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Abstract. The organization of the microtubule (MT)
and actin microfilament (MF) cytoskeleton of tip-
growing rhizoids and protonemata of characean green
algae was examined by confocal laser scanning micros-
copy. This analysis included microinjection of fluores-
cent tubulin and phallotoxins into living cells, as well as
immunofluorescence labeling of fixed material and
fluorescent phallotoxin labeling of unfixed material.
Although the morphologically very similar positively
gravitropic (downward growing) rhizoids and negatively
gravitropic (upward growing) protonemata show oppo-
site gravitropic responses, no differences were detected in
the extensive three-dimensional distribution of actin
MFs and MTs in both cell types. Tubulin microinjection
revealed that in contrast to internodal cells, fluorescent
tubulin incorporated very slowly into the MT arrays of
rhizoids, suggesting that MT dynamics are very different
in tip-growing and diffusely expanding cells. Microtu-
bules assembled from multiple sites at the plasma
membrane in the basal zone, and a dense subapical
array emerged from a diffuse nucleation centre on the
basal side of the nuclear envelope. Immunofluorescence
confirmed these distribution patterns but revealed more
extensive MT arrays. In the basal zone, short branching
clusters of MTs form two cortical hemicylinders. Sub-
apical, axially oriented MTs are distributed in equal
density throughout the peripheral and inner cytoplasm
and are closely associated with subapical organelles.
Microtubules, however, are completely absent from the
apical zones of rhizoids and protonemata. Actin MFs
were found in all zones of rhizoids and protonemata
including the apex. Two files of axially oriented bundles
of subcortical actin MFs and ring-like actin structures in
the streaming endoplasm of rhizoids were detected in the
basal zones by microinjection or rhodamine-phalloidin

Abbreviations: FITC = fluorescein isothiocyanate; MF = micro-
filament; MBS = m-maleimidobenzoic acid N-hydroxysuccini-
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labeling. The subapical zone contains a dense array of
mainly axially oriented actin MFs that co-distribute with
the subapical MT array. In the apex, actin MFs form
thicker bundles that converge into a remarkably distinct
actin patch in the apical dome, whose position coincides
with the position of the endoplasmic reticulum aggregate
in the centre of the Spitzenk&rper. Actin MFs radiate
from the actin patch towards the apical membrane.
Together with results from previous inhibitor studies
(Braun and Sievers, 1994, Eur J Cell Biol 63: 289-298),
these results suggest that MTs have a stabilizing function
in maintaining the polar cytoplasmic and cytoskeletal
organization. The motile processes, however, are medi-
ated by actin. In particular, the actin cytoskeleton
appears to be involved in the structural and functional
organization of the Spitzenkoérper and thus is responsi-
ble for controlling cell shape and growth direction.
Despite the similar structural arrangements of the actin
cytoskeleton, major differences in the function of actin
MFs have been observed in rhizoids and protonemata.
Since actin MFs are more directly involved in the
gravitropic response of protonemata than of rhizoids,
the opposite gravitropism in the two cell types seems to
be based mainly on different properties and activities of
the actin cytoskeleton.
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Introduction

Rhizoids and protonemata of characean algae are tube-
like, tip-growing cells, highly specialized to penetrate
mud and soil. Rhizoids grow positively gravitropically
(downward) to anchor the green thallus in the sedi-
ment. Protonemata, which develop in darkness, grow
negatively gravitropically (upward) in order to regener-
ate the complex organized, multicellular green plant
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(Pickett-Heaps 1975; Hodick 1993). Both cell types,
which arise either from meristem-like nodal cells or from
zygotes, are polarly organized and very similar in general
shape and cytoplasmic zonation (Hodick 1993). Their
opposite gravitropic responses are both dependent on
sedimentable statoliths, whose position and transport is
dynamically controlled by the actin cytoskeleton (Sievers
et al. 1991b; Buchen et al.1993; Braun and Sievers 1993;
Hodick 1994). The presence of actin in rhizoids has been
demonstrated by rhodamine phalloidin labeling (Sievers
et al.1991a; Braun and Sievers 1993). Inhibitor-induced
disassembly of the actin microfilament (MF) system
(Braun and Sievers 1993) resulted in the sedimentation
of the statoliths onto the apical cell wall and caused
cessation of tip growth (Hejnowicz and Sievers 1981)
and disintegration of the tip-growth-organizing com-
plex, the Spitzenkorper (Bartnik and Sievers 1988).
These observations suggest that actin is involved in the
mechanism of strictly tip-focused exocytosis of secretory
vesicles and also structurally organizes and stabilizes the
Spitzenkorper in the apical dome of rhizoids and
protonemata. At the ultrastructural level, the Spit-
zenkOrper in rhizoids and protonemata is characterized
by a unique aggregation of endoplasmic reticulum (ER)
membranes, a great number of secretory vesicles and
microvesicles (Bartnik and Sievers 1988; D. Hodick,
Botanisches Institut, Universitit Bonn, personal com-
munication). The ER aggregation is located very close to
the outermost apical membrane, the centre of maximal
growth, and appears to be involved in the actomyosin-
mediated guiding of the secretory vesicles (Bartnik et al.
1990) and, therefore, in the control of gravity-oriented
tip growth.

In order to shed light on the involvement of
cytoskeletal elements in the gravitropic component of
tip growth, we examined the structural three-dimension-
al organization of actin MFs and microtubules (MTs) in
further detail. Because of the absence of MTs in the
apical zone, it is most likely that they do not play a direct
role in graviperception and graviresponse (Braun and
Sievers 1994). Differences in transport and sedimenta-
tion behaviour of the statoliths in protonemata and
rhizoids and the different features of the growth
responses suggest that actin might play a specific but
different role in the opposite gravitropic response of the
two cell types (Hodick 1994; Braun 1996a).

