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Abstract. By using fluorescently labeled phalloidin we 
have examined, at the light microscope level, the 
three-dimensional distribution and reorganization of 
actin-like microfilaments (mfs) during plant cell cycle 
and differentiation. At interphase, mfs are organized 
into three distinct yet interconnected arrays: (a) fine 
peripheral networks close to the plasma membrane; 
(b) large axially oriented cables in the subcortical re- 
gion; (c) a nuclear "basket" of mfs extending into the 
transvacuolar strands. All these arrays, beginning with 
the peripheral network, disappear at the onset of mito- 
sis and reappear, beginning with the nuclear basket, 
after cytokinesis. During mitotic and cytokinetic events, 

mfs are associated with the spindle and phragmoplast. 
Actin staining in the spindle is localized between the 
chromosomes and the spindle poles and changes in a 
functionally specific manner. The nuclear region ap- 
pears to be the center for mf  organization and/or initi- 
ation. During differentiation from rapid cell division to 
cell elongation, mf arrays switch from an axial to a 
transverse orientation, thus paralleling the microtu- 
bules. This change in orientation reflects a shift in the 
direction of cytoplasmic streaming. These observations 
show for the first time that actin-like mfs form intri- 
cate and dynamic arrays in plant cells which may be 
involved in many as yet undescribed cell functions. 

T 
HE components, organization, and dynamics of actin 
microfilament (mf) 1 arrays during animal cell growth 
and development have been extensively studied. While 

the many specifics are far too detailed for discussion here, 
changes in the organization of mfs have been documented 
during cell migration (Gabbiani et al., 1984), cell spreading 
(Kaiho and Sato, 1978; Connolly et al., 1981), changes in cell 
shape (Aubin et al., 1983), and cell differentiation (Wang and 
Taylor, 1979; Scher et al., 1983; Nagata and Ichikawa, 1985). 
From studies such as these we know that mfs in animal cells 
form very dynamic, three-dimensional networks which in- 
teract with many cell components to modulate numerous cell 
processes. 

In plant cells, the study of actin-like mfs has been re- 
stricted primarily to an analysis of their role in cytoplasmic 
streaming. Using the large internodal cells of the algae 
Nitella and Chara, much information has been accumulated 
concerning the chemical nature of filament bundles, the or- 
ganization of filaments within the bundles and the regulation 
of streaming (for review see Hepler and Palevitz, 1974; 
Tiwari et al., 1984; Jackson 1982). There have been a few 
reports which describe actin mfs that are not involved in 
streaming. Using decoration with heavy meromyosin, Forer 
and Jackson (1979) and Forer et al. (1979) reported actin fila- 
ments in the mitotic spindle of Haemanthus. Microfilaments 
have also been reported associated with the cortical microtu- 
bules (Seagull and Heath, 1980; Mueller and Brown, 1982; 

1. Abbreviations used in this paper: 2,4-D, 2,4-dichlorophenoxyacetic acid; 
GA, gibberellic acid; mf, microfilament; Rd-phal, rhodamine-conjugated 
phalloidin. 

Traas, 1984; Brown 1985). No chemical evidence (i.e., bind- 
ing with heavy meromyosin) exists to prove that these are in- 
deed actin. 

The study of actin mf arrays in plant cells has been facili- 
tated by the use of fluorescently labeled phallotoxins. These 
probes specifically bind filamentous actin (Wulf et al., 1979). 
Their use has greatly increased our knowledge of the three- 
dimensional organization of actin arrays in plant cells (Par- 
thasarathy et al., 1985; Parthasarathy 1985; Clayton and Lloyd, 
1985; Pesacreta et al., 1982). We now know that actin arrays 
form complex patterns throughout the cytoplasm of many 
highly elongate plant cells (Parthasarathy et al., 1985). The 
dynamics involved in establishing these arrays however re- 
mains totally unknown. Clayton and Lloyd (1985) have exam- 
ined the various actin configurations found during the cell 
cycle but have made no attempt to describe in detail the reor- 
ganization of mf arrays. 

Using cycling plant cell suspension cultures, we have 
monitored in detail the reorganization of mf arrays as the 
cells progress from interphase, through mitosis and cytoki- 
nesis, back to the interphase configuration. In addition, by 
inducing a conversion in growth kinetics from cell division 
to cell elongation, we have described the changes in mf ar- 
rays which accompany this form of differentiation. 

Our results confirm that mf arrays in plant cells are highly 
complex and dynamic. They consist of several intercon- 
nected arrays which can be distinguished using organization 
and location within the cell as criteria. The observed reor- 
ganization of mfs during the cell cycle supports the hypothe- 
sis that the nuclear region may play a significant role in 
nucleating and/or organizing actin networks. 
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Materials and Methods 

Culture Methods 
Alfalfa (Medicago sativa L.) cell suspension cultures were maintained in 
B5 medium (Gamborg et al., 1968) supplemented with 1 rag/liter 2,4-di- 
chlorophenoxyacetic acid (2,4-D), and regularly subcultured at 3.5-d inter- 
vals, 10 ml of suspension culture in 50 ml of fresh medium. Cultures were 
maintained at 26-28°C with an 8-h dark/16-h light photoperiod on rotary 
shakers at 160 rpm. Vicia hajastana cultures were maintained under the 
same conditions but were subcultured into Eriksson's medium (Eriksson, 
1965) containing 0.5 mg/liter 2,4-D. 

