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ABSTRACT

The positioning and gravity-induced sedimentation
of statoliths is crucial for gravisensing in most higher
and lower plants. In positively gravitropic rhizoids
and, for the first time, in negatively gravitropic
protonemata of characean green algae, statolith
positioning by actomyosin forces was investigated in
microgravity (<10~* g) during parabolic flights of
rockets (TEXUS/MAXUS) and during the Space-
Shuttle flight STS 65. In both cell types, the natural
position of statoliths is the result of actomyosin
forces which compensate the statoliths” weight in
this position. When this balance of forces was dis-
turbed in microgravity or on the fast-rotating
clinostat (FRC), a basipetal displacement of the
statoliths was observed in rhizoids. After several
hours in microgravity, the statoliths were loosely
arranged over an area whose apical border was in
the same range as in 1 g, whereas the basal border
had increased its distance from the tip. In protone-
mata, the actomyosin forces act net-acropetally.

Thus, statoliths were transported towards the tip
when protonemata were exposed to microgravity or
rotated on the FRC. In preinverted protonemata,
statoliths were transported away from the tip to a
dynamically stable resting position. Experiments in
microgravity and on the FRC gave similar results
and allowed us to distinguish between active and
passive forces acting on statoliths. The results indi-
cate that actomyosin forces act differently on
statoliths in the different regions of both cell types
in order to keep the statoliths in a position where
they function as susceptors and initiate gravitropic
reorientation, even in cells that had never experi-
enced gravity during their growth and develop-
ment.

Key words: Actomyosin; Chara (rhizoids and pro-
tonemata); Fast-rotating clinostat (FRC); Gravisen-
sing; Microgravity; Statolith

INTRODUCTION

Gravity, the constant extracellular stimulus, pro-
vides organisms with vital information, that is, for
oriented growth. Signal-transduction pathways are
highly complex and involve the intracellular sus-
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ception of the stimulus, followed by perception and
the transformation of the stimulus into physiologi-
cal signals and finally the response. In higher plants,
gravity-directed sedimentation of starch-filled am-
yloplasts is the characteristic feature of specialized
gravity-perceiving cells, the statocytes (Kiss 2000;
Sack 1997; Sievers and others 2001). Cytoskeletal
elements restrict sedimentation of amyloplasts in
most other cell types; in statocytes, however, the
cytoskeleton regulates the dynamic equilibrium
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position of the statoliths and is most likely essen-
tially involved in the early signal-tranduction phase,
the transformation of the directional informa-
tion that derives from sedimenting statoliths into
physiological events, two crucial prerequisites for
gravisensing (Kiss 2000; Sack 1997; Sievers and
others 1991a; Sievers and others 2001). By using
the elegant magnetophoresis method to move
statoliths in normal vertically oriented roots, coleop-
tiles, hypocotyls and stems, it was confirmed that
statolith displacement is sufficient to induce gravi-
tropic curvature (Kuznetsov and Hasenstein 1996,
1997; Weise and others 2000). However, little is
known about whether and how the cytoskeleton
interacts with and regulates the positioning of
statoliths.

This aspect has been intensively studied in the
positively gravitropic (downward growing) rhizoids
and the negatively gravitropic (upward growing)
protonemata of the characean green algae, where
the complete signal-transduction pathway is limited
to the only growing part of the cell located at the
apical region (Braun and Wasteneys 2000; Sievers
and others 1996). In both cell types, gravity-
oriented tip growth is based on sedimentation of
BaSO4-crystal-filled statoliths. An extensive, com-
plexly arranged actin cytoskeleton (Braun and
Wasteneys 1998) interacting with myosin-like pro-
teins (Braun 1996a) not only organizes the tip-
growth machinery, but also regulates the position of
the statoliths and controls how and where statoliths
sediment upon gravistimulation in a cell-type spe-
cific manner (Braun 2002; Hodick and others 1998).
The well-coordinated regulation of statolith posi-
tioning, which is sensitive to actin-disrupting drugs
like cytochalasins (Buchen and others 1993;
Hejnowicz and Sieves 1981; Sievers and others
1991b), is crucial for both undisturbed tip growth
and for the mechanisms of the opposite gravitropic
responses in rhizoids and protonemata. The micro-
tubule cytoskeleton plays a crucial role in main-
taining the polar cytoplasmic zonation and the
arrangement of the actin cytoskeleton, but is not
involved in gravisensing and gravitropic tip growth
(Braun and Sievers 1994).