Conventional epifluorescence microscopy has identi-
fied certain features of the actin (Sievers et al. 1991a) and
MT (Braun and Sievers 1994; Braun 1997) arrays in
characean rhizoids. Specifically, the application of
rhodamine phalloidin to unfixed material or chemical
fixation followed by anti-actin immunofluorescence
revealed arrays of actin bundles in the subcortical basal
cytoplasm and a dense actin network throughout the
apical and subapical cytoplasm (Sievers et al. 1991a).
Immunofluorescence has also been used to label micro-
tubules in the cortical basal cytoplasm as well as a dense,
axially oriented MT network in the subapical zone
(Braun and Sievers 1994; Braun 1997). However, con-
ventional fluorescence microscopy failed to reveal any
features of the cytoskeleton in the inner cytoplasm of the

apical and subapical zones because of high background
fluorescence. In the present paper, the three-dimensional
organization of actin MFs and MTs in rhizoids has been
re-examined by confocal laser scanning microscopy after
microinjection of fluorescent tubulin and phallotoxins or
labeling with rhodamine phalloidin and cytoskeleton-
specific antibodies. The distribution of the actin and MT
cytoskeleton in protonemata was also documented for
the first time. Improved visualization methods and
optical sectioning reveal the most complex cytoskeletal
organization presented in any tip-growing cell so far and
microinjection gives the first insights into the dynamic
behaviour of the cytoskeleton in live, gravitropically tip-
growing cells.

Material and methods

Culture of rhizoids. Chara globularis (Thuill.) and Nitella pseudo-

flabellata (A. Br. & Nordst. em. R.D.W.) were collected from the

Shoalhaven River catchment between Bungonia and Bungendore,
in the southern tablelands of New South Wales, Australia and
cultured in 5- or 10-1 beakers as described by Wasteneys and
Williamson (1989). Young rapidly growing shoots were cut into
short segments of at least two nodes and one internodal cell. For
the production of protonemata, the segments were embedded in a
thin layer of agar (1.2% in distilled water) on a microscope slide,
covered with long coverslip and fixed at two sides with tape. These
cuvettes were placed horizontally in staining jars filled with
modified Forsberg medium (Wasteneys et al. 1996). Protonemata
developed within 15-20 d in complete darkness at room temper-
ature (21-23 °C). To induce formation of rhizoids, shoot segments
were placed in upright flat culture chambers (330 ml) containing
modified Forsberg medium at room temperature under continuous
incandescent white light.

Immunofluorescence labeling. Small pieces of agar containing
nodes with dark-grown protonemata were cut and placed for
20 min in a fixative solution of 1% formaldehyde and 1%
glutaraldehyde (Sigma, St. Louis, Mo, USA; Grade I, stored at
—20 °C) in microtubule-stabilizing buffer (MSB) containing 50 mM
Pipes, 5 mM EGTA and 5 mM MgSO, (pH 7.2). Bundles of
rhizoids were fixed by first removing them from the culture
chambers and directly transferring them to the fixative solution.
Some rhizoids were placed horizontally for 12 and 20 min prior to
fixation. Alternatively, specimens were pretreated with MBS
(m-maleimidobenzoyl-N-hydroxysuccinimide ester; Boehringer,
Mannheim, Germany; 20-200 uM in Forsberg medium) for
S min and 10 min. After several rinses in MSB, the buffer was
gradually replaced with phosphate-buffered saline (PBS). Follow-
ing washing in PBS the cells were treated three times with freshly
prepared 1 mg - ml™' NaBH, for 10 min, washed again in PBS and
transferred to permeabilization buffer (1% Triton X-100 in PBS,
pH 7.4) for 30 min. Protonemata were removed from the agar,
placed on microscope slides and frozen immediately in liquid
nitrogen for 1 or 2 min. Frozen cells were carefully squashed
between a pre-chilled coverslip and the microscopic slide (freeze
cracking or shattering, see Braun and Sievers 1994). After thawing
and washing three times in PBS containing 50 mM glycine, the cells
were incubated with the antibodies for 2 h to overnight at 37 °C.
After three rinses in the same buffer, the cells were incubated with
fluorescein isothiocyanate (FITC)-conjugated second antibodies for
2 h at 37 °C. Stained cells were rinsed three times with PBS and
mounted in 0.1% p-phenylene diamine and 50% glycerol to
minimize fading of the fluorescent conjugate.

Microtubules were labeled with monoclonal mouse anti-tyro-
sine o-tubulin, clone TUB-1A2 (Sigma T-9028; 1:800). For actin
labeling, the C4 monoclonal antibody raised against chicken
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gizzard actin (Lessard 1988) was used at a dilution of 1:100. The
FITC-conjugated anti-mouse IgG (Silenus, Hawthorn, Victoria,
Australia; 1:100) served as a secondary antibody for both mono-
clonal antibodies.

For double labeling of microtubules and actin, cells were
sequentially incubated in clone TUB-1A2 (Sigma; 1:800), biotin-
ylated goat anti-mouse IgG (Sigma; 1:100), mouse anti-actin IgM
clone N350 (Amersham, Sydney, Australia; 1:100), secondary
antibody (Sigma F-9259; 1:40) specific to mouse IgM and finally
in Avidin Neutralite Texas Red (Molecular Probes, Eugene, Ore.,
USA; 1:100). In order to enhance the avidin fluorescence, 10 uM
biotin, diluted in PBS, was added as a last incubation step. Cells
were washed three times with incubation buffer between each
incubation step. For double-labeling of microtubules and DNA,
cells were labeled for 1 h each with TUB 1A2 (Sigma), FITC-
conjugated anti-mouse IgG (Silenus) and finally incubated for
15 min in 2 pg - ml™! propidium iodide (Sigma; P-4170), diluted in
PBS. For double labeling of actin and DNA, clone C4 anti-actin
(ICN), anti-mouse IgG FITC-conjugate (Silenus) and propidium
iodide were used.

