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Summary. We report on the novel features of the actin cytoskeleton
and its development in characean internodal cells. Images obtained
by confocal laser scanning microscopy after microinjection of living
cells with fluorescent derivatives of F-actin-specific phallotoxins,
and by modified immunofluorescence methods using fixed cells,
were mutually confirmatory at all stages of internodal cell growth.
The microinjection method allowed capture of 3-dimensional imag-
es of high quality even though photobleaching and apparent loss of
the probes through degradation and uptake into the vacuole made it
difficult to record phallotoxin-labelled actin over long periods of
time. When injected at appropriate concentrations, phallotoxins
affected neither the rate of cytoplasmic streaming nor the long-term
viability of cells. Recently formed internodal cells have relatively
disorganized actin bundles that become oriented in the subcortical
cytoplasm approximately parallel to the newly established long axis
and traverse the cell through transvacuolar strands. In older cells
with central vacuoles not traversed by cytoplasmic strands, subcorti-
cal bundies are organized in parallel groups that associate closely
with stationary chloroplasts, now in files. The parallel arrangement
and continuity of actin bundles is maintained where they pass round
nodal regions of the cell, even in the absence of chloroplast files.
This study reports on two novel structural features of the characean
internodal actin cytoskeleton: a distinct array of actin strands near
the plasma membrane that is oriented transversely during cell growth
and rings of actin around the chloroplasts bordering the neutral line,
the zone that separates opposing flows of endoplasm.
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Introduction

The conspicuous rotational streaming of giant inter-
nodal cells of characean algae (Corti 1774) is driven
by acto-myosin based organelle motility (reviewed by
Kamiya 1959, 1962; Kuroda 1990; Williamson 1992).
Bundles of actin filaments, identified by decoration
with heavy meromyosin (Palevitz et al. 1974, Wil-
liamson 1974, Kersey et al. 1976), immunofluores-
cence (Williamson and Toh 1979), and perfusion
of fluorescently-labelled phallotoxins (Barak et al.
1980), lie in the interface between the motile endo-
plasm and the cortical gel and it is proposed that myo-
sin-coated endoplasmic reticulum and other similarly
coated organelles slide along these actin bundles to
generate concerted movement of the endoplasmic
components (Grolig et al. 1988, Kachar and Reese
1988).

Neither immunofluorescence (Williamson and Toh
1979, Wasteneys and Williamson 1991) nor electron
microscopical observations (Nagai and Rebhun 1966;
Pickett-Heaps 1967; Kachar and Reese 1988;
McLean and Juniper 1988, 1993) has revealed the
presence of actin systems other than the subcortical
bundles. A small proportion of the subcortical bun-
dles diverts through the chloroplast layer towards the
cell periphery (Williamson et al. 1986) but these bun-
dles are not analogous to the distinct cortical microtu-
buie-associated array of fine actin filaments described
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in many higher plant cells (Traas et al. 1987, McCur-
dy etal. 1989, Jung and Wernicke 1991). Further-
more, with the exception of actin rings associated
with the nuclei of Nitella (but not found in Chara
corallina; Wasteneys and Williamson 1991) there has
been no conclusive evidence for the presence of actin
filaments in the streaming endoplasm, despite earlier
proposals that they exist and play a part in rotational
streaming (Allen 1974).

In this article, we use confocal laser scanning micros-
copy to describe the distribution and organization of
actin in the internodal cells of two characean genera.
We compare the images obtained by microinjection of
fluorescent phallotoxins into living cells with those
obtained by indirect immunofluorescence using mod-
ified methods of fixation/permeabilization. Our study
demonstrates that the distribution of actin in the cor-
tex of internodal cells is much more extensive than
previously described. Actin is found in a distinct cor-
tical array that is oriented transversely in elongating
cells, just as it is in higher plant cells. In addition,
actin associates with the chloroplasts that border the
neutral line, forming rings around individual chloro-
plasts.

Materials and methods
Plant culture

The species examined were collected in the southern tablelands of
New South Wales, Australia. They included Chara corallina and
Nitella pseudoflabellata. N. pseudoflabellata is a taxon with variable
form, size and cultural requirements. We utilized a small, delicate
variety with reduced furcation of the lateral whorls for microinjec-
tion experiments. Immunofluorescence work was mostly done with
more robust variants. All material was cultured as frond explants in 2
or 5 1 beakers containing a base substrate of 1% agar and filled with
defined culture solutions. C. corallina and the delicate N. pseudofia-
bellata were cultured in a pH 7.0 solution consisting of (mM) NH4Cl
(0.07), CaCl, (0.5), MgS04 (0.4), Na,COs (0.2), KC1 (0.4), K;HPO,
(0.002), Fe-EDTA (0.02), supplemented with the following micronu-
trients (pg/ml): ZnCl, (10), MnCl; (0.2), CoCl; (0.2), CoCl,-6H,0
(0.2), CuCl (0.4), H3BO; (40), NaMoO42H,0 (10). The more robust
forms of N. pseudoflabellata were cultured in the same solution but
at half strength and supplemented with 2% (v/v) soil decoction that
was prepared from a 10% (v/v) mixture of standard potting mix and
tap water. Optimal growth was maintained by reculturing explants
from the apices of fronds fortnightly.

