrioconts, plastids, and 
mitochondria (cf. Guilliermond, 1941; Sorokin, 1941, 1955) may be related to transfor-
mations between mitochondria and jackets of nongreen plastids in epidermal cells 
(Figs. 2 and 3). These plastids are much smaller than chloroplasts found in mesophyll 
cells and, not appearing green, they may not be recognized as chloroplasts. However, 
the presence of chlorophyll in these plastids is readily revealed by fluorescence mi-
croscopy. 



488 S. I. HONDA, T. HONGLADAROM, AND S. G. WILDMAN 



Movements of Organelles in Plant Cells 489 

chloroplast protuberances may develop new biochemical properties upon 
their removal from the internal milieu of chloroplasts. The concept of 
mitochondria developing enzymatic activities is not a long step from 
mitochondria being biochemically heterogeneous or pleotropic (cf. Mer-
cer, 1960; Avers, 1961). 

The reluctance to accept segmented particles from chloroplast pro-
tuberances as mitochondria seems partly related to definition. We use 
the classical sense of the term "mitochondrion" (Benda, 1902); that is, 
threadlike body, because in the living cell we can only identify an ob-
served particle by morphological traits and behavior. It should be 
pointed out that all those particles called mitochondria by us appear 
as threadlike bodies at one time or another even though they assume 
other shapes during intervening periods. Indeed, dynamic pleomorphism 
is characteristic of mitochondria, and this property sharply distinguishes 
them from the behavior of sphaerosomes. A contemporary definition of 
plant mitochondria (Mercer, 1960) requires the presence of cristae mito-
chondriales and the ability to oxidize fatty acids and to exhibit oxida-
tive phosphorylation with Krebs cycle acids. 

It is often tacitly assumed that cristae and the ability to exhibit 
oxidative phosphorylation are coincident properties of mitochondria. 
There is little doubt that respiratory enzymes reside in animal mito-
chondria with cristae; rather, the concern is the localization of enzymes 
within the mitochondria. There are only a few cases, limited to rat 
liver and beef heart mitochondria, which attempt to establish the local-

FIGS. 1 to 5. Positive phase-contrast photomicrographs were obtained with a Zeiss 
GFL microscope equipped with a V Ζ phase-contrast condenser, Neofluar phase ob-
jective lenses, Komplan ocular lenses, basic body II with photocell and meter, and 
Zeiss camera back. Eastman Double-X film, cine type 5222, was exposed with elec-
tronic flash and printed on No. 6 grade Agfa Brovira paper except for Fig. 1, which 
was printed on F-5 Kodabromide paper. All subjects were living cells mounted in 
distilled water. Figure 1—grana are visible as dark gray spots in oval-shaped re-
gions within the irregularly shaped, light gray jackets of spinach mesophyll chloro-
plasts. One extended chloroplast protuberance is visible. Magnification: χ 4000. 
Figure 2—jacketed chloroplast with beaded, extended protuberance (c) photographed 
in a living tomato hair cell. Chloroplasts of this type do not appear green by phase 
microscopy but reveal the presence of chlorophyll by fluorescence. Magnification: 
χ 2000. Figure 3—jacketed chloroplasts (c) with and without chloroplast pro-
tuberances photographed in a living tomato hair cell. These structures do not appear 
green but contain chlorophyll. Magnification: χ 2400. Figure 4—cytoplasmic net-
work (cn), formed by strands and sheets of kinoplasm which may completely surround 
small vesicles or vacuoles, with chloroplasts (c) photographed in a living tomato hair 
cell. Magnification: χ 1200. Figure 5—cytoplasmic network with out-of-focus sphae-
rosome (s) and mitochondrion (m) photographed in a living tomato hair cell. Magni-
fication: χ 2400. 
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ization of respiratory enzymes on cristae or other fragments of mito-
chondrial membranes (Siekevitz and Watson, 1956, 1957; Watson and 
Siekevitz, 1956; Ziegler et al, 1958; Fernandez-Moran, 1962). Even in 
these cases, the correlations can be questioned. For studies of this type 
Novikoff (1961) points out the necessity for morphological evidence 
showing the origin of fragments and the establishment of satisfactory 
sampling procedures. Sjöstrand (1956) mentions the possibility of an 
association of enzymes on artificially formed structures from lipids and 
proteins in mitochondrial extracts. 