Microinjection and confocal laser scanning microscopy. The probes
FITC-phalloidin and Bodipy FL phallacidin (Molecular Probes)
were diluted in methanol to a concentration of 6.6 uM and kept
frozen until use. Prior to microinjection, methanol was removed
from aliquots of 20 pl by desiccation. The injection dilution of
0.66 pM was prepared by adding 100 mM KCI, sonicated and
centrifuged (5 min at 10 000 g).

Tubulin extraction and labeling with 5(6)-carboxyfluorescein-N-
hydroxysuccinimide ester (Boehringer) was performed as described
by Wasteneys et al. (1993) according to the method of Vigers et al.
(1988) with the modifications of Zhang et al. (1990). Freshly thawed
tubulin, which was frozen as a stock solution at —80 °C at a
concentration of 10 mg - mI™" in buffer containing 20 mM sodium
glutamate, 0.5 mM MgSO,4 and 1 mM EGTA, was diluted to
5 mg - ml™! in injection buffer containing 1 mM GTP. Microinjec-
tion was performed on rhizoids, which were immobilized with low-
gelling agarose, using hydraulic-pressure micropipettes (Hepler et al.
1993) mounted on a Zeiss Axiovert IM-10 coupled to a confocal
laser scanning system (MRC-BioRad 600; Microscience Division,
Hemel Hempstead, UK). Images of fluorescently labeled cells were
collected using Kalman filtering of 6-10 scans. Digital images were
processed with Confocal Assistant software (CAS, version 3.10)
and printed on Epson Stylus Color 800 and Tectronix Phaser 440.

Rhodamine phalloidin labeling. Small aliquots (20 pl) of 6.6 UM
rhodamine phalloidin (Molecular Probes) prepared in methanol
were diluted in 0.2 M sodium potassium phosphate buffer (pH 7.2)
to a 30 nM working solution. For labeling, rhizoids and protone-
mata were incubated in a drop of rhodamine phalloidin solution on
a microscope slide without pre-fixation and examined with the
confocal laser scanning microscope.

Results
Actin cytoskeleton in rhizoids

The three-dimensional organization of the actin cyto-
skeleton of rhizoids was examined using rhodamine
phalloidin staining, indirect immunofluorescence and
microinjection of live cells with fluorescently labeled
phalloidin and phallacidin. Confocal laser scanning
microscopy allowed optical sectioning which was indis-
pensable for resolving the fine fibrous structures of the
actin MFs in the apical and subapical zones of rhizoids.

Rhodamine phalloidin labeling revealed an extensive
array of actin MFs in predominant axial orientation in
the subapical and apical zone (Fig. 1). The subapical

zone was characterized by an extremely dense and
homogeneous network of actin MFs of equal density in
the peripheral and inner cytoplasm (Figs. 1, 2). The very
thin (0.4 um) optical section image (Fig. 2) illustrates the
dense subapical actin MF network encircling the organ-
elles. In the apical zone (Fig. 1, zone between the two
arrowheads), MFs form less densely packed but rela-
tively thick bundles that run between the numerous
statoliths (Fig. 1A,S) and converge into a brightly
fluorescing patch-like actin array (Fig. 1B, arrow)
localized at a close, constant distance from the outer-
most tip, the area of maximal growth. The fine fibrous
appearance of the actin patch, which has a diameter of
5-8 um, is shown in two sequential median optical
sections (Fig. 1B,C). Actin MFs radiate from the actin
patch towards the plasma membrane of the apical dome.
They are not, however, linked head-on to the plasma
membrane. Most of these apically radiating actin MFs
curve fountain-like before reaching the apical mem-
brane, merge into thicker bundles and return towards
the base of the cell along the cell periphery. Actin
labeling in plasmolysed rhizoids (Fig. 3) demonstrates
that the actin MFs emerging from the actin patch are
linked only very weakly or dynamically to the apical
plasma membrane. After labeling with rhodamine phal-
loidin solution containing 0.2-0.4 M sorbitol, the apical
plasma membrane became detached from the apical cell
wall (Fig. 3A, arrowhead). The actin cytoskeleton
including the actin patch (Fig. 3B, arrow) together with
the statoliths, however, retracted as a complex even
further than the apical plasma membrane (Fig. 3B,
arrowhead).

In rhizoids, anti-actin immunofluorescence with and
without MBS pretreatment revealed the same overall
pattern of the actin cytoskeleton as phallotoxin labeling,
namely, the distinct differences between the subapical
and apical actin arrays and the conspicuous patch-like
actin array in the centre of the apical dome (Fig. 4A).
Concentrations of MBS low enough not to cause any
disruption of MTs (cf. Collings et al. 1995) and
subsequent breakdown of the cytoplasmic zonation only
slightly improved the preservation of actin. Neverthe-
less, after chemical fixation and immunofluorescence
labeling, the actin arrays were less extensive than after
rhodamine phalloidin staining. In particular, the apical
MF bundles were less numerous and less net-like in
chemically fixed and immunofluorescently labeled rhi-
zoids.