Statolith Positioning is Regulated by
Gravitational and Actomyosin Forces

In downward growing rhizoids, the statoliths are
positioned 10—30 pm above the apical cell wall;
actomyosin forces prevent statoliths from settling
into the tip. In upward-growing protonemata, the
actomyosin system prevents statoliths from sedi-

menting towards the cell base; it generates forces
acting in the opposite direction. In their original
position, the weight of the statoliths is dynamically
outbalanced by oppositely directed actomyosin
forces in both cell types.

This dynamically stable equilibrium position of
statoliths is disturbed when one of the two com-
ponents are altered. Inhibiting the actomyosin-me-
diated transport in rhizoids and protonemata with
cytochalasin D resulted in a settling of statoliths on
the apical cell wall and towards the cell base, re-
spectively (Hejnowicz and Sievers 1981; Hodick
1994). After inversion or basipetal centrifugation of
rhizoids, an initial displacement of statoliths into the
subapical region was followed by an actomyosin-
mediated retransport of the statoliths towards
their original position near the tip (Braun and
Sievers 1993). In rhizoids, when the; gravita-
tional component was abolished in microgravity
(Buchen and others 1993; Volkmann and others
1991) and on the fast-rotating clinostat (FRC;
Cai and others 1997), the actomyosin component
generated a displacement of the statoliths away
from the tip. This displacement did not occur in
rhizoids that were treated with cytochalasin D to
disrupt the actin cytoskeleton (Buchen and others
1993).

Interestingly, the statoliths were not randomly
distributed within the cell in the absence of direct-
ing gravitational forces. Instead they were kept in a
position near the cell tip and they were still able to
function as gravity susceptors. Thus, the actomyosin
forces not only control the equilibrium position of
the statoliths, they also actively rearrange the orig-
inal position of the statoliths by retransporting
statoliths from other regions.

Studies in a stimulus-free environment are obli-
gatory to assess the significance of stimuli in signal-
transduction pathways. Gravity, however, cannot
simply be switched off, but can be compensated to
a certain level, that is, during parabolic flights and
in an orbiting space craft (free-fall situations). In this
paper, investigations on statolith positioning in
characean rhizoids and, for the first time, in pro-
tonemata are presented that were performed in mi-
crogravity during parabolic flights of sounding
rockets (TEXUS/MAXUS), during the Space-Shuttle
mission STS (Space Transportation System)-65 and
in simulated weightlessness during rotation on the
FRC. With these unique methods, we intended to
unravel the complexly coordinated regulation of
statolith positioning by the actomyosin system
which is indispensable for gravitropic orientation in
lower and undoubtedly also in higher plants.
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MATERIAL AND METHODS

Thalli of the green alga Chara globularis Thuill were
collected from a pond at the Botanischer Garten
(Universitdit Bonn) and cultured in 10—20 1 plastic
buckets. We cut segments of two nodes and one
internodal cell and embedded them in agar (1.2%
(w/v) in distilled water) either for STS-65 in Plexi-
glas cuvettes or for parabolic rocket flights in vac-
uum-tight cuvettes that consisted of V,4-steel frame
and two Plexiglas windows to initiate development
of rhizoids and protonemata. Both cuvette types
were handmade by the mechanical workshop, Bo-
tanical Institute, University of Bonn. For the ex-
periments performed during the Space-Shuttle
mission IML-2 (Second International Microgravity
Laboratory) on STS-65, Chara nodes without rhi-
zoids were launched into space approximately 30 h
after embedding in agar to ensure development in
microgravity.

Experiments were performed during different
parabolic flights of rockets and during the 16-day
Space-Shuttle mission IML-2. TEXUS (Technologi-
sche Experimente unter Schwerelosigkeit) and
MAXUS (enlarged version of TEXUS) rockets were
launched from Esrange, near Kiruna in northern
Sweden. They reached altitudes of approximately,
250 km and 800 km and provided microgravity
(<10™* g) for approximately 6 min and 13 min, re-
spectively. The TEXUS acceleration profile of the
launch phase includes a peak thrust acceleration of
7.2 g. The mean thrust was 5.5 g. The spin of 3.1 Hz
was compensated after 60 s by a yo-yo despin,
which is accomplished by deploying two weights
laterally along tethers to dissipate energy. The
MAXUS launch acceleration profile included lower
peak and mean accelerations. The TEXUS/MAXUS
cuvettes were mounted on a payload module that
allowed in vivo video-microscopy of cells in one
cuvette and chemical fixation of cells in 4 other
cuvettes at the beginning and the end of the mi-
crogravity phase. The fixation solution contained
5% (v/v) glutaraldehyde and 3% (v/v) formalde-
hyde in 0.1 M Pipes buffer, pH 7.0. The position of
the statoliths in fixed rhizoids and protonemata
were also recorded by video-microscopy in the
laboratory at Esrange.