Fluorescent phallotoxin preparation

Stock solutions of 6.6 pM fluorescein-phalloidin or Bodipy FL phal-
lacidin (Molecular Probes Inc., Eugene, OR) were prepared in
MeOH and kept at —80 °C until use. Prior to injection, small aliquote
of this solution were desiccated and resuspended in 100 mM KClI to
a working dilation of 0.66 uM followed by sonication (10 min) and
centrifugation (5 min at 11,200 g).
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Microinjection and analysis of fluorescent phallotoxin labelling
by confocal laser scanning microscopy

Microinjection of internodal cells was as described (Wasteneys et al.
1993) for tubulin microinjection. Upon puncture of the cell with the
micropipette, streaming normally stopped momentarily, a normal
response to wounding that is attributed to induction of an action
potential and subsequent rise of free calcium concentration (Wil-
liamson and Ashley 1984). Phallotoxin solution was then injected to
provide a front of fluorescent material; once streaming resumed after
a period of several seconds and the front was observed to disperse,
the micropipette was withdrawn. By recording images of the fluores-
cent material before it became dispersed in the cytoplasm, it was pos-
sible to estimate the volume of phallotoxin that had been injected and
compare this to cell volume. We usually found that injecting phallo-
toxin solutions equivalent to 1-2% of total cytoplasmic volume
(6.6-13 nM) gave best results. Deliberate injection with highly con-
centrated phallotoxin was clearly harmful to the cell, causing round-
ing up and dislodgment of chloroplasts near the site of injection and,
in severe cases, complete cessation of streaming. Normal concentra-
tions, however, had no harmful effects on the cell. Streaming recov-
ered to pre-injection rates and fluorescent levels were adequate for
recording images. Labelling by the phallotoxin conjugate occurred
immediately but loss of signal was rapid and unavoidable; such loss
was partly caused by photobleaching during scanning and was espe-
cially apparent in the smaller cells examined. In addition, however,
the probe was apparently sequestered in the vacuole and chloro-
plasts, the latter becoming inconveniently bright after several min-
utes. The use of the ion transport inhibitor probenecid (Sigma)
impeded loss of fluorescent signal (see also Cole et al. 1991, Cleary
et al. 1992) and brightening of chloroplasts and, at the 1 mM concen-
tration used, streaming velocity was not affected. Recording images
from living cells by confocal laser scanning was limited to low scan-
ning intensity and averaging from a minimum of scans but it was still
possible to collect serial optical sections without disrupting stream-
ing or structural features.

Fluorescent images of phallotoxin labelling were collected with a
MRC-600 (Bio-Rad Microscience Divisions) confocal laser scan-
ning system coupled to a Zeiss Axiovert IM-10 as described (Cleary
et al. 1992, Wasteneys et al. 1993). Excitation was at 488 nm with an
argon laser attenuated with neutral density filters. Chloroplast auto-
fluorescence was reduced with a 590 nm short pass filter. All images
were recorded through a X40 oil immersion Plan Neofluar objective,
N.A. 1.30. Monochrome photographs were recorded from a high res-
olution screen with Iford Pan-F film. Stereo-anaglyphs were photo-
graphed directly from the monitor with Fujichrome 400 ASA film.
Colour prints were generated from transparencies by Cibachrome
processing.

Immunofluorescence procedures

Perfusion fixation

Cells were fixed by vacuolar perfusion as described (Williamson
et al. 1989) except that the following modified perfusion buffer that
supported streaming reactivation was used: 40 mM HEPES (pH 7.5,
Na*), 400 mM mannitol, 70 mM KCl, 4.49 mM MgCl,, 5 mM
EGTA, 1.48 mM CaCly, 0.1% BSA (fatty acid-free, fraction V; Sig-
ma) and 1% (w/v) polyvinylpyrrolidon-25000 (Sigma), 1 mg/mi
ATP (Boehringer) (S. Liebe pers. comm.). Cells were placed in per-
fusion chambers and were examined before the nodes were cut off to
check that they were actively streaming; if cells were not streaming
at the time of cutting, streaming generally did not restart. Cells were
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gently perfused with the streaming reactivation buffer until stream-
ing resumed (usually < 30 s) and then perfused with 1% glutaralde-
hyde (from 25% stock; Sigma Grade I, stored at 20 °C} in the same
buffer. Fixation was for 20 min, followed by two 10 min washes with
glutaraldehyde-free buffer. Cells were then removed from perfusion
wells, placed in phosphate buffered saline (PBS), and cut into short
segments. The procedure for immunolabelling is described below.

Whole cell fixation

Frond tips were removed from culture and placed immediately in fix-
ative solution of 1% glutaraldehyde in 50 mM PIPES (pH 7.2, K¥),
with 2 mM EGTA, 2 mM MgSO4 and 1 mM K;HPO,. During the
20 min fixation, larger internodes were cut into small sections with
scissors, this procedure having been found to prevent plasmolysis.
Material was washed twice for 10 min in glutaraldehyde-free fixa-
tion buffer, then mechanically permeabilized either by cutting the
internodal cells into short segments or by freeze-shattering. To
freeze-shatter, blotted tissue was placed between 2 glass slides which
were held together with a clothes peg. The slides were plunged into
liquid nitrogen approx. 10 s, removed to a pre-chilled (80 °C) block
of aluminium and pressure applied with a gloved thumb to fracture
the now glass-hard tissue. A similar method has been described for
permeabilizing cell walls of Chara rhizoids for immunofluorescence
microscopy (Braun and Sievers 1994). After shattering, the tissue
was thawed in permeabilization buffer (1% Triton X-100 in PBS, pH
7.4).