To study the effect of reorientation on the distribu-
tion of actin MFs, rhizoids were placed horizontally for
12 min and 20 min prior to fixation and antibody
labeling. After 12 min, the statoliths had already
completely sedimented onto the lower cell flank, but
gravitropic bending had not yet started. Horizontal
exposure for 20 min was sufficient to induce a slight
downward gravitropic curvature. No differences could
be observed in the symmetric arrangement of the
immunofluorescently labeled actin MFs in rhizoids
that remained vertically positioned (Fig. 4A) and in
rhizoids growing horizontally for 12 min and 20 min
(Fig. 4B,C). Clearly, the sedimenting statoliths can
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Figs. 1-6. Distribution of actin MFs in Chara rhizoids. All scale
bars = 10 pm

Fig. 1A-C. Micrographs of the apical zone (region between the
arrowheads) and part of the subapical zone of a rhodamine phalloidin-
labeled rhizoid. A The differential interference contrast (DIC) image
corresponding to the fluorescence images shows numerous statoliths
(S) in their usual location. B, C Two sequential mid-plane optical
sections (0.8 pm interval) showing the actin MF organization in the
apical and part of the subapical zone. Note the loose arrangement of
the apical actin MFs that converge into an apical brightly fluorescing
patch-like actin array (arrow). Actin MFs radiating towards the apical
plasma membrane curve before reaching the apical membrane and
merge into thicker MF bundles running basipetally. Optical section
thickness = 0.6 pm

Fig. 2. Actin MF organization in the subapical zone of a rhodamine
phalloidin-labeled rhizoid. Cytoplasmic organelles (dark spheres) are
embedded in extremely numerous axially oriented actin MFs.
Projection of four serial images at 0.4-um intervals

Fig. 3A,B. Rhizoid after labeling with rhodamine phalloidin solution
containing 0.4 M sorbitol. A The DIC image showing the detachment
of the apical plasma membrane (arrowhead) from the cell wall of the
apical dome. B The corresponding conventional fluorescence image
shows that the actin cytoskeleton, including the apical actin patch
(arrow), is completely disconnected from the apical membrane
(arrowhead) and together with the actin-embedded statoliths is
retracted from the apical dome

Fig. 4A—C. Anti-actin immunofluorescence reveals a dense network of
actin MFs in the subapical zone and more strongly fluorescent, less-
reticulate actin MF bundles in the apical zone (region between the
arrowheads) radiating from apical actin patches. A Actin MF
distribution in a downward-growing rhizoid containing statoliths
(white spheres) in their original position. After 12 min (B) and 20 min
(C) in a horizontal position, no major redistribution of actin MFs is
visualized in the apical zones; they are still symmetrically arranged and
the actin patches are not displaced from their central position in the
graviresponding tip. Optical section images of 1 pm thickness

Fig. SA,B. Actin bundles in the basal zone of rhizoids labeled with
rhodamine phalloidin. Projections of 12 serial images at 0.8-pm
intervals showing the actin bundles in the first (A) and second (B) half
of the basal cell cylinder. Note the actin rings associated with large
endoplasmic organelles (arrows). An actin-free indifferent zone is
shown in A (asterisk)

Fig. 6A,B. Actin bundles in the basal zone of live rhizoids after
microinjection of Bodipy phallacidin. Projection of 8 serial images at
0.8-um intervals in the first (A) and second half (B) of the basal cell
cylinder. One large and one very small actin ring is visualized in the
streaming endoplasm and these are associated with large organelles
(arrows) that momentarily stopped moving

move through the actin MF array without dragging it
along. Neither the sedimenting statoliths nor the gravi-
tropic downward bending tip of the rhizoid drastically
changed the immunofluorescently labeled MF arrange-
ment. The apical actin patch was not displaced from its
central position in the tip; it remained in the stable
position in the centre of the downward bending rhizoid
(Fig. 4).

Actin in the basal regions of rhizoids
After labeling the basal zone with rhodamine phalloidin

(Fig. 5), projections of serial images revealed two
hemicylindrical peripheral arrays of thick, interconnect-

ed actin MF bundles separated by two actin-free regions
or indifferent zones. In addition to the subcortical actin
bundles, actin was also detected in the streaming
endoplasm in the form of ring-like structures associated
with the surface of larger organelles, presumably plas-
tids. Actin rings, however, were not visualized after
chemical fixation and immunolabeling (not shown).

Microinjection with low amounts of Bodipy FL
phallacidin and FITC-phalloidin also resulted in label-
ing of actin MF bundles in the basal zone of live actively
streaming cells (Fig. 6). The actin pattern was very
similar to that observed after immunofluorescence and
rhodamine phalloidin labeling (compare Fig. 6 and
Fig. 5). Since cytoplasmic streaming was not impeded
after microinjection, actin rings could only be docu-
mented on the surface of those organelles which had
stopped moving for a few seconds (Fig. 6A, arrows).
Labeling of actin arrays in the relatively stationary
cytoplasm of the subapical and apical zone of rhizoids
by microinjection was not successful in that low amounts
of Bodipy phallacidin or FITC-phalloidin did not
produce a detectable fluorescence pattern and higher
concentrations caused cessation of tip growth and
breakdown of cytoplasmic streaming.

Microtubular cytoskeleton in rhizoids

Immunofluorescence. Serial optical sectioning by confo-
cal microscopy confirmed that the apical zone is
completely devoid of immunofluorescently stainable
MTs. A dense array of predominantly axially oriented
but occasionally reticulate MTs occupied the subapical
cytoplasm (Fig. 7A,B). Microtubules were dispersed
uniformly throughout this region and no difference in
the density of MTs in the cortical as compared to the
inner cytoplasm could be observed. The nucleus and
other organelles are closely associated with numerous
MTs (Fig. 7B). Multiple tubulin-rich spots dispersed
over the basal face of the nucleus in a small number of
rhizoids are suggestive of MT nucleating or anchoring
sites (arrows in Fig. 7B). Similar structures were not
found on the apical side of the nucleus. In some rhizoids,
a single bundle of MTs was detected inside the nucleus
close to the nucleolus (Fig. 8) without any connections
to the cytoplasmic MT system. In the basal zone, short
branching clusters of MTs formed two cortical hemicyl-
inders that are separated by the two different zones, the
areas between the oppositely moving streams of endo-
plasm, which are essentially devoid of MTs (Fig. 7C).