Induction of CeU Differentiation 

When maintained under the above conditions, the cell cultures consist pri- 
marily of small, rapidly dividing cells. By washing the cultures three times 
(centrifuging at 500 rpm for 4 min) with the respective hormone-free 
medium, the 2,4-D can be removed and replaced by gibberellic acid (GA). 
Parameters of cell division and growth are altered (Simmonds et al., 1983) 
so that both Alfalfa and Vicia cultures differentiate into large, elongated, 
nondividing cells. 

Microfilament and Microtubule Staining 
F-actin localization was carried out according to the basic staining method 
of Parthasarathy (1985). Cells grown in the presence of 2,4-D were layered 
onto coverslips that had been previously cleaned with chromic acid, rinsed, 
and layered with poly-L-lysine (Sigma Chemical Co., St. Louis, MO) (800 
kD; 1 mg/ml in water). Cells were fixed in 1.5% paraformaldebyde in 0.1 
M potassium phosphate buffer (PO4 buffer), pH 7.0 for 15 min, rinsed 
twice in PO4 buffer (3 min each rime), then stained with 3.3 I~M rhoda- 
mine-conjugated phalloidin (Rd-phal) (Molecular Probes, Inc., Junction 
City, OR) in 0.1 M PO4 buffer for 20 min, followed by two rimes in PO4 
buffer (3 min each) and then 2 min in Hoechst No. 33258 (1 p.g/ml in buffer) 
to stain nuclear material. Cells were rinsed in PO4 buffer for 3 min and 
then mounted in glycerol/PBS (l:l) containing 0.1% phenylene diamine. 
Large cells, grown in the presence of GA for 3 or more days were stained 
as above with the addition of 0.02% Triton X-100 to the fixative. The level 
of autofluorescence and degree of nonspecificity of the Rd-Phal binding 
were determined. Some cells were prepared for microscopy but only stained 
with Hoechst. Competition experiments were done by inserting into the 
standard protocol a 1-h incubation in 3.3 mM phalloidin just before staining 
with Rd-Phal. 

Double staining of microtubules and microfilaments in Alfalfa cells was 
carried out by layering cells onto coverslips as described above. Both 2,4-D 
and GA cells were fixed in 3% paraformaldehyde in 0.1 M Pipes buffer con- 
taining 0.02 % Triton X-100 for 1 h. Cells were rinsed three times (3 min 

Figure 1. (a) Actin staining of  elongated cells using standard proce- 
dure. Most  cells show severe shrinkage. (b) Actin staining of  mfs 
in elongated cells permeabil ized with 0.02 % Triton X-100 during 
fixation. Bars, 10 ttm. 

each) in Pipes, then enzyme treated using 1% cellulase (Worthington Bio- 
chemical Co., Mississauga, Ontario, Canada), 1% pectinase (ICN Nutri- 
tional Biochemicals, Cleveland, OH), 1% hemi-cellulase (Coming Biosys- 
tems, Coming, NY) for Alfalfa or 0.5% cellulase, 1.0% hemi-cellulase, 
0.5 % pectinase (for Vicia) in Pipes buffer for 10 min followed by three rinses 
(3 min each). Cells were postfixed in 1% glutaraldehyde in PBS for 8 min 
followed by two rinses in 0.1% NaBI-I4 (3 min each rinse) and two rinses 
in PBS. Rat monoctonal antibody to yeast tubulin (Cedarlane Laboratories, 
Hornby, Ontario) was layered on coverslips for 45 min. Coverslips were then 
washed in PBS three times and incubated for 45 min with fluorescein- 
conjugated secondary antibody (rabbit anti-rat, Miles Laboratories, Rex- 
dale, Ontario). Cells were then stained with Rd-Phal (as above) for 20 min 
followed by staining DNA with Hoechst No. 33258 (1 gg/ml in PBS) for 
2 min. After rinsing two times (3 min each) with PBS, coverslips were 
mounted in glycerol/PBS containing phenylene diamine. 

Cells were examined immediately after staining using a Zeiss pho- 
tomicroscope fitted with epifluorescence optics. A neuofluor 40x oil im- 
mersion lens (NA 0.9) was used for routine observations and photography. 
Experiments were repeated at least three times with counts being done on 
a minimum of 300 cells per experiment. Photographs were made on llford 
XP1-400 film. 

Results 

Actin Microfilament Staining of Cultured Plant Cells 
When grown in the presence of 2,4-D, both Alfalfa and Vicia 
suspension cultures show coupled growth and division and 
consist primarily of relatively small (40-80 ~tm in length), 
rapidly dividing cells. Both cultures show virtually identical 
mf rearrangements during the cell cycle therefore all illustra- 
tions are representative of events in both Alfalfa and Vicia. 

Using a modification of Parthasarathy's procedure (1985), 
we were able to obtain staining of mf patterns in all cells 
growing in medium containing 2,4-D. However, cells cul- 
tured with GA differentiate into highly elongated cells with 
a very large central vacuole. When these cells are stained 
with the above procedure, >80% of the cells are severely 
shrunken (Fig. 1 a) although actin staining is visible. By per- 
meabilizing the plasma membrane with a small amount of 
Triton X-100 in the fixative, we are able to reduce the shrink- 
age seen in very large cells without disrupting mf staining. 
Approximately 90% of cells fixed in this manner show little 
or no shrinkage (Fig. 1 b). 