The presence of cristae is not in itself sufficient to show that a par-
ticle has the conventional biochemical properties of a mitochondrion. 
Yotsuyanagi (1959) found particles with cristae in a mutant yeast which 
had no cytochrome oxidase, succinic dehydrogenase, and other respira-
tory enzymes (Ephrussi and Slonimski, 1955; Yotsunyanagi, 1955). Avers 
(1962) found about nine times more plant particles with cristae per cell 
than particles stained with Janus green Β or the Nadi reaction (Avers, 
1961; Avers and King, 1960) which are among the most reliable agents 
for localizing electron transport enzymes and cytochrome oxidase (cf. 
Novikoff, 1961). 

It is not excluded that aerobic respiratory enzymes can reside else-
where than in mitochondria. The evidence from staining with Janus 
green Β and the Nadi reaction indicate the presence of electron trans-
port enzymes and cytochrome oxidase in bacterial cells without mito-
chondria (for evidence and discussion see Novikoff, 1961). Furthermore, 
Perner (1953) found that the sphaerosomes rather than the mitochon-
dria showed a positive Nadi reaction. He suggested that contamina-
tions of plant mitochondrial preparations with sphaerosomes have led 
to conclusions that plant mitochondria possess cytochrome oxidase. 

Regardless of definitions, do the particles segmenting from chloro-
plast protuberances possess cristae? Electron micrographs bearing on 
this point are obtained fortuitously. There are very few published elec-
tron micrographs which even show the chloroplast jackets as obvious 
jackets. In general, most electron micrographs show no cristae in the 
protuberances or the critical regions are insufficiently defined. These 
protuberances, however, are never in a visibly different, extremely ex-
tended configuration seen in the living cell during segmentation. Thus, 
these regions in most electron micrographs may not represent the state 
of protuberances about to segment. 

We have seen suggestions of cristae in some of our micrographs 
(Hongladarom, unpublished electron micrographs), and M. Nittim and 
F. V. Mercer (private communication) have found a case of well-defined 
cristae in a protuberance of a bean chloroplast. Unfortunately, as in 
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other cases, electron microscopy cannot permit a decision on direction 
of movement. Thus, cristae may not occur in a segmenting particle 
but rather in a fusing mitochondrion. Our attempts to fix cells at the 
moment of segmentation of chloroplast protuberances during observa-
tion by phase microscopy have not been successful. 

With regard to plant mitochondria in general, we feel that a com-
plete extension of homology between animals and plants to the organ-
elle level is not warranted or desirable. Since plant "mitochondrial" 
preparations are grossly heterogeneous and because of a peculiarity of 
plant respiration they are insensitive to cyanide (cf. Chance and Hackett, 
1959; Hackett, 1959; Bonner, 1961), it is particularly pertinent to de-
termine rigorously if there are characteristic particles bearing character-
istic respiratory systems. The unorthodox conclusion of Perner (1953) 
that cytochrome oxidase is in the sphaerosomes rather than in the mi-
tochondria should not be dismissed cavalierly. 

The Cytoplasmic Network 

The cytoplasmic network is kinoplasm (cf. the streaming cytoplasm, 
Kamiya, 1960) in anastomosing strands and sheets which surround small 
vesicles or vacuoles in a pattern resembling a network (Figs. 4 and 5). 
Portions of the network may be a visible manifestation of the endo-
plasmic reticulum (ER). Porter (1961) summarized the reasons why the en-
doplasmic reticulum may be recognized by light microscopy. Others have 
interpreted similar networks in different cells as being endoplasmic re-
ticulum (Rose and Pomerat, 1960). Fawcett and Ito (1958) have shown 
by electron microscopy that their network visible by light microscopy 
was, indeed, the endoplasmic reticulum. 

The network may be very extensive or it may be difficult to find in 
plant cells. It is localized in a layer adjacent to the central main vacu-
ole. Strands of kinoplasm (the streaming cytoplasm) traverse the central 
vacuole from wall to wall. The diameter of such strands can be smaller 
than the diameters of sphaerosomes or mitochondria which distort such 
strands during their passage across the vacuole. Sheets of kinoplasm 
also may extend through the main vacuole and completely partition the 
vacuole. Both the strands and sheets of kinoplasm contain network 
vesicles. Neighboring strands of the network may stream in opposing 
directions. However, it is rare that such network strands are exactly in 
the same plane of focus although inclusions may pass from one strand 
to another. Kinoplasm is not always visible but its presence may be 
inferred from the streaming of cell inclusions in ordered arrays without 
deviations from invisible tracks. As with the visible network, neighbor-
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ing streams of invisible kinoplasm may move in opposing directions. 
At times mitochondria and sphaerosomes swirl about in local vortices 
of kinoplasm and then continue in a more orderly procession. 