Microinjection of fluorescent brain tubulin. After micro-
injecting carboxyfluorescein-tubulin into the basal zone
of rhizoids, MTs assembled from a band-like structure at
the basal face of the nucleus approximately 10 min after
microinjection, and extended towards the base of the cell
(Fig. 9A). At 30 min after microinjection, MTs had
increased in number and density and weakly fluorescing
MTs were detected in the thin cytoplasmic layer between
the nuclear and plasma membrane (Fig. 9B, arrows).
Eventually, MTs were also observed in the subapical
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cytoplasm (Fig. 9C). After 1 h, an extensive MT pattern
was visualized in the basal zone (not shown), the nuclear

region and throughout the subapical
(Fig. 9D).

In the cortical cytoplasm of the basal zone, at first,
MTs radiated from the injection site (Fig. 10A) and

later, short, branched MTs were observed which seem to

cytoplasm

originate from multiple, obviously independent, nucle-
ation sites near the plasma membrane (Fig. 10B).

Termination of tip-growth and tip-swelling, which
often occurred after microinjection, was accompanied by
MT polymerization in the apex (Fig. 11). However, MTs
did not appear in the apex of rhizoids showing unim-
peded tip growth.
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Figs. 7-11. Distribution of MTs in Chara rhizoids. Scale
bars = 10 pm

Fig. 7A-C. Anti-tubulin immunofiuorescence in the various regions of
a Chara thizoid. A,B Except for the MT-free apical zone (region
between the arrowheads in A), mainly axially oriented MTs are
present as a dense network encircling the nucleus (N in B) and other
organelles (indicated by dark spherical regions) in the subapical zone.
Arrows (B) indicate putative MT nucleating centres at the basal side of
the nuclear envelope. Optical sections of 0.6 pm thickness. C Projection
of 12 serial images at 0.8-um intervals showing the cortical, short
branching clusters of MTs in the basal hemicylinder of a rhizoid. The
indifferent zone is indicated by the absence of MTs

Fig. 8. Anti-tubulin immunofluorescence reveals the presence of an
MT structure (arrow) inside the nucleus (N) at the surface of the
nucleolus (N'). Projection of six serial images at 0.42-pum intervals

Fig. 9A-D. Fluorescence images of the nuclear region (N = nucleus)
collected 20 min (A), 40 min (B), 50 min (C) and 60 min (D) after
injecting fluorescently labeled tubulin into the basal zone of a live
rhizoid. A Short basipetally elongating MTs are polymerized from a
broad band-like nucleation site at the basal side of the nuclear
envelope. B The MTs eclongate further and additional weakly
fluorescing MTs are visualized in the thin cytoplasmic layer between
nuclear and plasma membrane (arrows). C A great density of MTs
growing in the basal direction and some in the apical direction (arrow)
are labeled in the subapical cytoplasm. D Numerous MTs are also
labeled throughout the subapical cytoplasm, but they are difficult to
visualize because of the low detector settings suited to the fluorescence
of the MTs concentrated near the nucleus

Fig. 10A,B. Fluorescence images of the basal zone of a rhizoid after
injection of fluorescently labeled exogenous tubulin. A At 20 min after
injection, fluorescing MTs are visualized radiating from the injection
site (arrow) in the basal zone. B At 40 min after injection, fluorescent
tubulin has incorporated into numerous short MTs that are spread
throughout the cortical cytoplasm of the basal zone

Fig. 11A-C. Images of a rhizoid that stopped tip growth and
developed tip-swelling after injection of fluorescently labeled tubulin.
A Brightfield image corresponding to the two fluorescence images of
subsequent focal planes. B,C Microtubules have elongated into the
apical zone during cessation of tip growth

Compared to immunofluorescence, microinjection
revealed relatively few MTs in rhizoids. In parallel
control injections into internodal cells from the same
species, fluorescent tubulin from the same aliquots
routinely incorporated more quickly into the MT arrays,
and MT numbers and patterns appeared the same as in
immunofluorescently labeled rhizoids (not shown; see
also Kropf et al. 1997).

Actin cytoskeleton in protonemata

Upward growing protonemata have the same basic
arrangement of actin filaments as downward growing
rhizoids (compare Fig. 12A with Fig. 4A). A dense actin
MF network, shown in a median (Fig. 12A) and a
peripheral focal plane (Fig. 12B), was labeled through-
out the subapical cytoplasm by immunofluorescence. In
a very thin (0.2 um) optical section of the subapical zone
(Fig. 13), predominantly axially oriented actin MF
bundles are shown to be closely associated with organ-
elles. Actin MFs appear thicker and less reticulate in the
apical cytoplasm and focus into a well-defined actin

patch in the centre of the apical dome (Fig. 12A) just as
occurs in rhizoids (Fig. 4). In most protonemata, the
apical zone (30-35 um) was shorter than in rhizoids
(4045 pm). The thick undulating actin MF bundles of
the basal zone also resemble those in rhizoids (Fig. 14;
compare with Figs. 5, 6). Endoplasmic actin rings,
however, were not detected in protonemata after chem-
ical fixation and immunolabeling.

Microtubular cytoskeleton in protonemata

Like the actin cytoskeleton and the cytoplasmic organi-
zation, the MT cytoskeleton of dark-grown protone-
mata also strikingly resembles that of rhizoids (Fig. 15,
compare with Fig. 7). In most protonemata, the MT-
free apical zones are shorter than those in rhizoids. This
could be because protonemata generally grow more
slowly than rhizoids; the length of the apical and
subapical zone is positively correlated to the growth
rates. The basal zone has a cortical MT array consisting
of short, mostly axially oriented MTs, that are frequent-
ly arranged in small branching clusters. The cylindrical
array is interrupted by the two indifferent zones, just as
in rhizoids (compare Fig. 15C with Fig. 7C).