During the IML-2 Space-Shuttle mission, cuvettes
were transferred from a Biorack Type I storage
container to the NIZEMI (Niedergeschwindigkeits-
Zentrifugenmikroskop) flight module, a video-mi-
croscope centrifuge constructed by Dornier GmbH,
Friedrichshafen, Germany, on behalf of the Deuts-
ches Zentrum fiir Luft- und Raumfahrt (DLR).

Experimental data were recorded on video tapes.
Ground controls were performed in the Hangar L at
the Kennedy Space Center, Florida, USA, and by
using the fast-rotating videomicroscope clinostat
(FRC) at the microgravity user support center
(MUSC) of the Deutsches Zentrum fiir Luft- und
Raumfahrt (DLR) in Cologne, Germany. Rhizoids
and protonemata were rotated with 90 rpm cen-
tered in the axis of the clinostat and observed by
videomicroscopy. Movements of 18—45 statoliths
per rhizoid were tracked by capturing video frames
at intervals of 15 s to several min. The positions of
the statoliths were determined on digital imag-
es (TIF-files) and mean values of the movement of
the individual statoliths were calculated. The
speed of the acropetal and basipetal movement of
all statoliths analyzed is given as a range of
mean values in Results and Discussion. Statistical
analysis and image processing were done by
using Excel (version 97, Microsoft), Photoshop
(version 5, Adobe, Mountain View, USA) and
Corel Draw (version 9, Corel Corporation, Dublin,
Ireland).

REsuLTs AND DiscussioN

Actomyosin Forces Preserve
Graviresponsiveness in Microgravity by
Active Statolith Positioning in Rhizoids.

In the normally tip-downward growing Chara rhi-
zoids at 1 g, the statoliths are kept in a dynamic
equilibrium position in the form of a flat disc-
shaped complex 10—30 um above the apical cell
wall (Figure 1A). Individual statoliths frequently
escape from this complex, perform saltatory and
trembling movements preferentially in both axial
directions and return to the complex. During the 6-
min microgravity phase of the parabolic flight of a
TEXUS rocket, the statoliths almost doubled their
original distance from the tip and the shape of the
complex became axially extended (Figure 1B) as
was described in Volkmann and others (1991). After
the 13-min microgravity phase of a parabolic
MAXUS flight, statoliths had further increased their
distance from the tip (Figures 1C, 2).

After 30 h in microgravity in the orbiting Space
Shuttle during STS-65, some statoliths had returned
acropetally and they became loosely arranged over
an area of 11—44 pum basal to the tip. They still
showed saltatory and trembling movements, but
no net transport (Figures 1D, 2). Interestingly,
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Figure 1.

The positions of the statoliths in Chara rhizoids are shown under normal 1 g-conditions (A), at the end of the 6-

min microgravity (MG) phase of a TEXUS-rocket flight (B), at the end of the 13-min microgravity phase of a MAXUS-rocket
flight (C), and after 30 h on the orbiting Space Shuttle Columbia during IML-2 mission STS-65 (D). The apical and basal
borders of the statolith complexes of individual rhizoids are indicated by rectangles; the dotted lines represent mean values.
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Figure 2. Series of micrographs showing the position of
statoliths in a Chara rhizoid before launch of the MAXUS-
3 rocket and the basipetal displacement of statoliths dur-
ing the microgravity (MG) phase of the parabolic flight.
For easier comparison of the statolith positions, the rhi-
zoid tips were arranged on a horizontal line. Seconds on
the images denote time before and after launch (t = 0 s);
microgravity conditions (107 g) fromt = 71 stot = 841 s.
Bar: 20 pm.

after 30 h in microgravity, the apical border of
the statolith complex was in the same range again
as in 1 g. This position of the statoliths was
dynamically stable, and without any gravisti-
mulation, the cells grew straight or slightly undu-
lating.