These culture cells exhibit minimal autofluorescence when 
viewed using the filter combinations used to reveal rhoda- 
mine fluorescence (Fig. 2 h). Competition experiments using 
unconjugated phalloidin before staining with Rd-Phal greatly 
reduced the level of Rd-Phal binding in cells. When cells 
pretreated with phalloidin are photographed at exposure 
times equal to the longest time of normally prepared cells, 
no filamentous staining was evident and fluorescence was 
greatly reduced (see, e.g., Figs. 4 m and 5 j ) .  

The staining of mf arrays in plant ceils using Rd-Phal is 
somewhat labile. If cells are observed immediately after 
staining, images such as those reported here are readily ob- 
served. If however cells are observed 24 h after staining they 
exhibit a diffuse fluorescence throughout the cytoplasm and 
vacuoles (data not shown). Fine fibrillar arrays in the cortical 
cytoplasm and spindles are no longer detected. The increase 
in diffuse fluorescence and apparent loss of fine arrays of fila- 
ments is not related to photobleaching of the fluorochrome 
since cells stored in total darkness and not observed previ- 
ously are also different in this way. 
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Figure 2. Interphase mf arrays in small (a and b) and elongate (c and d) cells. In a small cell: (a) randomly arrayed cortical mfs are seen, 
and no subcortical cables are seen; and (b) median focal plane shows the nuclear basket and transvacuolar strands (arrow). In a larger 
cell: (c) the nuclear basket and transvacuolar strands (arrow) continue evident; and (d) subcortical cables form a prominent feature. The 
fine cortical network is visible only where the focal plane permits (long arrow). (e) Hoechst stain of a multi-lobed nucleus. (f)  Microfila- 
ments of the nuclear basket follow the contours of the nuclear lobes (compare with e) and extend outward into the cytoplasm to merge 
with the cables of the transvacuolar strands (arrow). (g and h) Control cells prepared using standard staining procedures except that Rd-phal 
was not applied. (g) Hoechst stain reveals nuclei of several cells. (h) Minimal autofluorescence evident when these cells were photographed 
using exposure times equivalent to Rd-phal-stained ceils (i.e., 20 s). Bars, 10 I.tm. 

Spatial Arrangement of  Microfilament Arrays 
during Interphase 

Microfilament arrays of cultured plant cells can be divided 
spatially into three regions: (a) a fine network of  randomly 
arrayed mfs found in the cortical cytoplasm immediately ad- 
jacent to the plasma membrane (Fig. 2 a); (b) bundles of mfs 

found in the subcortical region of the cytoplasm adjacent to 
the central vacuole, a prominent feature in plant cells as in 
Fig. 2 d (these bundles may be ordered either parallel to the 
long axis of the cell or  transverse to the long axis [see Fig. 
6, b and c]); (c) the "basket" ofmfs that surrounds the nucleus 
and extends into the transvacuolar strands of cytoplasm con- 
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Figure 3. During prophase, interphase mf arrays disappear. (a) Cortical and subcortical networks as well as transvacuolar strands (arrow) 
break up. The nuclear basket loses the distinct outline of interphase (compare with Fig. 2 b). a is printed to enhance the mf arrays still 
present in a prophase cell. b is printed to show nuclear basket of the adjacent interphase cell (long arrow). Note faint staining of mf arrays 
in the prophase cell above. (c) Hoechst stain to show chromosome condensation in the prophase cell (arrowhead). (d and e) Detail of 
nuclear region in a prophase cell. (d) Surface focal phase of nucleus shows that most mfs are gone except those associated with the nucleus. 
(e) Transvacuolar strands break up and the nuclear basket, shown in optical cross section, becomes diffuse. (Inset) Hoechst stain of nucleus. 
Bars, 10 gin. 

necting the nucleus with the subcortical and cortical layers 
of cytoplasm (Fig. 2, b and c). The mfs of the nuclear "bas- 
ket" may be associated with the nuclear envelope as they can 
be seen to follow the indentations and depressions of a lobed 
nucleus (Fig. 2 , fand g). These three mf patterns form a con- 
tinuous network in the cell. The spatial separation between 
cortical and subcortical layers can be difficult to detect, par- 
ticularly in large cells with a thin cytoplasmic layer between 
the plasma membrane and vacuolar membrane. 

Continuous plant cultures have two types of cells: small, 
isodiametric, rapidly dividing cells which grow in files as 
well as a subpopulation of larger, cylindrical shaped cells 
which grow in files or as isolated cells. 

During interphase, the mf pattern in small cells consist of 
randomly arrayed cortical mfs (Fig. 2 a) which merge 
directly into the cables of the transvacuolar strands (Fig. 2 
b). Subcortical bundles of mfs are absent from these small 
cells. Axial cytoplasmic streaming, usually associated with 
such bundles, is not seen in these cells (data not shown). 

The interphase pattern of mf arrays in the subpopulation 
of larger cells is somewhat different. The cortical layer of 
cytoplasm shows only a very fine network (Fig. 2 d). In the 
subcortical region, large bundles of brilliantly staining mfs 
make up a complex pattern extending the length of the cell. 
These cables merge with those of the transvacuolar strands 

and come to a focal point at the nucleus~Fig. 2, c and d). 
When living cells of a similar size are observed with phase- 
contrast microscopy, they exhibit rapid and complex stream- 
ing in patterns which approximate the staining patterns of the 
mf cables. 