Immunolabelling

Fixed and permeabilized material was incubated in PBS with 1% Tri-
ton X-{00 and agitated gently on a rotory shaker for 3 h. Before
immunolabelling, tissue was washed twice in PBS to remove deter-
gent, treated with 1 mg/ml NaBH, for 15 min, then incubated in anti-
body incubation buffer (50 mM glycine in PBS, pH 7.4) for 30 min.
Primary and secondary labelling was for 1 h each with three 10 min
washes with the same buffer between incubations. After secondary
antibody labelling, material was washed (three times for 10 min) in
PBS and mounted in 0.1% para-phenylene diamine and 50% glycer-
ol in PBS, pH 9.

Antibodies

For actin labelling, clone N350 (Amersham) a mouse IgM raised
against chicken gizzard actin and recognizing all non-muscle actins
was used at [ : 100. The same labelling patterns were obtained with
C4 (ICN), which is also raised against chicken gizzard actin (Lessard
1988). Microtubules were labelled with clone TUB-1A2 (Sigma), at
1 : 800. Secondary antibodies included FITC conjugates from Sigma
specific to mouse IgG (F-0257, used 1 : 75) and mouse IgM (F-9259,
used 1 : 40).

Microscopy

Images of immunofluorescently labelled material were recorded with
a prototype confocal laser scanning microscope (Leica Laser Tech-
nik, Heidelberg, Federal Republic of Germany) coupled to a standard
inverted microscope (IM 35; Zeiss, Oberkochen, Federal Republic of
Germany). Excitation light of 488 and 514 nm was generated by an
Omnichrome argon ion laser connected to the optical path of the
scanning unit via glass fibre cable. Monochrome photographs were
recorded on Ilford Pan-F film using a Leica 35 mm camera mounted
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on a high resolution screen. Colour prints of anaglyphs were generat-
ed on a Mitsubishi CP100E colour video copy processor.

Results

Internodal cells of the whorls or branchlets that
emerge at the nodal regions show similar develop-
mental patterns to the internodal cells of the frond’s
central axis. In many cases, working with the smaller
whorl internodal cells was more convenient. The
images shown in this article document examples of
both types of internode. We have also included repre-
sentative examples from two characean genera, Cha-
ra and Nitella.

Subcortical actin bundles become increasingly well
ordered as internodal cell elongation proceeds

The early development of internodal cells involves
elongation of subapical, uni-nucleate cells into multi-
nucleate, highly vacuolated cylinders. Streaming can
be detected as soon as elongation is evident and is
organized into two opposing streams of apical and
basipetal flow. For the present study, internodal cells
that had not yet started to elongate were generally too
small or inaccessible to microinject but loading of
internodal cell primordia through leakage from near-
by injected cells allowed visualization of F-actin
(Fig. 1). More clearly defined arrays were observed in
internodal cell primordia by immunofluorescence
after whole cell fixation (Fig. 2). In such internode
primordia, actin was arranged in a reticulate network
throughout the cytoplasm and was closely associated
with the single central nucleus (Figs. 1 and 2), similar
to the arrangement of actin in densely cytoplasmic
higher plant cells (Traas et al. 1987, Seagull et al.
1987). In cells just beginning to elongate, injection of
fluorescent phallotoxin (Fig. 3) and immunofluores-
cence (Fig. 4) revealed axial polarization of actin
bundles. Although the actin bundles in these young
cells were only roughly parallel to one another and
frequently crossed over (Fig. 3 a) or merged (Fig. 4),
the bundles never appeared discontinuous, even at the
cell ends where they changed orientation by 180°
(Fig. 3 b). Chloroplasts were also only arranged in a
loosely axial pattern (not shown) but no close associ-
ation between actin bundles and chloroplast files was
observed. At this stage, the formation of the large
central vacuole is incomplete and fluorescent phallo-
toxin injection localized actin bundles within trans-
vacuolar strands of living cells (Figs. 1 and 5).



Fig. 1-6. Actin filament distribution during early development of characean internodal cells. Bars: 10 pm

Fig. 1. Living axial (from main axis) and lateral branch (axillary) primordia of N. pseudoflabellata labelled with FITC phalloidin. Phalloidin was
injected into a large subjacent internode and has moved, presumably through plasmodesmata, into several nearby cells including an elongating
branchlet internode (bf) in which F-actin is visualized in the transvacuolar strands (arrow). In the primordia, actin bundles form perinuclear cag-
es (arrowhead; N location of nucleus) and cytoplasmic networks. Single image scan

Fig. 2. Glutaraldehyde-fixed branchlet intexnode primordium of N. pseudoflabellata. Anti-actin immunofluorescence reveals abundant perinu-
clear (N location of nucleus) and cytoplasmic actin bundles. Projection of 10 serial images collected at 0,42 pm intervals