The network may stream vigorously or it may display little or no 
motion. Kinoplasm moves the various cell inclusions about the cell and, 
indeed, the Golgi bodies and the nucleus are always surrounded by kino-
plasm in the form of the cytoplasmic network. This is consistent with 
the notions that the Golgi bodies are intimately connected with the 
E R system and that the E R system forms an envelope around the nu-
cleus (cf. Porter, 1961). Where network movement is extremely slow or 
nil, the mitochondria tend not to show ameboid motion. They remain 
in a given configuration without change. When streaming of the net 
recommences the mitochondria begin to show pulsations and pleomor-
phic changes. 

At times small portions of the network strands separate from the rest 
of the network under normal conditions. These drops of kinoplasm 
appear like isolated drops of protoplasm described by Yotsuyanagi 
(1953). We have not observed protrusions of small arms from the drops 
although the surface of the drops appears to pulsate. These drops of 
kinoplasm resemble particles called "leucoplasts" by Peiner (1958). Also 
during streaming, the network sometimes forms a collection of vesicles 
which becomes separated from the main body of kinoplasm and floats 
free in the central vacuole. These collections of vesicles assume a spher-
ical shape. We have never observed the balls of free floating network 
to return to the cytoplasm. 

Individual strands of kinoplasm in the network sometimes behave 
as mitochondrial threads except that they are still connected to the 
general network. Contortions of such strands are especially well shown 
on the surface of hexagonal inclusions of U1 tobacco mosaic virus in a 
previous cine film (Hongladarom et al., 1961; Honda et al., 1962). As 
with mitochondria, the motion of network strands may result from the 
movement of surrounding cytoplasm but swellings and contractions and 
segmentations are less easily explained. 

Certain treatments, such as pressure, stop kinoplasm motion and 
parts separate from the network in forms sometimes resembling ex-
tremely thick, elongated mitochondria. These particles or closed tubes 
of the network may be mistaken for pathological forms of mitochondria 
(cf. Dangeard, 1958). These particles can be distinguished from mito-
chondria by their great size and lack of pleomorphism after release of 
pressure. They usually show local contractions and relaxations to give 
the effect of pulsations moving about the particle surface. Smaller spheri-
cal network pieces may become trapped in network vesicles together 
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with sphaerosomes and mitochondria. The mitochondria under these 
conditions usually become spherical. Cells usually recover from pressure 
treatments that result in the above described alterations. 

At certain degrees of pressure application, mitochondria can be made 
to coalesce with the cytoplasmic network. The mitochondria lose their 
individual identity in this process. Upon release of pressure, the mito-
chondria re-form from the network. In untreated cells, mitochondria are 
often connected to the network by sticky, very fine threads. During 
streaming the mitochondria may be pulled by the threads connected to 
the network and the threads may distort the mitochondria and finally 
snap apart. 

The similarities in behavior and appearance of mitochondria and 
strands of network and the transformations between them suggest to us 
a close relationship. Robertson (1960) has suggested that mitochondria 
originate from the endoplasmic reticulum. Rudzinska and Trager (1959) 
and Glauert and Hop wood (1960) suggest that the bacterial membranes, 
which resemble endoplasmic reticulum in other organisms, may assume 
the functions of both the mitochondria and the endoplasmic reticulum 
of other organisms. 

It is our experience that the mitochondria, the cytoplasmic network, 
and the chloroplast jackets and protuberances may be transformed re-
versibly into each other under certain conditions. We have noted that 
in untreated cells when there is an extensive amount of network, there 
are fewer visible mitochondria. When there are many mitochondria, 
there is little jacket material around the chloroplast. 