A focal plane showing the surface of the nucleus in either 
large or small cells shows numerous mfs encircling the nu- 
cleus to form an intricate, fibrillar "basket" of mfs that ex- 
tends to, or originates from, the nuclear envelope (Fig. 2). 
These mfs of the nuclear region then merge with the brightly 
staining bundles of the transvacuolar strands (Fig. 2, b and c). 

Prophase Microfilament Disappearance 

Both Alfalfa and Vicia cultures show a complex redistribu- 
tion of mfs during mitosis and cytokinesis. Determination 
of the stage of mitosis is accomplished by staining the con- 
densing chromatin with Hoechst No. 33258. Although mito- 
sis in plant cells is not easily synchronized, it is possible to 
assign a probable sequence to these events by correlating 
chromatin condensation and mf distribution in large num- 
bers of cells. 

As prophase proceeds, the mf networks typical of inter- 
phase fade into a dimly staining pattern which virtually dis- 
appears by the end of prophase (compare Figs. 2 d and 3 b). 
In early prophase (as shown by Hoechst staining in Fig. 3 
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Figure 4. During metaphase, a distinct spindle-like staining pattern (bracket) can be seen in most cells (a, c, e, and g) having chromosomes 
arranged in a metaphase plate as shown by Hoechst staining (b, d, f, and h). During anaphase (i-l) very faint fibriUar staining (bracketed 
areas in i and k) is associated with the spindles. (j and l) Hoechst stained chromosomes show separation of daughter nuclei. (m and n) 
Competition experiments indicate that metaphase cell preincubated with phalloidin before staining exhibits no fluorescence above 
autofluorescence levels (m). Hoescht staining shows two cells in metaphase (n). Bar, 10 Ixm. 

c, and the inset in Fig. 3 e), the fine cortical network and sub- 
cortical cables are disassembled (Fig. 3 a). Thereafter the 
cables of the transvacuolar strands break up and the nuclear 
basket loses its fibrillar stain to become a diffuse glow (Fig. 
3 a). The intensity of staining diminishes markedly during 
prophase. Fig. 3 a shows the remaining mf networks. Note 
that the interphase nucleus of the cell at the lower left is bril- 
liant compared to the prophase nucleus. When this same 
micrograph is printed to bring out the detail of the interphase 

nucleus (i.e., with the same exposure as in Fig. 2, a-d) the 
staining of the prophase cell is nearly invisible (Fig. 3 b). 

When examined in greater detail (Fig. 3, d and e), the cor- 
tical and subcortical networks of a prophase cell virtually 
disappear except in the area of the nucleus (Fig. 3 d). The 
nuclear basket breaks up into short, diffuse filaments (Fig. 
3 e) and the transvacuolar strands are visible only a short dis- 
tance from the nucleus (Fig. 3 e). Hoechst staining of the nu- 
cleus (inset in Fig. 3 e) indicates the cell is in mid-prophase. 
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Figure 5. (a) Early telophase. Formation of phragmoplast (which guides cell wall deposition). Faint stain of reforming nuclear baskets 
can be detected (arrowhead). (b) Hoechst stain of daughter nuclei. (c) Surface view of a well-developed phragmoplast extending toward 
the cell walls. Microfilaments radiate from phragmoplast into the cytoplasm (arrows) and may aid in moving wall material to the newly 
forming cell plate. (d) Phragmoplast mfs (long arrow) disappear in late telophase. Both nuclear baskets and cables of the transvacuolar 
strands have returned. (e) Focal plane at cell surface reveals interphase cortical mf network has not yet reestablished. ( f )  Hoechst stain 
of decondensing chromatin. By early G1 (g-i) all mf patterns have returned. (g) Cortical region displays random mf pattern typical of 
small cells. (h) Nuclear baskets and transvacuolar strands are present. (i) Chromatin decondensation is complete. Competition experiments 
with phalloidin result in cells which have minimal fluorescence due to rhodamine ( j )  yet are easily detected with Hoechst stain (k). Note 
decondensing daughter nuclei (bracket). Bars, 10 I, tm. 
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Figure 6. Microtubule and microfilament patterns in differentiated cells. (a) The microtubules of elongating, nondividing cells are oriented 
transverse to the long axis. (b) As the cells begin to elongate, the mf pattern in most ceils parallels the long. (c) As elongation continues, 
the mf orientation changes to transverse. (d) The subcortical cables of elongated cells are parallel to the microtubule array but the fine, 
cortical network (arrow) continues to display a somewhat random configuration. Bars, 10 Ixm. 

Microfilaments in Metaphase/Anaphase 
During metaphase and anaphase, few or no mfs are visible 
in the cortical cytoplasm and no bundles of mfs can be found 
in either the subcortical cytoplasm or in the transvacuolar 
strands (Fig. 4). Fibrillar staining is seen in the area. oc- 
cupied by the spindle (Fig. 4, a, c, e, and g). When the layer 
of cytoplasm surrounding the spindle region is relatively 
thin, the mf stain can be easily detected and appears as dis- 
crete fibers. It is not possible to ascertain if these are in- 
dividual mrs. When the spindle is located deep within the 
cytoplasm, diffuse fluorescence of the cytoplasm may ob- 
scure any spindle stain (not shown). 

Spindle staining during anaphase follows the same restric- 
tions. If the spindle is located in the center of the cell sur- 
rounded by cytoplasm, it is difficult to detect mf staining 
above the diffuse cellular fluorescence. If the spindle is posi- 
tioned near the cell surface, short mfs can be detected be- 
tween the separating chromosome masses and the spindle 
poles (Fig. 4, i and k). Hoechst stain of the chromosome 
masses is seen in Fig. 4, j and 1. 