The kinetics of the displacement of the statoliths
(Figure 3A) shows an initial, slightly acropetal shift
resulting from the launch accelerations and sub-
sequently a strong basipetal displacement of stato-
liths with an average speed being in the range of
1.8—2.4 um min~' during the 6-min microgravity
phase of TEXUS flights and the first 6 min of the
MAXUS flight. In the second half of the 13-min
MAXUS flight, the basipetal movement drastically
slowed down and the average speed was reduced
to 0.6—0.8 pm min~'. This indicates that further
away from the tip in the subapical region, acto-
myosin forces are active that do not support a

further basipetal displacement, but redirect stato-
liths towards the tip (Figures 2, 3A). Basipetal
displacement of statoliths was also observed in
rhizoids, which were rotated on the FRC, although
this transport was slower and steadier (Figure 3A).
The average speed was in the lower range of
0.8—1.0 um min~'. The final position of FRC-ro-
tated statoliths, however, resembled that of stato-
liths in microgravity-exposed rhizoids. This well-
coordinated regulation of the position of statoliths
by actomyosin forces guarantees that even in the
absence of gravitational forces, statoliths are still
located in a region close to the tip where pro-
spective accelerations induce a displacement that
finally results in gravitropic reorientation.

Rhizoids, which had developed in microgravity
during STS-65 aboard the Space Shuttle Columbia,
exhibited a dispersed arrangement of statoliths, as
shown in Figure 1D. When microgravity-developed
rhizoids were exposed to 1 g conditions by centrif-
ugating the cells acropetally with the aid of the
video-microscope centrifuge (NIZEMI; Friedrich
and others 1996), their statoliths were displaced to a
position similar to that of normally tip downward-
growing rhizoids at 1 g (Figure 3B); they formed a
similar flat, disc-like complex. The average speed
was in the range of 1.4—1.8 um min~". This position
of the statoliths remained dynamically stable over
the following 20 min. When centrifugation was
stopped, the statoliths were retransported back to
their original microgravity position (Figure 3B) with
an average speed ranging from 1.5 to 1.7 pm min~'.
This indicates that the actomyosin system of mi-
crogravity-developed rhizoids has principally the
same transport properties, and under the same
gravity conditions accomplishes similar statolith
positioning as ground controls.
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Figure 3A,B. (A) Kinetics of the displacement of
statoliths (mean values + SD, n = 18—26) in Chara rhi-
zoids during the 6-min microgravity phase (MG) of the
TEXUS-37 flight (%), during the 13-min microgravity
phase of the MAXUS-3 flight (@), and during 15 min
rotation on the FRC (#). At time point t = 0 min the
rocket was launched and the FRC was switched on. (B)
Kinetics of the statoliths displacement (mean values + SD,
n = 22) in two microgravity grown rhizoids caused by an
acceleration of 1 g for 30 min (t = 0—t = 30 min) applied
acropetally with the video-microscope centrifuge NIZEMI
in microgravity aboard the orbiting Space Shuttle Co-
lumbia (STS-65). St = statoliths.

Actomyosin Forces Preserve
Graviresponsiveness in Microgravity
by Active Statolith Positioning in
Chara Protonemata

During the 6-min microgravity phase of a TEXUS
flight, a displacement of statoliths was observed in
Chara protonemata, which was not basally directed
like in rhizoids but apically, towards the tip (Figures
4A, 5A). The average speed of the acropetal dis-
placement was 2.3 yum min~'. Some statoliths tran-
siently approached the apical cell wall avoiding only
a small area at the very tip. During simulation of
weightlessness by rotation on the FRC, the statoliths
also moved acropetally (Figure 5A), but their aver-
age speed was considerably slower, ranging from 0.8
to 1.2 um min~!. After about 20—30 min on the FRC,
the distribution of the statoliths resembled that in
rhizoids after 6 min in microgravity; in each of the
cells, some statoliths settled on the apical cell wall
close to the tip at this time. Interestingly, after 40
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Figure 4A,B. (A) Series of micrographs showing the
position of statoliths in a Chara protonema before launch
of the TEXUS-rocket and the acropetal displacement of
statoliths during the microgravity (MG) phase of the
parabolic flight. (B) This protonema was inverted 30 min
prior to launch and most statoliths sedimented on the
apical cell wall. During the 6-min microgravity phase, the
statoliths were lifted from the apical cell wall and gathered
a short distance from the tip. For easier comparison of the
statolith positions, the rhizoid tips were arranged on a
horizontal line. Seconds on the images denote time before
and after launch (t = 0s); microgravity conditions (< 10™*
g) from t = 75 s to t = 425 s. Bars: 20 pm.

min, the distance of the statoliths from the tip in-
creased considerably again (Figure 5A).