Fig. 3. N. pseudoflabellata branchlet internode at start of elongation. Bodipy phallacidin microinjection. a Towards tip. b At base of same cell,
showing change of actin bundle direction. Subcortical actin bundles are longitudinally oriented but are still relatively disorganized. Cortical
actin (arrowheads) is also visible. Single image scan

Fig. 4. Anti-actin immunofluorescence of a fixed C. corallina branchlet internode at early elongation stage. Projection of 16 serial images col-
lected at 0.33 pm intervals

Fig, 5. Mid-plane focus of FITC phalloidin-microinjected N. pseudofiabellata branchlet internode. Actin bundles are visible in endoplasm and
through transvacuolar strands

Fig. 6. Anti-actin immunoflucrescence of a fixed N. pseudoflabellata axial internode. As elongation progresses, subcortical actin bundles are
aligned parallel to one another but are not yet organized in groups along chloroplast files. In neutral line (n/), actin associates closely with the
loosely organized chloroplasts (*). Projection of 16 serial images collected at 0.5 pm intervals



G. O. Wasteneys et al.: Actin in characean internodal cells

29

Fig. 7. Optical sectioning through cortex of a Nitella pseudoflabeilata axial internode injected with FITC-phalloidin. Bar: 20 pm. a Cortex
(=0 pm), b-1.6 pm, ¢ 2.0 pm, d -3.2 pm. Note that compared to the parallel arrangement of subcortical bundles, the cortical bundles, evident
in a, are loosely organized and of wavy appearance. Some transverse cortical actin elements are visible (arrowheads) and especially obvious in
d near the edge of the photograph

As internodal cells expand, the chloroplasts are first
arranged in longitudinally oriented files but these
files gradually become aligned at a small angle rela-
tive to the longitudinal axis. This realignment is
caused by a gradual twisting of the cortex and cell
wall, and reflects the major axis of strain deformation.
It is particularly evident in the internodes that make
up the frond’s central axis so that, eventually, the
endoplasmic organelles follow a helical path as they
circumnavigate the internode. Branchlet internodes at
whorls have less tendency to twist in this fashion and
the chloroplast-free strips lying between opposing
flows of endoplasm, known as neutral lines, may
extend the length of the cell without significant devi-
ation from the long axis. The results of the present
study indicate that actin bundles become increasingly
organized as internodal cells begin elongating, first
becoming parallel to one another and evenly spaced
(Fig. 6) and only later organized as discrete sets of
bundles along each chloroplast file (Fig. 17). Such
eventual close adherence of actin bundles along chlo-
roplast files can be observed in both living, actively
streaming, phalloidin-injected cells. (Figs. 8—12) and
in fixed cells (Figs. 14 b and 15-17).

Cortical actin strands

The prominent actin bundles located along the inter-
nal face of the chloroplast files are defined as subcor-
tical actin bundles because they lie at the interface
between the motile endoplasm and the stationary cell
cortex. Actin bundles also extend from the subcortex
through the chloroplast layer toward the cell peri-
phery. This reticulate “cortical actin bundle” net-
work, which could be visualized by phalloidin micro-
injection (Fig.7), is more extensive than that
described by Williamson et al. (1986) by immuno-
fluorescence. Fluorescent phalloidin occasionally
Iabelied finer F-actin elements near the plasma mem-
brane (Figs.7-9), which we term cortical actin
strands. In contrast to the cortical actin bundles,
whose orientation 1is approximately longitudinal,
these finer elements were mostly transversely orient-
ed (Fig. 9). Cortical actin strands were also preserved
in fixed cells (Figs. 14 a, 16 and 17) and immunoflu-
orescence generally revealed a much more extensive
network of them than did phalloidin microinjection.
Procedures for vacuolar perfusion fixation used in
previous studies (Wasteneys and Williamson 1991)
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did not preserve cortical actin strands. On the other
hand, by modifying the technique to ensure continua-
tion of streaming during a brief pre-fixation perfu-
sion, some cortical actin strands were preserved,
though only in the region of the neutral line (Fig. 16).
Whole cell fixation was therefore judged to be supe-
rior to perfusion fixation for reliable preservation of
cortical actin strands.

Chloroplast actin rings and actin bundles
at the neutral line

A novel feature observed in this study was the chloro-
plast actin ring, observable both by phalloidin micro-
injection (Figs. 10 and 12 a) and anti-actin immuno-
fluorescence (Figs. 6, 15, 16, 17 a and 19). Rings
were found on the chloroplasts bordering the neutral
line. These chloroplasts are generally sparsely distrib-
uted and, unlike the chloroplasts overlying the
streaming cytoplasm (see Fig. 17b), tend to be
rounded rather than elongate and lack actin bundles
on their endoplasmic face. Rings lie parallel to the
cell surface and are located at the (radial) mid-plane
of the chloroplasts, a plane closer to the cell periphery
than the subcortical actin bundles that generate
streaming. In addition to the actin rings, longer bun-
dles were frequently associated with the chloroplasts
and/or the chloroplast actin rings. The arrangement of
these bundles was quite variable but generally dem-
onstrated a close association with chloroplasts. In Fig.
17, for example, actin bundles that lie along both
sides of a chloroplast file (shown in Fig. 17 b) tra-
verse the neutral line.
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Microtubules at the neutral line

Anti-tubulin immunofluorescence showed that corti-
cal microtubules are organized slightly differently at
the neutral line than in regions above the chloroplasts
and streaming endoplasm (Fig. 18). The microtubules
deviated slightly from the general transverse align-
ment but appeared to be more uniformly aligned and,
judging by the strength of fluorescent signal, were at
least partially bundled. The 3-dimensional projection
in Fig. 18 shows that the microtubule array, which
presumably follows the contours of the plasma mem-
brane, bulges outward at the neutral line.