When phalloidin (not conjugated with the fluorochrome 
rhodamine) is applied to fixed cells to bind the active sites 
followed by application of rhodamine-conjugated phalloidin, 
no staining of any mf arrays can be detected. There is no 
staining of any spindle-like structure in these preparations 
(Fig. 4 m). 

Microfilament Repolymerization during Telophase 
Telophase is marked by the appearance of brilliant staining 
in the phragmoplast (Fig. 5, a and c), the structure which is 
instrumental in guiding the deposition of the new cell wall 
between the daughter cells. 

Cytoplasmic arrays of mfs return during telophase. The 
nuclear "basket" reappears, faintly at first, to surround each 
daughter nucleus as the phragmoplast forms. Microfilaments 
can be seen arising from the phragmoplast and spreading 
into the cytoplasm (Fig. 5 c). Later in telophase (as shown 
by comparing Hoechst stain of the nuclei in Fig. 5, b and f ) ,  
the mf bundles and/or cables of the transvacuolar strands re- 
turn. These cables may originate from the area of the nuclear 
membrane or from the nuclear "basket" (Fig. 5 d). Often, 
but not always, the last mf array to be reinstated is that seen 

in the cortical cytoplasm (Fig. 5 e). In many cells, complete 
interphase of mf arrays do not appear until early G1 (Fig. 5, 
g and h). 

Microfilament Redistribution during 
Cell Differentiation 
Plant cells regularly subcultured in the presence of 2.4-D are 
thought to be analagous to undifferentiated cells found in the 
meristematic regions of plants. However, when these same 
cells are grown without 2,4-D, but in the presence of GA, 
they undergo differentiation into elongated, nondividing cells. 
Presumably these large cells are similar to cells seen in the 
elongating and/or differentiated regions of the intact plant. 

The cytoskeleton and, in particular, the microtubules are 
known to play a role in differentiation of plant cells (Falconer 
and Seagull, 1985a, b). For this reason we examined the in- 
terphase arrays of microtubules in combination with the in- 
terphase arrays of actin mfs in both rapidly cycling cells and 
differentiated, nondividing cells by double staining of both 
actin mfs and microtubules. 

Microtubule arrays change during cell differentiation. In 
small, rapidly cycling cells, cortical microtubules are pre- 
dominantly found in random arrays (Simmonds et al., 1983). 
When these rapidly cycling cells are transferred to medium 
containing only GA, division virtually ceases and the cells 
elongate. Microtubule arrays in these elongated cells, as in 
elongated cells in plants, reorient from random to highly or- 
ganized, transverse arrays (Simmonds et al., 1983). 

The mf arrays also change during culture in GA-containing 
medium. After 2 d growth in the presence of GA, the cells 
are elongated with microtubules transverse to the long axis 
of the cell (Fig. 6 a). The mf cables in 75 % of such cells are 
parallel to the long axis with a focus at the nucleus (Fig. 6 
b). However, 15 % of the cell population has mfs oriented ap- 
proximately at right angles to the length of the cell (Fig. 6 
c). The remaining 10 % continue to have randomly oriented 
cortical mfs. 

After a 3-d culture in GA, the percentage of cells with mfs 
transverse to the long axis of the cell has increased from 15 
to 54 %. Thus mf cables show an increasing tendency to be 
aligned with the microtubule orientation as differentiation 
proceeds. The fine network of cortical mfs continues to dis- 
play a random organization in these elongated cells (Fig. 6 d). 
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Streaming patterns in cultured cells change during differ- 
entiation in a manner which is consistent with the observed 
pattern of mf reorientation. In 2,4-D cells, streaming is con- 
centrated in the subcortical and transvacuolar strands and the 
motion is either random or parallel to the long axis of the 
cell. As cells elongate, a portion of the streaming pattern may 
continue to parallel the long axis of the cell but additionally 
streaming may now also encircle the cell. The streaming pat- 
terns in all cells are capable of reforming with great rapidity 
as can be seen using phase-contrast optics (data not shown). 

Discussion 

It is now apparent that actin mfs are an integral part of the 
plant cytoskeleton and as such may be expected to be in- 
volved in a variety of functions including streaming, mito- 
sis/cytokinesis, and differentiation. In cultured higher plant 
cells, both the cell cycle and differentiation are accompanied 
by extensive redistribution of mfs. 

Microfilament Dynamics during Interphase 
The architecture of plant cells forces the observer constantly 
to be aware of the three-dimensional relationships of mfs 
within the cytoplasm. Interphase arrays of mfs can be cate- 
gorized into three distinct yet contiguous networks within the 
cell (Fig. 2): (a) a meshwork of fine, randomly organized 
filaments located close to the plasma membrane; (b) large 
bundles or cables of filaments in the subcortical cytoplasm; 
(c) a "nuclear basket" of filaments which extends into the 
transvacuolar strands. 