Inverting protonemata 30 min prior to launch of
the TEXUS rocket or prior to switching on the FRC
resulted in a transport of statoliths into the apical
dome (Figures 4B, 5B). After being transiently ar-
ranged in a disc-shaped complex resembling that of
normally tip-downward growing rhizoids, they
settled asymmetrically on an apical flank close to
the center of growth at the tip, which goes along
with the beginning of the gravitropic redirection of
the cell tip (Figure 4B; see also Hodick 1994; Hodick
and others 1998). At this time, the protonemata
were launched and the FRC was started. During the
6-min microgravity phase, the statoliths were lifted
from the apical cell wall and displaced basipetally
with an average speed of 0.8—1.0 um min~'. In
contrast, statoliths in FRC-rotated protonemata
started to move basipetally only after a delay of
several min, but reached a new dynamically stable
position after about 25 min, which was in the same
range (15—25 pm basal to the tip) as the statoliths
after the 6-min microgravity phase. Therefore, a
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Figure 5A,B. (A) Kinetics of the displacement of statoliths (mean values + SD, n = 19) in Chara protonemata during the
13-min microgravity (MG) phase of the TEXUS-37 rocket (closed circles) and during rotation on the FRC (open circles).
(B) Kinetics of the statoliths displacement (mean values + SD, n = 18) in Chara protonemata that were inverted for 30 min
and subsequently exposed to the 6-min microgravity phase of TEXUS-37 (closed circles) and rotated on the FRC (open
circles). St = statoliths. At time point 0 min the rocket was launched (microgravity conditions: t = 1.26 to t = 7.07 min)

and the FRC was switched on.

force must exist in a small apical-most tip region
that protects the center of growth by generating a
basipetal transport of statoliths.

It is notable that the gravity-supported acropetal
displacement during inversion (Figure 5B) was in
the same range or even slower than the acropetal
displacement of statoliths when the gravity force
was abolished in normally vertically oriented pro-
tonemata (Figure 5A). This indicates that the vec-
torial actomyosin-mediated statolith transport can
be induced by gravity, but that the transport rate
itself is not considerably affected by the gravita-
tional component.

All these actomyosin-mediated statolith displace-
ments comprise acropetal and basipetal transport
components. The mean values of the acropetal and
basipetal components of the statolith movements in
protonemata recorded at 15-s intervals are shown in
Figure 6. At 1 g, both transport components are
dynamically balanced on a similar level (Figure 6; 1
g) and do not generate a net-transport of statoliths.
After inversion, the acropetal component strongly
predominated the basipetal component in protone-
mata, which resulted in the acropetal transport of
the statoliths into the tip (Figure 6B). During the 6-
min microgravity phase of TEXUS-37, a predomi-
nating acropetal transport component caused a
displacement of the statoliths towards the tip (Fig-
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Figure 6. Mean values (+ SD) of the acropetal (black)
and basipetal (white) transport components of the stato-
lith movements in protonemata during 6 min at 1 g and
during the 6-min microgravity (MG) phase of TEXUS 37
(A) and during 10 min at 1 g, during the 30 min of in-
version at 1 g, and during the 6-min microgravity phase of
TEXUS-37 (B). The statolith movements were recorded by
videomicroscopy. Video frames were captured in intervals
of 15 s and acropetal and basipetal track elements were
analyzed while the small lateral components of the track
elements were ignored.

ure 6A; MG); whereas in pre-inverted protonema,
sedimented statoliths were removed from the tip by
a predominating basipetal transport component
(Figure 6B; MG).

The illustration in Figure 7 summarizes the acto-
myosin and gravity forces acting on statoliths in
normal vertically oriented, inverted, and horizon-
tally positioned rhizoids and protonemata. In the
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Figure 7. The illustration summarizes the actomyosin and gravitational forces acting on statoliths in the different regions
of vertically oriented, inverted, and horizontally positioned Chara rhizoids (A—C) and protonemata (D—F). The gravity
force is indicated by the truncated arrows, basipetal and acropetal actomyosin forces by arrows with black and white
arrowheads, respectively. The resulting force acting on the statoliths is indicated by the white arrows with black outlines.
In the original position of the statoliths in normal vertically oriented cells, the forces compensate each other; the resulting
force is zero and the statoliths remain in their dynamically stable equilibrium position.