A classic representation of a mature plant cell is that of a sheet of 
cytoplasm bounded on the cell wall side by the plasmalemma and 
bounded on the vacuolar side by the tonoplast. However, the tonoplast 
area must be many times greater than the area of the plasmalemma. 
Virtually the entire cytoplasmic network may be exposed to the central 
vacuole. Thus, the constantly changing, vastly convoluted surface of the 
cytoplasmic network exposed to the vacuole represents the tonoplast. A 
useful oversimplified analogy is to imagine a thin layer of cytoplasm 
pressed against the cell wall from which hangs an enormously com-
plicated anastomosing system of tubules, some of which extend through 
the central vacuole from one cell wall to another. The outer surface of 
each tubule constitutes part of the tonoplast. It can also be imagined 
that the small vacuoles entirely surrounded by the network and also 
some portions of the central vacuole are in almost direct contact with 
the cell wall. These regions of contact would undergo a continual 
change in position as the cytoplasmic network changes its position during 
streaming. 
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Sphaerosomes 

Sphaerosomes, spherical refractile bodies about 0.2 to 0.5 μ in diam-
eter, exist in large numbers in plant cells (Figs. 6 and 7). Formerly, 
these particles were called "microsomes" by botanists before biochemists 
(cf. Claude, 1943) appropriated the term in referring to artifacts derived 
from the endoplasmic reticulum of animal cells (cf. Palade and Sieke-
vitz, 1955). Steffen (1955) and Perner (1958) have reviewed the known 
properties of the sphaerosomes and the means for distinguishing them 
from proplastids, lipid droplets, and mitochondria. Virtually nothing 
is known about their biochemical properties since plant biochemists 
have ignored the existence of these numerous bodies in plant cells and 
in "mitochondrial" preparations. In higher plants from five different 
families, the sphaerosomes are the most numerous particles of one type 
visible in a cell by light microscopy (cf. Wildman and Cohen, 1955). 

Although the sphaerosomes occur throughout the cytoplasm they 
appear chiefly in the faster moving layer of the kinoplasm near the main 
vacuole. Therefore, the bulk of the sphaerosomes will not be visible 
when chloroplasts imbedded in the cortical gel are being observed. 
However, both sphaerosomes and mitochondria are sometimes observed 
to pass between the stationary chloroplasts and the cell wall. The sphae-
rosomes may be easily distinguished from all other cell inclusions by 
their bright, spherical appearance in dark-field illumination and their 
rapid translocation by the kinoplasm. Sphaerosomes display no inde-
pendent motion and show only Brownian motion while being trans-
ported by kinoplasm. As with the mitochondria, the sphaerosomes 
usually move in paths defined by the cytoplasmic network but they are 
not restricted to the paths. The sphaerosomes may be observed to enter 
between the lobes or plates of the Golgi bodies. 

Golgi Bodies 

Although the Golgi bodies here have not been rigorously identified 
by comparison of electron micrographs with light photomicrographs of 

FIGS. 6 to 9. Same equipment and conditions as for Figs. 1-5. See page 489. 
Figure 6—large number of sphaerosomes photographed in a living tobacco hair cell. 
Chloroplasts and mitochondria are out of focus. Magnification: χ 960. Figure 7— 
sphaerosome (s) and branched mitochondrion (m) photographed in a living tobacco 
hair cell. Several sphaerosomes and mitochondria are visible. Magnification: χ 1200. 
Figure 8—complex of Golgi bodies (g) with closely associated sphaerosomes (s) photo-
graphed in a living tomato hair cell. Magnification: χ 2400 Figure 9—lobed nu-
cleus with nucleolus (n) photographed as it was suspended by the cytoplasmic network 
in the central vacuole of a tomato hair cell. A strand of the cytoplasmic network (cn) 
is closely appressed to the nuclear surface. Magnification: χ 1200. 
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identical particles, these structures resemble the Golgi bodies, apparatus,, 
complexes, or dictyosomes in other cells (Fig. 8). These structures satisfy 
the criteria of Pollister and Pollister (1957) who present an especially 
useful summary for the interpretation of dark and light images in the 
recognition of Golgi bodies by light microscopy. Also there are present 
in the cells we observe, complex structures which possess the fine struc-
tures (Hongladarom, unpublished electron micrographs) now accepted 
as characterizing the Golgi bodies (Dalton and Felix, 1954). These 
structures show the typical associations of small vesicles with the edges 
of compressed or flat sacs in close proximity with endoplasmic reticulum 
{cf. Dalton, 1961). 

The Golgi bodies occur only in the cytoplasmic network and are 
moved slowly about the cell by kinoplasm. Spilling of network vesicles 
over the surface of the Golgi bodies may contribute to the vesicular 
aspects of regions in and around the Golgi bodies as revealed by elec-
tron microscopy. 