The existence of a cortical network of actin-like mrs (in ad- 
dition to the cables of filaments involved in cytoplasmic 
streaming) has been proposed by numerous researchers. 
Microfilaments, in association with the cortical arrays of 
microtubules, were first observed by Seagull and Heath 
(1979, 1980) in developing radish root hairs. Since then 
microfilament-like structures have been found associatext 
with microtubules and the plasma membrane in Azolla 
(Heath and Seagull, 1982), Zea (Seagull 1983), Lepidium 
(Traas, 1984), Equisetum (Traas et al., 1985), and Psilotum 
(Brown 1985). Because of this association with microtubules 
and the proximity to the plasma membrane, cortical arrays 
of mfs have been proposed to function in the deposition of 
wall material (Seagull and Heath, 1980; Heath and Seagull, 
1982; Mueller and Brown, 1982). Our observations support 
and extend those of Parthasarathy (1985) showing that an ex- 
tensive array of anastomosing mfs, closely associated with 
the plasmalemma, does exist. The precise function(s) of this 
array has yet to be tested. 

The formation of mf interphase arrays begins during cyto- 
kinesis. As chromosome masses in the daughter nuclei de- 
condense, the nuclear basket of mfs is constituted (Fig. 6). 
Next, cables of mfs appear, initially in the transvacuolar 
strands and then in the subcortical regions. Finally, the fine 
meshwork typical of the cortical region is seen in late telo- 
phase or early G1. The reverse process occurs during pro- 
phase with mfs disappearing first in the cortical and subcorti- 
cal regions and finally at the nuclear basket (Fig. 2 and 3). 

It has been previously reported that cytoplasmic streaming 
ceases at the onset of mitosis (Jones et al., 1960; Wada et al., 
1982; Mineyuki et al., 1984). The observed depolymeriza 

tion of mf arrays during prophase indicates for the first time 
the mechanism by which this might be accomplished. The 
pattern of disassembly is also consistent with the observed 
accumulation of cytoplasm around the nucleus at the onset 
of mitosis (Wada et al., 1982; Jones et al., 1960; Mineyuki 
et al., 1984). It seems reasonable to suggest that movement 
of cytoplasm may be progressively restricted to the nuclear 
region (the last region to contain intact mf arrays). 

The rapid redistribution of actin indicates that the mf net- 
works are exceedingly labile. Patterns of mf assembly/disas- 
sembly indicate that the nucleus or the nuclear region may 
be important in controlling mf turnover and organization. 
Control of actin filament assembly and organization via ac- 
tin-associated proteins has been well documented in in vitro 
systems (Pollard et al., 1982; Sheterline 1983). It remains to 
be seen how these observations will relate to the in vivo state 
in plant cell systems. 

Microfilament Reorientation during Cell 
Differentiation 
By controlling the hormonal environment of cell cultures it 
is possible to have either small, nondifferentiating, rapidly 
cycling cells or large, elongated, noncycling differentiated 
cells. In small nondifferentiating cells the interphase array of 
mfs consists of the nuclear basket, transvacuolar strands, and 
a fine cortical network of random filaments (Fig. 2). At this 
stage, little or no streaming is evident. As cells enlarge, axi- 
ally oriented cables of mfs develop in the subcortical 
cytoplasm. The distribution and orientation of filaments 
closely approximates the streaming patterns at this time. The 
formation of large cables from fine mfs implies the function 
of an actin-binding protein during cell enlargement. While 
such proteins are well documented in animal systems (De- 
Rosier and Tilney, 1982; Pollard et al., 1982; Sheterline 
1983) their existence in plants has yet to be shown. 

As cell enlargement continues, there is an abrupt shift of 
the subcortical cables (Fig. 6) from an axial to a transverse 
orientation. The other mf arrays remain unaltered. The 
mechanism for this reorientation remains unknown. We are 
currently investigating the relationship between cell age, cell 
size, and mf cable orientation. 

Microfilament Redistribution during Division 
Our observations of positive and specific binding of rhoda- 
mine-conjugated phalloidin in most plant spindles supports 
but does not prove that actin-like mfs are functional compo- 
nents of spindles. The inability to detect actin staining in 
some spindles is strongly correlated with those cells having 
high nonfibrillar staining in the nuclear regions. The in- 
creased diffuse staining is cell cycle dependent (found in cells 
in mitosis) and may be due to the large amounts of nonfila- 
mentous actin present in the cell as a result of the depolymer- 
ization of interphase arrays. While phalloidin does not spe- 
cifically bind G-actin, it has been proposed (Wieland, 1977) 
that small oligomers of G-actin (2-3 monomers) can bind 
phalloidin. It is possible that within the cytoplasm numerous 
oligomers of actin may exist during mitosis and this could 
result in the observed diffuse staining. 

The specificity of the Rd-Phal staining was tested using a 
preincubation of the cells in unlabeled phalloidin. Neither 
filamentous arrays nor diffuse fluorescence patterns, above 
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the normal autofluorescent levels, were detected in cells 
pretreated with phalloidin (Fig. 4 m). The minimal cell prep- 
aration used in these studies reduces the likelihood that the 
actin observed in the spindles is the result of artifactual stain- 
ing. In addition, the actin staining pattern changes in a func- 
tionally specific manner, with the staining fibers becoming 
shorter between metaphase and anaphase (Fig. 4). This stage- 
specific change in mf staining is consistent with actin func- 
tioning between chromosomes and spindles pole (Forer et 
al., 1979; Forer, 1982; Forer, 1985). 

Our observations are in apparent contradiction to those of 
Barak et al. (1981) who reported a lack of spindle-specific ac- 
tin staining in rat kangaroo cells using nitrobenzoxadiazole- 
phallacidin. The difference in observations may result from 
differences in tissue preparation. Barak et al. (1981) extracted 
cells with acetone before staining, whereas we do not. We 
have found in plant cell systems that extraction (using 
glycerol) or prolonged fixation (using paraformaldehyde at 
higher concentrations or for longer times) results in mf ar- 
rays which are less extensive and poorly stained (our unpub- 
lished observations). 