Actin patterns at nodal zones

Subcortical actin bundles remain paralle] at the ends
of internodal cells, providing an uninterrupted track
for the motile organelles. In a few internodal cell
types located in the lateral branchlets, such as the
penultimate dactyl cells (Fig. 11) and other junctions
lacking nodal cells (Fig. 19), chloroplast files contin-
ue around the ends of cells and actin bundles follow
the same course as the chloroplast files. The end walls
of many internodal cells, including those of the main
axis, however, lack chloroplast files. Despite this,
actin bundles remain paraliel and are evenly spaced
with considerable precision (Figs. 13 and 20), thereby
demonstrating that the mechanism that organizes
actin bundles does not depend on the existence of
chloroplast files. Organization of microtubules, in
contrast, is markedly different at cell ends compared
to that along the longitudinal axis (Fig. 21). Very few

Figs. 8~13. Stereo anaglyphs of FITC-phalloidin-injected cells of Nitella pseudoflabellata. Bars: 25 pm

Fig. 8. Internode of main axis has helical subcortical actin bundles running in groups along chloroplast files. A few transverse cortical strands
are also visible. Calculated from 11 serial images collected at 1 um intervals

Fig. 9. At neutral line, transverse cortical actin strands are visible. Calculated from 10 serial images collected at 1.6 pm intervals

Fig. 10. Base of branchlet internode at junction with main axis. Actin bundles merge at acute angle. Chloroplast actin rings are evident along
edge of neutral line. Calculated from 26 serial images collected at 0.96 nm intervals

Figs. 11 a and 12 a. Dactyl cell at tip of branchlet

Fig. 11 a. At tip of cell, actin bundles continue around end along chloroplast files which persist beneath the dactyl end cell (not labelled) and
the neutral line narrows at an acute angle. Calculated from 20 serial images collected at 0.96 um intervals

Fig. 12 a. At base of same cell, actin bundles change direction with a U-bend. Calculated from 16 serial images collected at 0.64 pm intervals

Fig. 13. Multicellular node of main axis. The internodal cell cross wall is devoid of chloroplasts but actin bundles continue in parallel around
cell end. Some actin bundles in nodal cells are also labelled by transfer of phalloidin from the injected internodal cell. Calculated from 21 seri-
al images collected at 0.48 pm intervals

Figs. 11 b and 12 b. Differential interference contrast video images of injected dactyl cell corresponding to anaglyphs Figs. 11 a and 12 a. Bar:
100 pm

Fig. 11 b. Chloroplast files continue around the apex of this dactyl cell, which joins the conical dactyl end cell (ec; out of focus)

Fig. 12 b. The base of the cell attaches to a multicellular node (nc nodal cell), below which lies a much larger branchlet internodal cell (bi)
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Fig. 17 b. Projection of confocal image of chloroplast autofluores-
cence from same area depicted in Fig. 17 a. Channels were adjusted
to allow some bleeding from the FITC signal resulting in visibility of
actin bundles as well as chloroplasts. Projection of 12 images collect-
ed at 0.3 um intervals; bar: 10 pm

microtubules were localized at the end walls of inter-
nodal cells and orientation was also very different to
that along the long axis. Towards the corner of the end
wall, microtubules lose their predominantly trans-

33

verse orientation and some microtubules align in the
same direction as the actin bundles across the end
wall.

Although we have not examined in detail the cyto-
skeleton of the relatively small cells of the multicellu-
lar nodal regions, actin bundles in these cells com-
monly labelled with the phallotoxins that had been
injected into adjacent internodal cells (Fig. 13). These
uninucleate cells contained a peripheral as well as
peri-nuclear network of actin bundles.

The shift in direction of subcortical actin bundles at
the cell ends is variable. Those actin bundles closest
to the edge of the neutral line must be contorted
through 180° in a short distance, and in some cases
make a U-shaped turn such that the neutral line
remains fairly open (Figs. 12 and 19). The shift in
direction of bundles can be much more abrupt, with
the neutral line narrowing to a point so that the bun-
dles bend sharply through an acute angle (Figs. 10
and 11).