Discussion

Confocal laser scanning microscopy was used for
detailed investigations on the complex three-dimensional
organization of the actin and microtubule cytoskeleton
in rhizoids and protonemata of characean green algae.
The cytoskeleton of negatively gravitropic protonemata
was also demonstrated for the first time in order to
compare its organization with positively gravitropic
rhizoids. Previous studies using conventional fluores-
cence microscopy failed to resolve the fine details of
filamentous cytoskeletal elements, which are densely
packed and cause strong out-of-focus blur especially in
the stationary cytoplasm of the apical and subapical
zones. The capacity of confocal laser scanning micros-
copy for optical sectioning was indispensable for study-
ing the spatial arrangement of the cytoskeleton in both
rhizoids and protonemata.

Although MBS has been described as a cross-linker
(Sonobe and Shibaoka 1989) that improves the preser-
vation and visualization of actin in many cell types,
MBS was of limited use in protonemata and rhizoids
because the usually applied concentrations negatively
affected the stability of the MT cytoskeleton (Collings
et al. 1995) and caused breakdown of the cytoplasmic
zonation (Braun and Sievers 1994). Therefore, the
incubation time and the MBS concentration had to be
drastically reduced which resulted in only slightly
improved actin labeling. The best results for visualiza-
tion of actin were obtained by using a fixative solution
containing high-grade glutaraldehyde which was freshly
thawed from —20 °C (according to Wasteneys et al.
1996). Extensive arrays of actin MFs were visualized by
immunofluorescence in all cytoplasmic zones of rhizoids
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and protonemata which were well preserved by this
method.

The distribution of the actin and MT cytoskeleton
reflects the polar organization and cytoplasmic zonation
of positively gravitropic (downward bending) rhizoids
and negatively gravitropic (upward bending), dark-
grown protonemata. Except for a shorter apical zone
in protonemata, both cell types correspond perfectly in
their polar cytoplasmic and cytoskeletal organization.
The two subcortical arrays of interconnected actin MF
bundles responsible for the rotational cytoplasmic
streaming in rhizoids has already been well documented
by rhodamine phalloidin labeling (Tewinkel et al. 1989;

f

Sievers et al. 1991a). Microinjection of fluorescent
phallotoxins and immunofluorescence showed essential-
ly the same basal actin organization in protonemata. In
addition, ring-like actin structures associated with large
organelles, plastids and/or mitochondria, in the stream-
ing endoplasm were detected for the first time by
rhodamine phalloidin labeling and microinjection of
live rhizoids. Actin rings were not observed after
chemical fixation and immunofluorescence. In interno-
dal cells of Nitella but not in Chara, nucleus-associated
actin rings have been observed in the vigorously
streaming endoplasm (Wasteneys and Williamson
1991). The possibility has been discussed that the actin
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Figs. 12-15. Actin and MT organization in Nitella protonemata.
Scale bars = 10 pm

Fig. 12A,B. Anti-actin immunofluorescence of the apical and subapi-
cal zone of a protonema in a median (A) and peripheral focal plane
(B). Mainly axially oriented actin MF bundles form a dense network
in the subapical cytoplasm. The apical zone (region between the
arrowheads) contains less-numerous and less-reticulate MF bundles
converging into a brightly fluorescing, apical actin patch (A)

Fig. 13. Anti-actin immunofluorescence showing numerous actin MF
bundles associated with cytoplasmic organelles (dark spheres) in a
0.2-um thin optical section of the subapical zone

Fig. 14. Immunofluorescence image of thick actin MF bundles in the
basal zone of a protonema. Two arrays of thick interconnected MF
bundles are separated by the actin-free indifferent zone. Projection of
ten serial images at 0.8-pum intervals

Fig. 15A-C. Anti-tubulin immunofluorescence in the various regions
of a protonema. The apical zone (region between two arrowheads) is
devoid of MTs (A) An extensive dense network of mainly axially
oriented MTs is visualized in the 0.42-pum thin mid-plane focus images
in the subapical zone (A,B) surrounding the nucleus (V). A cortical
cylinder of short branching MT clusters is labeled in the basal zone
(C). The small indifferent zone is characterized by the absence of MTs
(arrow). Projection of ten serial images at 0.6-pum intervals

rings are responsible for nuclear rotation, a conspicuous
phenomenon characteristic of Nitella but not Chara
nuclei (Wasteneys and Williamson 1991 and references
therein), but a role for the endomitotic replication of the
nuclei appeared unlikely because the actin rings are long-
lasting structures that do not delineate the constricting
regions of the dividing nuclei (Wasteneys and William-
son 1991). In contrast to internodal cells, rhizoids and
protonemata have only one large nucleus in a stable
position at the posterior end of the subapical zone and
their plastids in the basal zone do not form a layer in the
cortical cytoplasm but are included in the streaming
endoplasm. Therefore, although it is likely that the actin
rings observed in rhizoids are associated with plastids,
their function is still unknown.

Numerous, predominantly axially oriented MTs form
a dense array in the subapical cytoplasm and a cortical
cylinder of short, branching MT clusters in the basal
zone of antibody-labeled rhizoids and protonemata (see
also Braun and Sievers 1994). Interestingly, individual
MT bundles were also found inside the nucleus without
any contacts to the cytoplasmic MT array. The finding
may relate to reports of closely packed arrays of
microtubular structures inside the nuclei of Chara
visualized by electron microscopy (Pickett-Heaps 1975)
whose signification is still completely unknown.