statolith region of downward-growing rhizoids and
upward-growing protonemata, net-basipetally and
net-acropetally-acting actomyosin forces compen-
sate for the weight of the statoliths, respectively.
There is still vigorous movement of the individual
statoliths in this region, but no net transport of
statoliths. In the other regions of both cell types, the
components of the actomyosin forces act in such a
way that statoliths are redirected towards the stato-
lith region. The outermost tip regions in both cell
types are especially well-protected against statolith
intrusion. When the cells are tilted from vertical, the
concerted action of the actomyosin components and
gravity directs statoliths to specific areas at the plas-
ma membrane where they initiate the gravitropic
responses (Braun 2002; Sievers and others 1996).

Actomyosin Forces Direct Sedimenting
Statoliths to Distinct Graviperception Sites

The actomyosin forces acting differently on stato-
liths in rhizoids and protonemata have important

implications for how and where statoliths sediment.
Upon gravistimulation, the sedimenting statoliths
are directed to specific, statolith-sensitive areas of
the plasma membrane, the graviperception sites,
where statolith sedimentation initiates the mecha-
nisms of the opposite gravitropic responses. Forcing
statoliths to settle outside these locally restricted,
statolith-sensitive areas did not result in the initi-
tation of the gravitropic responses in either cell type
(Braun 1996b; Braun 2002).

After horizontal positioning of rhizoids, the sedi-
menting statoliths mainly followed the gravity
vector and settled onto the lower cell flank of the
statolith region (10—30 pm basal to the tip). When
cells were rotated in angles other than 90°, how-
ever, statoliths did not simply follow the gravity
vector. Instead, they were actively redirected to the
same plasma membrane area of the statolith region
(10—30 pm basal to the tip). In this area, sedi-
mented statoliths caused differential flank growth
by locally reducing the rate of exocytosis at this site
(Braun 1997; Sievers and others 1996).
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In gravistimulated protonemata, a strong acrop-
etal transport resulted in sedimentation of the
statoliths to the apical plasma membrane close to
the center of growth at the very tip (Hodick and
Sievers 1998; Hodick and others 1998). Statoliths
induce the negative graviresponse only when they
are settled on this specific plasma membrane area
(Braun 2002). The negatively gravitropic mecha-
nism is based on a statolith-induced repositioning of
the growth center towards the upper flank, where a
bulge forms and the new outgrowth occurs (Braun
1997; Sievers and others 1996). The negatively
gravitropic pathway of protonemata seems to be
physiologically more complex than the positive
gravitropism in rhizoids and involves ion-channel
regulation, calcium redistribution, and, most
likely, the activation of regulatory, actin-associ-
ated proteins (Braun and Richter 1999; Braun
2001).

It should be noted that the actomyosin-mediated
statolith positioning might even be more complexly
regulated than discussed above. The illustration in
Figure 7 does not consider a recently discussed
gravity-dependent activation of a mechanism that
modifies acropetal and basipetal statolith-transport
components. During basipetal centrifugation and
after inverting rhizoids, an increase of the acropetal
transport component might be necessary to return
statoliths to and then keep them in their original
position in order to reestablish graviresponsiveness
(Braun and Sievers 1993; Sievers and others
1991b). A similar increase of the acropetal acto-
myosin-transport component has been proposed to
occur in protonemata after gravistimulation that
generates a fast displacement of statoliths towards
the tip (Hodick and Sievers 1998; Hodick and others
1998). Additional support for such adaptational
modifications of the actomyosin forces comes from
data presented in this paper (Figure 5A). When in-
verted protonemata with sedimented statoliths were
brought to microgravity, the statoliths were trans-
ported away from the tip to a resting position where
they did not interfere with tip growth. However,
when non-inverted protonemata were brought to
microgravity or were rotated on the FRC, statoliths
were not transported from their original subapical
position to this resting position, but were trans-
ported further into the apex. They might end up in
the same resting position after a prolonged period of
microgravity, but it remains unclear how they are
able to pass the resting position and proceed to the
apical cell wall before they are transported back
again. Future research is needed to find unambig-
uous evidence for such adaptational modifications
of acropetally or basipetally acting actomyosin

forces and how these changes might be accom-
plished physiologically.