Discussion

By using both immunofiuorescence after chemical
fixation and injection of living cells with fluorescent

Figs. 14-21. Stereo anaglyphs from glutaraldehyde-fixed immunofluorescently labelled internodal cells. All images, except Fig. 16, are from
material prepared by whole cell fixation. Figure 16 was prepared by the modified perfusion fixation method. Bars: 10 pm

Fig. 14. Two partial series from same original series showing cortical (a) and subcortical (b) actin in a branchlet internode of C. coralling. a
Cortical actin strands are predominantly oriented perpendicular to the orientation of the subcortical bundles and the cell’s long axis (diagonal to
the long axis of the page). Calculated from first 10 images of series collected at 0.25 um intervals. b Calculated from remaining 13 images col-
lected at 0.25 pm intervals

Fig. 15. Neutral line region of a N. pseudoflabellata axial internode. Actin ring structures associate with virtually all the chloroplasts that bor-
der the neutral line. In contrast, actin rings are rarely observed on the chloroplasts organized into tight files overlying the streaming endoplasm.
Calculated from 17 serial images collected at 0.25 pm intervals

Fig. 16. Neutral line region of a perfusion-fixed C. corallina axial internode. In addition to the chloroplast ring structures, this series extends
into the cortex, where transverse cortical actin strands are visible, Perfusion fixation preserved cortical actin strands only at the neutral line. Cal-
culated from 22 serial images collected at 0.29 pm intervals

Fig. 17 a. Neutral line region of a N. pseudoflab?llata branchlet internode. Here, a file of chloroplasts (see equivalent chloroplast image,
Fig. 17 b) crosses the neutral line and is bordered on both sides by actin bundles. Actin rings on some of the chloroplasts are also evident. Cal-
culated from 12 serial images collected at 0.3 pm intervals

Fig. 18. Microtubules at neutral line in a C. corallina axial internode. The anaglyph is projected so that the viewer is looking out from the cell
interior. Calculated from 24 serial images collected at 0.21 pym intervals

Fig. 19. Node between primary and secondary internodes of a N. pseudoflabellata branchlet. Note lack of nodal cells at this junction. Subcorti-
cal actin bundles continue around cell ends making a U-bend near the neutral line. Note actin rings on chloroplasts adjacent to neutral line. Cal-
culated from 26 serial images collected at 0.42 pm intervals

Fig. 20. Aciin bundles at end wall of a C. corallina axial internode. Here actin bundles are evenly spaced, unlike in the rest of the cell where
they are arranged in groups along chloroplast files (Fig. 14 b). Despite lack of chloroplast files, actin bundles remain parallel to one another as
they undergo a shift in orientation. Calculated from 16 serial images collected at 0.25 pm intervals

Fig. 21. Microtubules at corner between transverse wall and end wall of a C. corallina axial intemode. In lower part of image, which shows the
longitudinal (side) wall of the cell, microtubules are broadly transverse. At the corner of the side and end walls, microtubules become scarce and
those present are aligned in the same direction as the actin bundles, approximately perpendicular to microtubule orientation along the side walil.
Calculated from 33 serial images collected at 0.33 um intervals
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phallotoxins, we have found hitherto unsuspected
similarities between the organization of actin in
developing characean internodal cells and higher
plant cells. Most significant is the distinct array of
actin strands in the cell cortex whose orientation, like
cortical microtubules, is transverse in elongating
cells. A novel feature is chloroplast-associated actin,
in the form of ring structures and bundles, located
alongside the neutral line.

Preserving actin in plant cells

Determining the full extent of F-actin in plant cells
remains problematic. The conspicuous bundles of
actin filaments associated with cytoplasmic streaming
and organelle motility are relatively resistant to desta-
bilization and thus are readily preserved by conven-
tional fixation protocols. Subcortical actin bundles in
characean internodal cells, for example, resist disas-
sembly for extended periods during vacuolar perfu-
sion experiments when cell ends are removed and an
artificial cytoplasm is allowed to flow through the
opened cell for tens of minutes (Williamson 1975,
Shimmen and Tazawa 1982). In contrast, finer actin
structures, whose presence in the plant cell cortex has
been confirmed immunologically in densely cytoplas-
mic tissues (McCurdy et al. 1989) or in rapidly fro-
zen, freeze-substituted material (Lancelle and Hepler
1989, Ding et al. 1991), are not preserved by conven-
tional fixation of most plant cells and especially of
those that are highly vacuolated. Numerous modified
fixation and non-fixation procedures allow actin dis-
tribution to be probed more thoroughly in a variety of
plant cell types. Improvements include the use of pro-
teolytic inhibitors, actin-specific protectants like tro-
pomyosin (Kakimoto and Shibaoka 1987) and the
cross-linking reagent m-maleimidobenzoyl-N-hy-
droxy-succinimidester (MBS) prior to (Sonobe and
Shibaoka 1989) or independent of aldehyde fixation
(Cho and Wick 1991). We report elsewhere that pre-
treatment of Nitella internodal cells with MBS prior
to aldehyde fixation preserves F-actin structures sim-
ilar to those documented in this study (Collings et al.
1995).