We have observed that both mitochondria and sphaerosomes, travel-
ing along the same strands of cytoplasmic network that carry the Golgi 
bodies, may enter between the lobes or plates of the Golgi bodies (Fig. 8). 
When trapped between the lobes of the Golgi bodies, the mitochondria 
and sphaerosomes show Brownian motion. Occasionally, on larger Golgi 
bodies there appear to be remnants of chloroplasts. Rarely have trapped 
particles been observed to leave the Golgi bodies. The trapped par-
ticles around the Golgi bodies may also correspond to the granules 
and vesicles associated with the Golgi bodies revealed by electron mi-
crography. Observations of the Golgi bodies do not impart the notion 
that in living cells the vesicles or granules are produced in the Golgi 
bodies, as is often inferred from electron micrographs of dead cells. 
Rather, we feel that cell detritus accumulates around these structures. 

The Golgi bodies display an unusual stiffness or rigidity to their 
forms. This stiffness is extremely characteristic. In contrast, other cell 
inclusions except crystals appear to possess a certain amount of plasticity. 

The Nucleus 

In the living, uninjured cell the saucer-shaped nucleus rarely, if 
ever, appears homogeneous and rounded. It is irregularly lobed and 
furrowed (Fig. 9). Although surrounded by the cytoplasmic network 
the nucleus moves only slowly even while suspended in the interior of 
the vacuole away from the cortical gel. Since the cells we observe are 
mature and will not divide, the nuclear observations represent only 
one aspect of the resting stage. We see, for example, no chromosomes 
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or nuclear fission. However, the nucleoli often present a heterogeneous 
appearance, in some cases extending protuberances into the nuclear 
body (Fig. 9). It is rare to see more than one nucleolus per nucleus in 
these cells. 

Some aspects of a close apposition of the cytoplasmic network on 
the nuclear surface may be mistaken for a furrowed surface (Fig. 9). 
However, the typical network strands may be traced out into the cyto-
plasm. Superficially, it appears that the cytoplasmic network streams 
into and out of the nucleus. It is clear, however, that the cytoplasmic 
network only covers the nuclear surface. The whole complex appear-
ance is consistent with portions of the network being endoplasmic re-
ticulum (cf. Fawcett and Ito, 1958) which envelopes the nucleus, as 
shown by electron microscopy (cf. Porter, 1961). 

Immobile mitochondria and sphaerosomes may be seen on the nu-
clear surface. If there is little streaming in a network strand, the mito-
chondria and sphaerosomes may stay in prolonged proximity to the 
nucleus. Chloroplasts also may be carried to the nuclear surface and 
stay or be carried away again. 

In common with mitochondria, the irregularly shaped nucleus be-
comes rounded when the cell is injured. This may account for the 
rounded appearance of nuclei in many fixed cells. Nuclei in cell ex-
tracts made with most types of media also appear rounded, swollen, 
fragmented, or even nonexistent. 

Chloroplasts 

Chloroplasts generally are immobile, being imbedded in the cor-
tical gel which is interposed between the cell wall and the vacuole. 
Some kinoplasm may pass between the immobile chloroplasts and the 
cortical gel because mitochondria and sphaerosomes sometimes stream 
between the cell wall and the chloroplasts. Usually the mitochondria 
and sphaerosomes stream around the chloroplasts rather than across the 
chloroplast face on either the vacuolar or cell wall side. 

When displaced from the cortical gel and caught in the kinoplasm 
the chloroplasts move about the cell. They readily may become im-
mobile again. Sometimes the chloroplasts rotate in the strands of kino-
plasm. Presumably the chloroplast rotation reflects the twisting of 
kinoplasm (cf. Kamiya and Seifriz, 1954). During the rotation the chlo-
roplasts clearly show grana in face view while side views only display 
a bright, smooth, refractile aspect. The lenticular aspect of chloroplasts 
on side presumably acts as a refracting system that obscures the grana. 

Even while imbedded in the cortical gel, the chloroplasts may show 
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a small degree of movement. However, the motion may oppose the 
flow of kinoplasm. Indeed, chloroplast protuberances may extend op-
posite in direction to the kinoplasm flow and the chloroplast also may 
move in the opposite direction. It should be noted, however, that the 
chloroplasts and the cytoplasmic network and kinoplasm, in general, 
are located on slightly different planes not readily distinguished. The 
small chloroplasts in hair cells are more prone to movement than the 
larger chloroplasts in spinach mesophyll cells. 