Ours is not the first study which details mf redistribution 
during the cell cycle in plants, however it is the first to report 
spindle-specific actin staining. Neither Clayton and Lloyd 
(1985) studying onion or Derksen et al. (1985) studying 
Equisetum report any actin localization in the spindle. The 
difference in results between this study and those previous 
may stem from minor yet critical modification to the prepara- 
tive procedures. Of crucial importance is the use of phos- 
phate buffer throughout the procedure (fixation and stain- 
ing). The substitution of Pipes buffer for phosphate during 
fixation in our system produces images very similar to those 
described by Clayton and Lloyd (1985) (i.e., no spindle stain- 
ing, faint arrays in the cell cortex). Conversely applying our 
techniques to onion root meristems produces observations 
very similar to those described for the Alfalfa and Vicia cul- 
ture systems including spindle-specific actin staining (our 
unpublished results). 

We have provided evidence that actin-like rnfs form exten- 
sive and dynamic arrays in plant cells. The changes observed 
in mfs during cell growth and differentiation indicate that 
within plant cells there are complex mechanisms for coor- 
dinating actin organization and function in a developmen- 
tally regulated manner. We have yet to fully document the ex- 
tent to which mfs are involved in plant cell growth. The 
existence of actin-associated proteins, with the exception of 
myosin (Vahey et al., 1982) remains to be verified in higher 
plants. Observations such as those reported here strongly im- 
ply that such proteins must be functioning. 

We thank Dr. Daniel Brown of Agriculture Canada for a gift of the alfalfa 
cell cultures used in this work. 

This work was funded by a Natural Sciences and Engineering Council 
of Canada grant to R. W. Seagull. 

Received for publication 2 October 1986, and in revised form 2 December 
1986. 

References 

Aubin, J. E., E. Alders, and J. N. M. Heersche. 1983. A primary role for 
microfilaments, but not microtubules in hormone-induced cytoplasmic re- 
traction. Exp. Cell Res. 143:439-450. 

Barak, L. S., E. A. Nothnagel, E. F. DeMarco, and W. W. Eebb. 1981. 

Differential staining of actin in metaphase spindles with 7-nitrobenz-2-oxa- 
1,3-diazole-phallacidin and fluorescent DNase: is actin involved in chro- 
mosomal movement? Proc. Natl. Acad. Sci. USA. 78:3034-3038. 

Brown, R. M. Jr. 1985. Cellulose microfibril assembly and orientation: recent 
developments. J. Cell Sci. 2(Suppl.): 13-32. 

Clayton, L., and C.W. Lloyd. 1985. Actin organization during the cell cycle 
in meristematic plant cells. Exp. Cell Res. 156:231-238. 

Connolly, J. A., V. I. Kalnins, and B. H. Barber. 1981. Microtubules and 
microfilaments during cell spreading and colony formation in PK15 epithe- 
lial cells. Proc. Natl. Acad. Sci. USA. 78:6922-6926. 

Derksen, J., J. Traas, and T. Oostendorp. 1985. Distribution of actin filaments 
in differentiating cells of Equisetum nyemale root tips. Plant Sci. 43:77-81. 

DeRosier, D. J., and L. G. Tilney. 1982. How actin filaments pack into bun- 
dies. Cold Spring Harbor Symp. Quant. Biol. 46:525-540. 

Eriksson, T. 1965. Studies on the growth requirements of cell cultures of 
Haplopappus gracilis. Physiol. Plant. 18:976-993. 

Falconer, M. M., and R. W. Seagull. 1985a. Immunofluorescent and calcofluor 
while staining of developing tracheary elements in Zinnia elegans L. suspen- 
sion cultures. Protoplasma. 125:190-198. 

Falconer, M. M., and R. W. Seagull. 1985b. Xylogenesis in tissue culture: 
taxol effects on microtubule re, orientation and lateral association in differen- 
tiating cells. Protoplasma. 128:157-166. 

Forer, A. 1982. Possible roles of cytoskeletal elements in mitosis. In The 
Cytoskeleton in Plant Growth and Development. C. W. Lloyd, editor. Aca- 
demic Press, London, New York. 186-201. 

Forer, A. 1985. Does actin produce the force that moves a chromosome to the 
pole during anaphase? Can. J. Biochem. Cell Biol. 63:585-598. 

Forer, A., and W. T. Jackson. 1979. Actin in spindles ofHaemanthus katheri- 
nae endosperm. I. General results using various glycerination methods. J. 
Cell Sci. 37:323-327. 

Forer, A., W. T. Jackson, and A. Engberg. 1979. Actin in spindles of lineman- 
thus katherinae endosperm II. Distribution of actin in chromosomal spindle 
fibres, determined by analysis of serial sections. J. Cell Sci. 37:349-371. 

Gabbiani, G., F. Gabbiani, R. L. Heimark, and S. M. Schwartz. 1984. Organi- 
zation of actin cytoskeleton during early endothelial regeneration in vitro. 
J. Cell Sci. 66:39-50. 

Gamborg, O. L., R. A. Miller, and K. Ojima. 1968. Nutrient requirements of 
suspension cultures of soybean root cells. Exp. Cell Res. 50:151-158. 