Comparison of fixation methods

We compared various means of fixing cells to deter-
mine how best to preserve cortical actin. Our conven-
tional approach to immunofluorescence by which the
internodal cells are fixed after first removing the cen-
tral vacuole (Williamson et al. 1989, Wasteneys and
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Williamson 1991) did not preserve cortical actin or
the chloroplast rings. Minimizing the interruption to
streaming by introducing an ATP-containing perfu-
sion solution preserved only those cortical actin struc-
tures close to the neutral line, perhaps because they
are reached more quickly by the intemnally perfused
fixative than those cortical actin strands shielded
from the endoplasm by chloroplasts. Fixing whole
cells, however, preserved abundant cortical actin
structures; the method minimized handling of materi-
al and allowed preservation of cells that would other-
wise be too small for perfusion. Cytoskeletal organi-
zation at the end walls and in the nodal cells could
also be examined because removal of the cellends —a
prerequisite for vacuolar perfusion — was not neces-
sary. We obtained best results using 1% glutaralde-
hyde alone in fixation buffer; use of formaldehyde at
concentrations high enough to preserve cells caused
plasmolysis (Taylor 1988). Although we cannot attest
to the completeness of the actin array that is preserved
in glutaraldehyde, from the fact that the distribution
matches or betters that observed in living cells with
fluorescent phallotoxins, we conclude that actin can
be preserved extremely well with glutaraldehyde.
Similarly, whole cell fixation improved microtubule
preservation. Perfusion fixation generally does not
preserve cortical microtubules at the neutral line
(Wasteneys and Williamson 1993) but microtubules
were abundant at this location after whole cell fixa-
tion, in agreement with observation of living cells fol-
lowing microinjection of fluorescent tubulin (Foiss-
ner and Wasteneys 1994). Presumably the microtu-
bules at the neutral line disassemble relatively easily
during pre-fixation perfusion because they are not
protected by the chloroplast layer. The key to the suc-
cess of whole cell fixation for preserving both cortical
actin and microtubules is likely to be the rapidity of
penetration of the fixative to the cortical sites (Mer-
sey and McCuliy 1978). Characean internodal cells
are aquatic and thus lack cuticle which, in land plants,
reduces the speed at which fixative penetrates cells.
Thus, the contention that fine actin filaments are sen-
sitive to glutaraldehyde fixation (Lehrer 1981) may
reflect more the time it takes for glutaraldehyde to
reach the actin filaments than disruptive effects of
glutaraldehyde per se.

Phalloidin injection

Actin function was apparently unaltered by labelling
with microinjected fluorescent phallotoxins because



G. O. Wasteneys et al.: Actin in characean internodal cells

streaming velocities were not reduced by the treat-
ment. Similarly, labelling subcortical actin bundles
with fluorescent phallacidin by perfusion did not
reduce the velocity of artificially reactivated stream-
ing in Chara internodal cells (Nothnagel et al. 1981).
Kron and Spudich (1986) and more recently Kohne et
al. {1992) have demonstrated that movement of actin
filaments along solid-phase myosin substrates is not
impeded by labelling of the actin with phallotoxin. It
may be concluded, therefore, that the small size of
phallotoxins (< 1250 Da) does not interfere with the
binding to actin of many actin-based motor proteins.
Nevertheless, cortical actin strands appeared to be
much more extensive in fixed, immunolabelled tissue
than in living, phallotoxin-injected cells (compare
Figs. 8 and 14 a). Cortical actin strands might be
destabilized in cells prepared for microinjection but it
is also possible that detection of relatively weak sig-
nals is more difficult in living cells. The labelled cor-
tical strands are not as bright as the subcortical bun-
dles, probably because they contain relatively few
actin filaments. Their relatively weak signal may be
undetectable at detector settings adequate for the
brighter subcortical bundles. The wide dynamic range
in signal strengths seemed to be less of a problem
with immunofluorescence, perhaps because higher
laser intensity and longer dwell times could be used to
record the full range of signal intensities without the
photobleaching of fluorochromes that occurred in liv-
ing tissue. Alternatively, phalloidin might bind less
readily to cortical actin strands than it does to subcor-
tical bundles. This could be caused by poor accessi-
bility but phalloidin’s small size (< 1250 Da) makes
this an unlikely explanation. It is more likely that if
phalloidin binds less readily to cortical actin that it is
because of reduced affinity, reflecting distinct proper-
ties of cortical and subcortical actin. One further pos-
sible explanation for detection of relatively little cor-
tical actin in phalloidin-injected cells is that phalloid-
in might cause aggregation of fine strands as reported
by Sonobe and Shibaoka (1989). Compared to the
cortical actin preserved by fixation (Fig. 14 a), the
phalloidin-labelled actin in this study (Figs. 3, 7, and
8) does appear as short, thick elements, not dissimilar
to the stable rods induced by cytochalasin treatment
(see Collings et al. 1995). Our estimates of cytoplas-
mic phalloidin concentration, however, are approxi-
mately ten-fold less than those shown by Sonobe and
Shibaoka (1989) to cause aggregation of actin.
Despite its obvious value in studying actin distribu-
tion in living cells (Schmit and Lambert 1990, Cleary
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etal. 1992, Zhang et al. 1993, Meindl et al. 1994,
Staiger et al. 1994), phalloidin should be considered a
less than perfect reporter molecule.

Function of cortical actin strands

The function of cortical actin strands identified in this
study remains uncertain. Their transverse orientation
in elongating internodes predicts some relationship
with the similarly aligned cortical microtubules but
this relationship may be indirect. We have not yet
explored in depth the nature of cortical microtubule-
actin filament association but cytochalasin treatments
do not change the orientation of cortical microtubules
nor do they prevent reformation of a ftransverse
microtubule array following drug-induced microtu-
bule disassembly (Wasteneys unpubl.). Thus, cortical
actin in characean internodal cells is unlikely to be
involved in microtubule alignment. Some recent
reports suggest a close association of actin with the
plasma membrane and components of the cell wall in
characean internodal cells. Foissner (1991) reported
that cytochalasin B inhibits wound wall formation,
implying involvement of F-actin in certain exocytotic
events. Also, Wayne et al. (1992) provided indirect
evidence that integrin homologues are active in Cha-
ra internodes. This would almost certainly require
interaction of actin with the plasma membrane.