It is now generally accepted that light can orient chloroplasts within 
higher plant cells (cf. Granick, 1955). Intense light is supposed to cause 
the movement of chloroplasts in a way to expose the least surface area 
of the chloroplasts. Voerkel (1933) reported that blue light (408-510 ιτιμ) 
filtered through C u S 0 4 solution caused movement of chloroplasts. We 
usually do not see such movements when examining cells with filtered, 
intense light from a xenon arc burner suitable for cine photomicrog-
raphy. However, if interference heat filters are removed from the light 
path, the spinach chloroplasts move to the side walls of mesophyll cells. 
The interference heat filters decrease the transmitted light to 10% of 
the incident intensity at 350 and 770 ιτιμ. Beyond these extreme wave-
lengths the intensity is even less. From 400 to 670 ιημ the transmitted 
intensity is 50-76% and the transmission is further attenuated as 350 
and 770 πιμ are approached. Thus, it appears that infrared radiation 
may engender chloroplast movement. 

The outer, irregularly shaped jacket that surrounds the granular 
portion of a chloroplast (Figs. 1 to 3) presumably corresponds to the 
mobile peristromium of Senn (1908) as described by Guilliermond (1941). 
The ameboid movements of the jackets do not result in locomotion of 
the chloroplasts. Only the grana fluoresce red under ultraviolet light. 
The chloroplast jackets and protuberances, therefore, do not contain 
chlorophyll or protochlorophyll. 

The joining of mitochondria with chloroplast protuberances does 
not abolish the form changes which we find are characteristic of mito-
chondria. For example, the following sequence was filmed in 84 sec. 
A short mitochondrion joined with a protuberance of a tomato hair 
chloroplast by end-to-end fusion. Movement of the original mitochon-
drial portion in the kinoplasm pulled the chloroplast about. The com-
bined protuberance became beaded with thick portions separated by 
fine thread connections. The middle, thick section of the protuberance 
formed an arm. The original terminal portion of the protuberance was 
then retracted into the rest of the protuberance. Segmentation of the 
protuberance then occurred and the mitochondrial-like particle moved 
away in the kinoplasm. 
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Granick (1955, 1961) presents the view that in higher plants the 
number of chloroplasts per cell is less if the chloroplasts are large. Our 
preliminary results indicate that for mature spinach mesophyll cells 
there are more and larger chloroplasts in the larger cells. In a single cell, 
however, there is a distribution of chloroplast sizes. The question arises, 
from where do the additional chloroplasts originate in the larger ma-
ture cells? We do not see chloroplast division even though two granular 
structures may be in close proximity to each other in a single jacket. 
By appropriate treatments, such as application of pressure or 2,4-dinitro-
phenol, separate jacketed chloroplasts can be made to join together to 
appear as two or more structures bearing grana in a single jacket. 
Therefore, the mere presence of two structures with grana in a single 
jacket is not sufficient evidence for chloroplast division. 

On rare occasions, we have seen bodies which may be proplastids 
in mature mesophyll cells of light-grown spinach. Their movements in 
the kinoplasm are too rapid to permit the identification of protochloro-
phyll in the particles by fluorescence microscopy. There are, however, 
bodies resembling proplastids in electron micrographs of spinach chlo-
roplast preparations isolated from mature spinach by Kahn and Wett-
stein (1961). 

In spinach mesophyll cells, jacketed chloroplasts (Fig. 1) are easily 
distinguished from non-chloroplast bodies. However, in tobacco and 
tomato hair cells and in spinach leaf epidermal cells, the chloroplasts 
are small pleomorphic bodies (Figs. 2 and 3) which often do not appear 
green. The pleomorphism of the chloroplast jackets of these small or-
ganelles may allow for them to be mistaken for mitochondria or non-
green plastids. Many forms corresponding to "colorless" plastids or leu-
coplasts are, in fact, chloroplasts with mobile jackets, as can be verified 
by fluorescence microscopy. When these organelles are classed as chloro-
plasts by their fluorescence, we see no other particles except the drops of 
kinoplasm which might be classified as proplastids or leucoplasts. 