CONCLUSION

Recent results have shown that the equilibrium
position of statoliths is under the control of acto-
myosin forces which counteract gravity in chara-
cean rhizoids. This study presents investigations on
the complex regulation of the actomyosin-mediated
statolith positioning in the oppositely gavirespond-
ing characean rhizoids and protonemata. By acting
differently in the different regions of characean
rhizoids and protonemata, the actomyosin forces
direct statoliths to and keep them in a position
where they fulfill their specific role as susceptors in
the gravitropic pathway. In this dynamically stable
equilibrium position, the weight of the statoliths is
just compensated by actomyosin forces. Disturbing
the balance of forces by tilting the cells from the
vertical, results in an actomyosin- and gravity-di-
rected sedimentation of statoliths to specific gravi-
perception sites at the plasma membrane, where the
mechanisms of the opposite gravitropic responses
are initiated. Research in microgravity represents a
unique method to distinguish between active and
passive components of forces acting on statoliths
and to reveal the significance of the forces for the
function of the biological gravisensors.
Investigating the molecular mechanisms of the
actin actions (that is, the regulation of the statolith
transport and positioning, the vesicle delivery and
the organizing functions) raises questions on how
these multiple actions are coordinated at a confined
area in a single cell. The diverse actions could be
based on different actin populations or on a com-
plex interaction and regulation of different motor
proteins. Considering the present investigations, it is
tempting to suggest that actomyosin interactions
with the amyloplast-statoliths play a much greater
role in the early phases of the signaling pathway of
gravitropism in higher plants than is widely as-
sumed. Sedimentation of amyloplast-statocytes is
also not simply a gravity-directed falling to the
bottom; instead, the statolith dynamics indicate
extensive interactions with the actin cytoskeleton.
Sedimentation can be complicated by actomyosin-
based cytoplasmic streaming, such as in statocytes of
coleoptiles and pulvini (Johannes and others 2001;
Sack and Leopold 1985; White and Sack 1990), and
even sedimenting statoliths in root cap statocytes
seem to follow certain pathways with varying ve-
locities (Sack and others 1985; Sievers and others
1991a; Yoder and others 2001). The initial interac-
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tions with the actin cytoskeleton may be crucial
for eliciting the early events of the gravitropic
pathway that finally lead to the gravitropic response
(Sievers and others 2001). Thus, analyzing the
molecular mechanisms of how actin interacts with
statoliths may yield a new understanding of the
gravitropic signaling pathway in lower and higher
plants.

ACKNOWLEDGMENTS

The success of the parabolic rocket and space flight
projects is based on the well-orchestrated effort
of many teams including NASA, ESA, Bionetics,
Astrium Raumfahrt-Infrastruktur, Kayser-Threde,
Dornier and DLR. We thank Simone Masberg for
excellent technical assistance. Financial support was
provided by Deutsches Zentrum fiir Luft- und
Raumfahrt (DLR) and Bundesministerium fiir Bil-
dung und Forschung (BMBF).

REFERENCES

Braun M. 1996a. Immunolocalization of myosin in rhizoids of
Chara globularis Thuill. Protoplasma 191:1-8.

Braun M. 1996b. Anomalous gravitropic response of Chara rhi-
zoids during enhanced accelerations. Planta 199:443—455.

Braun M. 1997. Gravitropism in tip-growing cells. Planta 203:
S11-SI9.

Braun M. 2001. Association of spectrin-like proteins with the
actin-organized aggregate of endoplasmic reticulum in the
Spitzenkorper of gravitropically tip-growing plant cells. Plant
Physiol 125:1611—-1620.

Braun M. 2002. Gravity perception requires statoliths settled on
specific plasma-membrane areas in characean rhizoids and
protonemata. Protoplasma (in press)

Braun M, Sievers A. 1993. Centrifugation causes adaptation of
microfilaments. Studies on the transport of statoliths in gravity
sensing Chara rhizoids. Protoplasma 174:50—61.

Braun M, Sievers A. 1994. Role of the microtubule cytoskeleton
in gravisensing Chara rhizoids. Eur J Cell Biol 63:289—298.
Braun M, Wasteneys GO. 1998. Distribution and dynamics of the
cytoskeleton in graviresponding protonemata and rhizoids of
characean algae: exclusion of microtubules and a convergence
of actin filaments in the apex suggest an actin-mediated

gravitropism. Planta 205:39—50.

Braun M, Richter P. 1999. Relocalization of the calcium gradient
and a dihydropyridine receptor is involved in upward bending
by bulging of Chara protonemata, but not in downward bend-
ing by bowing of Chara rhizoids. Planta 209:414—423.