Development of subcortical actin bundle arrays

The axial organization of actin bundles arises in
young internodal cells as soon as cell elongation
becomes apparent and is probably a consequence
rather than a cause of the establishment of cell polari-
ty. It is suggested that the actin bundles and therefore
the direction of streaming lie along the major axis of
strain deformation (Green 1964) resulting in an off-
axial helical orientation. Chloroplast files share this
orientation pattern but there remains some uncertain-
ty about the obligate nature of their association with
subcortical actin bundles. Two observations made in
this study suggest that actin bundles do not depend on
the prepositioning of the chloroplasts for their align-
ment. First, during carly elongation, when chloro-
plasts are still relatively disorganized, actin bundles
are already arranged in well ordered, parallel arrays.
Second, in agreement with SEM analysis of McLean
and Juniper (1993), actin bundles remain parallel at
the ends of cells where chloroplast files are absent.

The close association of actin with chloroplasts may
therefore reflect a dependence of chloroplast align-
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ment on actin bundle organization rather than vice
versa. This is supported by earlier experimental
approaches. Chen (1983) documented recovery of
Nitella cells after centrifugation and noted that
streaming patterns became established prior to align-
ment of chloroplasts along the same pathways. Wil-
liamson (1985) showed that detergent solubilization
of chloroplasts in Chara does not remove actin bun-
dles or alter their alignment significantly whereas a
fibrous cortical meshwork, if released by trypsin, dis-
lodges both actin bundles and chloroplasts. On the
other hand, Green (1964) found that “the departure
from oriented expansion in Nitella plastids when
deprived of the normal strain environment takes place
despite the fact that the streaming pattern is
unchanged”, suggesting that chloroplast alignment
cannot be completely dependent on actin bundle
organization.

The observation that actin bundles remain parallel at
the ends of cells where chloroplast files are absent
suggests that they are aligned by a mechanism other
than strain deformation. Compared to the anisotropic
growth of the internodal side walls, the end wall
undergoes relatively little expansion during cell
development. The precise order of the actin bundles
at the nodal cross walls cannot, therefore, be attribut-
ed to strain alignment (Green 1964). Cytoplasmic
flow, as demonstrated in experiments in which actin
regeneration was documented in light-induced chlo-
roplast-free windows, was suggested to align bundles
across end walls (Williamson et al. 1984).

Significance of chloroplast actin rings

Rings of actin are evident on those chloroplasts near-
est 1o the neutral line and, in many cases, longer bun-
dles are also associated with these loosely strung
chloroplasts. The chloroplasts lying along the edge of
the neutral line could represent the establishment of
new chloroplast files but, according to Green (1964),
the number of chloroplast files is approximately con-
stant over the course of development, the five-fold
increase in average chloroplast size accounting for
much of the increase in cell girth. Alternatively, the
loosely strung chloroplasts and actin bundles border-
ing the neutral line could be a consequence of turbu-
lent bulk flow due to boundary effects. Indeed, the
chloroplast actin rings might be initially flow-aligned
by neutral line turbulence and then participate in the
motility of organelles in the neutral line. Williamson
(1972) documented organelle movement along single
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fibrils (visible with differential interference contrast
microscopy) and around chloroplasts adjacent to the
neutral line in Chara and noted that organelles could
move in opposite senses on neighbouring chloro-
plasts. The characean actin rings and bundles there-
fore appear to be capable of generating organelle
motility.

The chloroplast actin rings might also serve to tether
chloroplasts to other cortical structures. We have no
experimental evidence for this but the involvement of
actin in chloroplast migration and immobilization has
been demonstrated in several plant and algal systems
(Menzel and Schliwa 1986, Izutani et al. 1990, Wag-
ner and Grolig 1992, Menzel 1994, Wada et al. 1993,
Williamson 1993). Formation of actin rings on the
plasma membrane side of chioroplasts in Adiantum,
for example, is a feature of chloroplast immobiliza-
tion (Kadota and Wada 1992). Characean chloroplasts
may be stable but this does not preclude dependence
on an active, albeit isometric, process to keep the
chloroplasts in place. Interestingly, chloroplasts that
accidentally become dislodged from the stationary
cortical gel spin as they move with the streaming
endoplasm (Kamiya 1962, Williamson 1972). The
nuclei of Nitella also spin in this manner, an activity
that has been attributed to the presence of actin rings;
spinning of nuclei does not occur in Chara, whose
nuclei lack actin rings (Wasteneys and Williamson
1991).

In conclusion, by improving visualization techniques,
we revealed a much more extensive distribution of
actin in characean internodal cells than has been pre-
viously described. Importantly, these findings show
that characean actin is organized in a manner that is
similar to that of higher plants. With this knowledge,
it will be possible to more accurately determine the
actin cytoskeleton’s involvement in many develop-
mental and physiological processes.
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