Using two different tubulin-specific antibodies, nei-
ther conventional nor confocal microscopy detected
MTs in the apical zone of rhizoids. The absence of MTs
was interpreted as an adaptation to gravitropic tip
growth allowing fast lateral sedimentation of statoliths
which exclusively occurs in the MT-devoid apical zone
(Braun and Sievers 1994). Loading rhizoids with fluo-
rescently labeled exogenous tubulin by microinjection
and subsequent confocal imaging revealed the assembly
of MTs in the different zones of rhizoids. Microtubules
polymerized from multiple nucleation sites at the plasma

membrane in the basal zone. In the subapical zone,
however, polymerization of MTs started from a well-
defined nucleation centre at the basal side of the nuclear
envelope. From there, at first, MTs extended towards
the basal zone and, later, fanned out throughout the
subapical cytoplasm showing a dynamically changing
pattern of MTs. The results are supported by the
visualization of a broad band of multiple sites of MT
anchorage or nucleation at the basal side of the nuclear
envelope of antibody labeled rhizoids. No comparable
arrays were detected at the apical side of the nucleus.
Very similar MT structures have been reported on the
nuclear membrane of Haemanthus endosperm cells
(Lambert et al. 1990) and MT assembly sites have been
identified on the nuclei of Nitella internodal cells
(Wasteneys et al. 1989; Wasteneys and Williamson
1989). Our results suggest the existence of two indepen-
dent populations of MTs, a subapical system originating
from a nucleation site located at the basal nuclear
envelope and a second basal system assembling from
multiple sites dispersed along the plasma membrane. In
Nitella internodal cells, polymerization of exogeneous
tubulin from multiple sites in the cortical cytoplasm was
demonstrated by Wasteneys and Williamson (1989). The
subapical MT system of rhizoids and protonemata is
subjected to dynamic changes throughout cell division
whereas the basal system remains relatively stable (data
not shown). The occurrence of MTs in the apical zone
after microinjection is correlated to tip swelling and the
loss of gravitropic tip growth and is also described
during cessation of tip growth in light-stimulated pro-
tonemata (data not shown). Exclusion of MTs from the
apex therefore might be an important feature for the
maintenance of tip growth.

In contrast to tubulin microinjection in characean
internodal cells (Wasteneys et al. 1993; Kropf et al. 1997)
exogenous tubulin incorporated relatively slowly into
the microtubule arrays of rhizoids. Even after consider-
able incubation times, the microtubules containing
fluorescent tubulin subunits probably only reflected a
subset of the total number of microtubules in these cells,
as judged by comparison with immunofluorescence
images. This suggests that in comparison to the micro-
tubules in diffusely expanding internodal cells, microtu-
bules in tip-growing rhizoids and protonemata turn over
relatively slowly or are slow to incorporate free tubulin.

The observation that inhibitor-induced breakdown of
the MT cytoskeleton resulted in a major rearrangement
of the actin cytoskeleton, but not vice versa (Braun and
Sievers 1994), indicates that the relatively static MT
cytoskeleton has a function not only in maintaining a
constant distance of the nucleus from the cell tip but also
in stabilizing the cytoplasmic polarity and the position of
the subapical organelles. Microtubules might also influ-
ence the arrangement of the network of actin MFs at
least in the subapical zone (Braun and Sievers 1994).
Furthermore, the absence of MTs in the apical zone
could explain the presence of thicker MF bundles which
merge into a conspicuous actin patch close to the cell
vertex, where the tip-growth-organizing complex, the
Spitzenkorper, is located. The existence of the dense
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patch-like array of actin in the tip of rhizoids has already
been indicated by conventional fluorescence microscopy
in rhodamine-phalloidin-labeled rhizoids (Sievers et al.
1991a), but only through optical sectioning and the
improved labeling techniques of this study have we been
able to detail the organization of the actin cytoskeleton
in the apical dome, which probably reflects the most
complex pattern described to date in a tip-growing cell.
The actin patch coincides spatially with the aggregation
of ER membranes that represents the structural centre of
the Spitzenkorper (Bartnik and Sievers 1988; Braun
1996b), a finding that has not yet been observed in other
tip-growing plant cell systems. The disappearance of the
ER aggregation and sedimentation of statoliths onto the
apical cell wall after inhibition of the actin MF system in
rhizoids (Hejnowicz and Sievers 1981; Bartnik and
Sievers 1988) is good evidence that actin is essential for
maintaining and organizing the complex mechanism of
gravitropic tip growth.

A longitudinal or oblique orientation of actin MFs
and MTs is common in the cylindrical region of most
tip-growing cells, but the distribution of actin MFs and
MTs differs remarkably in their apices. Although dense
actin networks have been reported at the tips of
numerous tip-growing cells (for review, see Steer 1990)
including moss protonemata (Doonan et al. 1988;
Walker and Sack 1995), fern rhizoids (Kadota and
Wada 1989), Fucus rhizoids (Kropf et al. 1989), and
fungal hyphae (Heath 1987; Jackson and Heath 1990),
there is increasing evidence for an actin-free zone at the
apex of tip-growing cells (Robertson 1992; Jackson and
Heath 1993; Meske and Hartmann 1995; Meske et al.
1996). A prominent role for actin in tip growth in pollen
tubes has been questioned, because actin MFs are
present throughout the length of the pollen tube except
in the short apical region which is essentially devoid of
them (Miller et al. 1996).

In the present study, the complex structural organi-
zation of actin MFs in the apices of rhizoids and
protonemata of characean algae was demonstrated in
both cell types. The orientation of actin MFs radiating
from the actin patch is in accordance with the observa-
tion of shuttle-like movements of vesicles containing cell
wall material between the central ER aggregation and
the apical plasma membrane (Bartnik et al. 1990). Thus,
it seems likely that actin not only stabilizes and
organizes the Spitzenkorper, but is also important for
the spatial control of actomyosin-mediated vesicle
transport and exocytosis, thereby regulating cell shape
and diameter.