Braun M, Wasteneys GO. 2000. Actin in characean rhizoids and
protonemata. Tip growth, gravity sensing and photomorpho-
genesis. In: Staiger CJ, Baluska F, Volkmann D, Barlow P, ed-
itors. Actin: a dynamic framework for multiple plant cell
functions. Dordrecht, The Netherlands: Kluwer Academic
Publishers, p 237—258.

Buchen B, Braun M, Hejnowicz Z, Sievers A. 1993. Statoliths pull
on microfilaments. Experiments under microgravity. Protopl-
asma 172:38—42.

Cai W, Braun M, Sievers A. 1997. Displacement of statoliths in
Chara rhizoids during horizontal rotation on clinostats. Acta
Bot Exp Sinica 30:147—-155.

Friedrich ULD, Joop O, Piitz C, Willich G. 1996. The slow rotating
centrifuge microscope NIZEMI: a versatile instrument for ter-
restrial hypergravity and space microgravity research in biology
and material science. J Biotech 47:225—-238.

Hejnowicz Z, Sievers A. 1981. Regulation of the position of
statoliths in Chara rhizoids. Protoplasma 108:117—137.

Hodick D. 1994. Negative gravitropism in Chara protonemata: a
model integrating the opposite gravitropic responses of pro-
tonemata and rhizoids. Planta 195:43—49.

Hodick D, Sievers A. 1998. Hypergravity can reduce but not en-
hance the gravitropic response of Chara globularis protonemata.
Protoplasma 204:145—154.

Hodick D, Buchen B, Sievers A. 1998. Statolith positioning by
microfilaments in Chara rhizoids and protonemata. Adv Space
Res 21:1183—-1189.

Johannes E, Collings DA, Rink JC, Allen NS. 2001. Cytoplasmic
pH dynamics in maize pulvinal cells induced by gravity vector
changes. Plant Physiol 127:119—130.

Kiss JZ. 2000. Mechanisms of the early phases of plant gravitro-
pism. Crit Rev Plant Sci 19:551—573.

Kuznetsov OA, Hasenstein KH. 1996. Magnetophoretic induction
of root curvature. Planta 198:87—94.

Kuznetsov OA, Hasenstein KH. 1997. Magnetophoretic induction
of curvature in coleoptiles and hypocotyls. J Exp Bot
48:1951-1957.

Sack FD. 1997. Plastids and gravitropic sensing. Planta
203:5S63—-S68.

Sack FD, Leopold AC. 1985. Cytoplasmic streaming affects grav-
ity-induced amyloplast sedimentation in maize coleoptiles.
Planta 164:52—62.

Sack FD, Suyemoto MM, Leopold AC. 1985. Amyloplast sedi-
mentation kinetics in gravistimulated maize roots. Planta
165:295—-300.

Sievers A, Buchen B, Volkmann D, Hejnowicz Z. 1991a. Role of
the cytoskeleton in gravity perception. In: Lloyd CW, editor.
The cytoskeletal basis for plant growth and form. London:
Academic Press. p 169—182.

Sievers A, Kramer-Fischer M, Braun M, Buchen B. 1991b. The
polar organization of the growing Chara rhizoid and the
transport of statoliths are actin-dependent. Bot Acta
104:103—-109.

Sievers A, Buchen B, Hodick D. 1996. Gravity sensing in tip-
growing cells. Trends Plant Sci 1:273—279.

Sievers A, Braun M, Monshausen GB. 2001. The root cap:
structure and function. In: Waisel Y, Eshel A, Kafkafi U, edi-
tors. Plant roots — the hidden half. 3nd edn. New York: Marcel
Dekker (in press).

Volkmann D, Buchen B, Hejnowicz Z, Tewinkel M, Sievers A.
1991. Oriented movement of statoliths studied in a reduced
gravitational field during parabolic flights of rockets. Planta
185:153—-161.

Weise SE, Kuznetsov OA, Hasenstein KH, Kiss JZ. 2000.
Curvature in Arabidopsis inflorescence is limited to the region of
amyloplast displacement. Plant Cell Physiol 41:702—709.

White RG, Sack FD. 1990. Actin microfilaments in pre-
sumptive statocytes of root caps and coleoptiles. Am J Bot
77:17-26.

Yoder TL, Zheng H-Q, Todd P, Staechelin LA. 2001. Amyloplast
sedimentation dynamics in maize columella cells support a
new model for the gravity-sensing apparatus of roots. Plant
Physiol 125:1045—1060.