Heath, I. B., and R. W. Seagull. 1982. Oriented cellulose fibrils and the 
cytoskeleton: a critical comparison of models. In The Cytoskeleton and Plant 
Growth and Development. C. W. Lloyd, editor. Academic Press, London, 
New York. 163-182. 

Hepler, P. K., and B. A. Palevitz. 1974. Microtubules and microfilaments. 
Annu. Rev. Plant Phys. 25:309-362. 

Jackson, W. T. 1982. Actomyosin. In The Cytoskeleton in Plant Growth and 
Development. C. W. Lloyd, editor. Academic Press, London, New York. 
3-32. 

Jones, L. E., A. C. Hildebrandt, A. J. Riker, and J. H. Wu. 1960. Growth of 
somatic tobacco cell in microculture. Am. J. Bot. 47:468-475. 

Kaiho, M. A., and A. Sato. 1978. Circular distribution of microfilaments in 
cells spread in in vivo. Exp. Cell Res. 113:222-227. 

Mineyuki, Y., M. Takagi, and M. Furuya. 1984. Changes in organelle move- 
ment in the nuclear region during the cell cycle of Adiantum protonema. 
Plant Cell Physiol. 25(2):297-308. 

Mueller, S. C., and R. M. Brown, Jr. 1982. The control of cellulose microfibril 
deposition in the cell wall of higher plants. Planta (Berl.). 154:489-500. 

Nagata, K., and Y. Ichikawa. 1985. Changes in actin during cell differentiation. 
In Cell and Muscle Motility, Volume 5. J. W. Shaw, editor. Plenum Publish- 
ing Corp., New York. 171-194. 

Parthasarathy, M. V. 1985. F-actin architecture in coleoptile epidermal cells. 
Eur. J. Cell Biol. 39:1-12. 

Parthasarathy, M. V., J. D. Perdue, A. Witztum, and J. Alvernaz. 1985. Actin 
network as a normal component of the cytoskeleton in many vascular plant 
cells. Am. J. Bot. 77:1318-1323. 

Pesacreta, T. C., W. W. Carley, W. W. Webb, and M. Parthasarathy. 1982. 
F-actin in conifer roots. Proc. Natl. Acad. Sci. USA. 79:2898-2901. 

Pollard, T. D., U. Aebi, J. A. Cooper, W. E. Fowler, and P. Tseng. 1982. 
Actin structure, polymerization and gelation. Cold Spring Harbor Symp. 
Quant. Biol. 46:513-524. 

Scher, B. M., W. Scher, H. S. Yeh, and S. Waxman. 1983. G-actin and F-actin 
levels at different stages of mouse erythroid differentiation. Cell BioL Int. 
Rep. 7:661-667. 

Seagull, R. W. 1983. The role of the cytoskeleton during oriented microfibril 
deposition. I. Elucidation of the possible interaction between microtubules 
and cellulose synthetic complexes. J. Ultrastruct. Res. 83:168-175. 

Seagull, R. W., and I. B. Heath. 1979. The effects of tannic acid on the in vivo 
preservation of microfilaments. Fur. J. Cell Biol. 20:184-188. 

Seagull, R. W., and I. B. Heath. 1980. The differential effects of cytochalasin 
B on microfilament populations and cytoplasmic streaming. Protoplasma. 
! 30:231-240. 

Sheterline, P. 1983. Mechanisms of cell motility: molecular aspects of contrac- 
tility. Academic Press, London, New York. 84-110. 

Simmonds, D., G. Setterfield, and D. L. Brown. 1983. Organization of 
microtubules in dividing and elongating cells of Vicia hajastana Grossh. in 

Seagull et al. Microfilaments: Dynamic Arrays in Plant Cells 1003 



hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh
Tiwari, S. C., S. M. Wick, R. E. Williamson, and B. E. S. Gunning. 1984. 

Cytoskeleton and integration of cellular function in cells of higher plants. 
J. Cell BioL (The Cytoplasmic Matrix). 99(Suppl.):63s-69s. 

Traas, J. A. 1984. Visualization of the membrane bound cytoskeleton and 
coated pits of plant cells by means of dry cleaving. Protoplasma. 119:212- 
218. 

Traas, J. A., P. Braat, A. M. C. Emons, H. Me, ekes, and J. Derksen. 1985. 
Microtubules in root hairs. J. Cell Sci. 76:303-320. 

Vahey, M., M. Titus, R. Trantwein, and S. Scordilis. 1982. Tomato actin and 
myosin: contractile proteins from a higher land-plant. Cell Motil. 2:131 - 147. 

Wada, M., Y. Mineyuki, and M. Furuya. 1982. Changes in the rate of organelle 
movement during progression of the cell cycle in Adiantum protonemata. 
Protoplasma. 113:132-136. 

Wang, Y. L., and D. L. Taylor. 1979. Distribution of fluorescently labeled 
actin in living sea urchin eggs during early development. J. Cell BioL 82: 
672-679. 

Wieland, T. 1977. Modification of actins by phallotoxins. Naturwissenschaften. 
64:303-309. 

Wulf, E., A. Deboben, F. A. Bautz, H. Faulstich, and T. Wieland. 1979. Fluo- 
rescent phallotoxin, a tool for the visualization of cellular actin. Prec. Natl. 
Acad. Sci. USA. 76:4498-4502. 

The Journal of Cell Biology, Volume 104, 1987 1004 