In this respect, it may be worthwhile to consider the
‘vesicle-supply-centre concept’ of tip growth (Bartnicki-
Garcia 1990) which suggests that the actin cytoskeleton
may either anchor the vesicle-supply-centre, or Spit-
zenkorper, to the apical pole (pulling mechanism) or it
may provide a scaffolding for the continuous advance of
the vesicle-supply-centre (pushing mechanism). Since the
actin cytoskeleton forms a complex, well-defined struc-
ture in the apical dome and because of the apparent lack
of direct structural linkages to the apical plasma
membrane, the mechanism of pushing the Spitzenkorper

of rhizoids and protonemata forward seems more
attractive. Tight linkage of the actin cytoskeleton to
the apical plasma membrane is unlikely because the actin
cytoskeleton, including the apical actin patch, was easily
detached from the apical plasma membrane after plas-
molysis. Considering the rates of tip growth, it is most
likely that the actin cytoskeleton is only tenuously linked
to the apical plasma membrane via associated proteins
and integral membrane proteins like annexins (Clark
et al. 1995) and integrins (Kaminskyi and Heath 1995)
which are postulated to mediate exocytotic processes
and to stabilize the fast-growing plasma membrane.

In gravistimulated rhizoids, reorientation of actin
MFs was not observed and the actin patch remained in a
stable position during gravitropic bending. The position
of statoliths is important for gravity perception in
rhizoids (Hejnowicz and Sievers 1981; Sievers et al.
1991b; Braun and Sievers 1993). The lateral sedimenta-
tion of statoliths, however, is not restricted in the MT-
free apical zone, and they fall passively through the
axially oriented MFs bundles without changing their
own symmetric distribution. Since the change in growth
direction (gravitropic curvature) results from differential
growth on the opposite subapical flanks and because this
is induced by sedimentation of statoliths in a marginal
region of the apical dome, it is unlikely that the
Spitzenkorper itself can be directly involved in the
gravitropic component of tip growth. It is also unlikely
that the actin cytoskeleton is directly involved in the
primary steps of gravitropism, even though tip growth
per se relies on the structure and function of MTs and
actin MFs. For instance, the position of statoliths in
rhizoids is controlled by the actomyosin system (Braun
1996a) but the mechanism by which differential growth
of the subapical flanks is established after sedimentation
of statoliths is still unknown. Whether simple blockage
of vesicle exocytosis by statolith sedimentation occurs
(Sievers et al. 1979; Sievers and Schnepf 1981) or
whether electrical or mechanical effects on membrane
channel-proteins are involved, still needs to be clarified.

There is even less information on the mechanism of
negative gravitropism in protonemata. Work on the
effect of gravistimulation on the distribution of actin
MFs is in progress; however, it is already known that
actin plays a more direct role in negatively gravitropic
tip growth of protonemata because the active transport
of sedimenting statoliths into the apical dome is actin
dependent (Hodick 1994; Sievers et al. 1996). Actin
might also mediate the displacement of the centre of
maximal growth to the upper flank following the apical
intrusion and sedimentation of statoliths. In contrast,
the actin cytoskeleton in rhizoids actively prevents
statoliths from invading the apical dome and stabilizes
the apical, central position of the Spitzenkdrper during
gravitropic curvature (Braun 1996a). In accordance with
this, it was demonstrated that rhizoids can be forced to
grow in a protonema-like manner when the cytoskeletal
forces that keep the statoliths out of the apical dome are
overcome by centrifugal forces (Braun 1996a). If the
actin MFs in protonemata are actively involved in the
displacement of the Spitzenkorper and the centre of
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maximal growth to the future growth direction, it should
be expected that a reorientation of MFs will precede
gravitropic changes in cell shape. In fact, during the
phototropic response of moss protonemata, a reorien-
tation of the apical collar-like organized MFs was
observed indicating the future growth direction (Meske
and Hartmann 1995; Meske et al. 1996). A spatial
reorientation of the calcium gradient towards the
direction of irradiation in the apex preceded the reori-
entation of the apical actin MFs (Meske et al. 1996;
Sinclair and Trewavas 1997). The situation might be
similar in characean protonemata except that apical
intrusion and sedimention of statoliths might induce a
rearrangement of the tip-high calcium gradient, which is
essential for tip-growing cells (Herth et al. 1990; Hepler
1997; Sinclair and Trewavas 1997) by interacting with
sensitive Ca® " channels in the apical plasma membrane.
Knowledge about Ca’"-dependent, cytoskeleton-asso-
ciated proteins in tip-growing cells is limited. Myosin-
like proteins have been detected attached to the surface
of statoliths and as a diffuse immunofluorescence array
in the apical dome of rhizoids (Braun 1996b). Annexins,
which have been found in pollen tube tips (Clark et al.
1995), are candidates for proteins that mediate the
Ca’"-dependent process of tip-focused vesicle fusion.
Integral plasma membrane integrin-like molecules,
which in animal cells are linked with the cytoskeleton,
were detected in a tip-to-base gradient in tip-growing
fungal hyphae (Kaminskyi and Heath 1995) and seem to
be present in Chara rhizoids (Katembe et al. 1997). In
conclusion, opposite gravitropism in rhizoids and pro-
tonemata is based on a structurally very similar cyto-
skeletal organization of actin MFs and MTs in both cell
types. The opposite direction of gravitropic tip growth
might, therefore, depend on the activities of associated
proteins that regulate the action and properties of the
actin cytoskeleton and the processes involved in the
spatial control of tip growth in a calcium-dependent
manner.
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