Summation 

The mature, higher plant cell is a complex, dynamic multiphase 
system. It is stratified from outside to inside as follows: cell wall; non-
mobile or extremely slowly moving cortical gel with chloroplasts and, 
occasionally, mitochondria and sphaerosomes imbedded in it; at least 
two major layers of kinoplasm, i.e., streaming cytoplasm; the slower 
moving layer adjacent to the cortical gel contains the major portion of 
the mitochondria and the faster moving layer nearer the vacuole con-
tains the bulk of the sphaerosomes; and finally the main vacuole. Kino-
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plasm strands anastomose and sheets may enclose small vesicles or vacu-
oles, thereby forming a syncytial pattern, the cytoplasmic network. The 
endoplasmic reticulum may be manifested by portions of the cytoplasmic 
network. Other strands and sheets of kinoplasm may traverse the cen-
tral vacuole from wall to wall. Mitochondria, sphaerosomes, Golgi 
bodies, the nucleus, and chloroplasts, when dislodged from the cortical 
gel, are moved about the cell in kinoplasm. They follow paths marked 
by the cytoplasmic network. Although the Golgi bodies and nucleus 
occur only in kinoplasm in the form of the cytoplasmic network, both 
the mitochondria and sphaerosomes are not restricted to such paths. 
Mitochondria and sphaerosomes may be seen passing from layer to layer 
of the slow and fast moving layers of kinoplasm. Usually the mitochon-
dria and sphaerosomes stream around the chloroplasts which bulge out 
of the cortical gel. However, sometimes they stream across the chloro-
plast face on either the cell wall side or near the vacuole. The chloro-
plasts often are irregular in shape with grana restricted to a regular, 
oval portion within a jacket not containing chlorophyll. Sometimes 
protuberances are extended from the jackets and segment into mito-
chondria-like bodies which behave and appear as mitochondria in situ 
by light microscopy. Mitochondria may coalesce with the chloroplast 
jackets and completely lose their individual identity or only momen-
tarily fuse or stick with the jackets. 

The dynamic behavior of living cells and their organelles may ne-
cessitate new conceptions of the basis of structure as it is related to 
function. Anticipating the need for a more flexible view, Mercer (1960) 
points out that the dynamic pleomorphism of cell constituents repre-
sents the structural counterpart of biochemical turnover and metabolic 
pools. He clearly warns: " I f structure has a statistical existence then 
many of our classical concepts of cell physiology and cell morphology 
may be hopelessly inadequate." 
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DISCUSSION 

DR. ROBINEAUX: One can observe fragmentation of mitochondria when the mi-
tochondria are going into a stream. What do you think about the active movement 
of mitochondria? 

Doubtless you are familiar with the work of Frédéric on the mitochondria of 
fibroblasts. What do you think about possible active movements of mitochondria in 
plants? 

DR. HONDA: I feel that there is no active movement in the sense of locomotion. 
There may be local exchanges of substances in the way Dr. Mahlberg suggested, or 
local contractions in the mitochondrion as a result of phosphorylation. I doubt 
whether this should be called active movement. 

DR. ROBINEAUX: Did you ever observe the disappearance of the mitochondria? 
DR. HONDA: Yes; this happens occasionally. 
DR. ROBINEAUX: In mitosis? 

DR. HONDA: These cells are mature vacuolated cells; they do not divide. 
DR. WOHLFARTH-BOTTERMANN: Your pictures are the best I have seen of the en-

doplasmic reticulum in living cells; but, first, may I ask whether you have studied 
the endoplasmic reticulum in the electron microscope to make sure this "network" 
is really endoplasmic reticulum? 

Second, I saw in your pictures a suggestion that sphaerosomes and mitochondria 
are flowing along the "cytoplasmic network." Do you believe that these sphaerosomes 
or mitochondria are flowing in this endoplasmic reticulum or on the outer side? 

DR. HONDA: We have made some electron micrographs of cells in which the 
characteristic membrane structures do correspond to endoplasmic reticulum, but we 
cannot say that the network is entirely endoplasmic reticulum in all cells. The 
streaming of the different particles with the network we believe is generally on the 
surface. They may be trapped within, but this is very abnormal. Such things happen 
when the cell is treated with pressure or dinitrophenol. 

DR. ALLEN: I want to ask exactly what you mean by the term "kinoplasm." I 
think you are aware of the history of the meaning of this term. 

DR. HONDA: Yes. We just use the term in the sense of streaming cytoplasm. 


