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Abstract

Gravity resistance is one of two principal 
gravity responses in plants, comparable 
to gravitropism. In the final step of gravity 
resistance, plants increase the rigidity of their 
cell walls via modifications to the metabolism. 
Various constituents of the plasma membrane 
and the cytoskeleton play an important role 
in sustaining functions of the cell wall in 
gravity resistance. Mechanoreceptors located 
on the plasma membrane are involved in the 
perception of gravity signal. The perceived 
signal may be, at least partly, transformed 
and transduced via membrane sterol rafts, 
depending on i ts  magni tude .  Ce l lulose 
synthases and proton pumps are responsible 
for modifications to the cell wall metabolism 
and the apoplastic environment, respectively. 
On the other hand, the reorientation of cortical 
microtubules contributes to modification of 
growth anisotropy, which is related to gravity 
resistance. Also, microtubule -associated 
proteins are important in maintenance of the 
structure and induction of the reorientation 
of cortical microtubules. Gravity resistance 
in plants is thus mediated by the structural 
continuum or physiological continuity of 
cortical microtubules-plasma membrane-
cell wall. ©2009 Jpn. Soc. Biol. Sci. Space; Article ID: 
092302014

Introduction

When laid onto its side, the stem organ of plants 
begins to bend upward and then continues to grow in the 
direction opposite to the pull of gravity. The whole process 
all together has been called gravitropism. However, the 
curvature and the following straight growth are quite 
different in origin and mechanism. We separated the 
latter process from gravitropic curvature and termed it 
gravity resistance. We have examined the nature and 

mechanism of gravity resistance using hypergravity 
conditions, up to 300 G, produced by centrifugation and 
in space experiments. As a result, we have clarified the 
outline of the sequence of events leading to the final 
response in gravity resistance (Hoson and Soga, 2003; 
Hoson et al., 2005). These studies have also shown that 
gravity resistance is a principal gravity response in plants 
distinct from gravitropism. The development of gravity 
resistance appears to have played an important role in the 
transition of plant ancestors from an aquatic environment 
to a terrestrial environment and in the consequent 
establishment of land plants (Hoson, 2003, 2006).

Plant protoplasts are surrounded by well-developed 
cell walls, which is the major source of mechanical 
strength for plant body. Thus, the cell wall may be 
responsible for gravity resistance. Actually, we have 
obtained evidence support ing this hypothesis by 
hypergravity and space experiments (Hoson and Soga, 
2003; Hoson et al., 2005; Hoson, 2006). Hypergravity 
has been shown to increase the cell wall rigidity in 
various plant materials. On the contrary, the cell wall 
rigidity of space-grown Arabidopsis hypocotyls and rice 
coleoptiles was lower than that of the controls. The cell 
wall rigidity is determined by the chemical nature of cell 
wall constituents, such as the level and the molecular 
mass. Hypergravity has been shown to increase cell wall 
thickness in various materials. Hypergravity also caused 
a polymerization of certain matrix polysaccharides: in 
dicotyledons, hypergravity increased the molecular 
mass of xyloglucans, whereas hypergravity increased 
that of 1,3,1,4-β-glucans in Gramineae plants. In 
addition, hypergravity decreased xyloglucan-degrading 
activity in dicotyledons and 1,3,1,4-β-glucanase activity 
in Gramineae organs. Modifications to xyloglucan 
metabolism under hypergravity conditions were brought 
about by specific down-regulation of expression of one 
of xyloglucan endo-transglucosylase/hydrolase (XTH) 
genes (Soga et al., 2007), which is devoted to xyloglucan 
breakdown (Tabuchi et al., 2001). On the other hand, 
cell wall thickness was decreased under microgravity 
conditions in space. The space-grown Arabidopsis 
hypocotyls and rice coleoptiles also contained xyloglucans 
and 1,3,1,4-β-glucans with lower molecular masses, 
respectively, resulting from the increases in xyloglucan-
degrading activity and 1,3,1,4-β-glucanase activity. Thus, 
xyloglucans and 1,3,1,4-β-glucans appear to act as 
anti-gravitational cell wall polysaccharides. In addition, 
cellulose and lignin play a role in gravity resistance 
(Hoson, 2009; Karahara et al., 2009; Wakabayashi et al., 
2009a, b). Taken together, these results show that plants 
increase the rigidity of their cell walls via modifications 
to the metabolism as the final step in gravity resistance 
(Hoson and Soga, 2003; Hoson et al., 2005; Hoson, 
2006).

The physiological functions of the cell wall are 
sustained by its intimate crosstalk with the symplast 
(Hoson, 2002). In particular, the plasma membrane and 
the cytoskeleton play an important role in regulating 
the metabolism of cell wall constituents and therefore 
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funct ions of the cel l wal l . The data obta ined by 
hypergravity and space experiments have shown the 
involvement of these cellular components in perception of 
gravity signal as well as transformation and transduction 
of the perceived signal in gravity resistance. In the 
present article, we describe the roles of the plasma 
membrane and the cytoskeleton in induction of the final 
response of gravity resistance by the cell wall.

Role of the Plasma Membrane in Gravity 
Resistance
Mechanoreceptor

Perception of the gravity signal is the first step 
of a series of events leading to gravity responses. 
Mechanoreceptors (mechanosensitive ion channels) are 
present on the plasma membrane of plants, as of other 
organisms (Kanzaki et al., 1999; Nakagawa et al., 2007). 
We examined the effects of lanthanum and gadolinium 
ions, which are blockers of mechanoreceptors, on gravity 
resistance and found that hypergravity had no effects on 
the mechanical or chemical properties of the cell wall of 
shoot or root organs in the presence of such ions (Soga 
et al., 2004, 2005). The results suggest the involvement 
of mechanoreceptors in the perception of gravity signal 
in gravity resistance (Fig. 1). Horizontal- and acropetal-
hypergravity induced gravity resistance, as did basipetal-
hypergravity, supporting the hypothesis. Because 
typical mechanoreceptors are Ca2+-permeable channels 
(Toyota et al., 2007), changes in the cytoplasmic Ca2+ 
concentration may play a role in transformation and 
transduction of perceived signal.

On the other hand, lanthanum and gadolinium ions at 
the same concentration had no effects on gravitropism of 
shoot or root organs. Also, pgm (phosphoglucomutase) 
and sgr1 (shoot gravitropism 1) mutants of Arabidopsis, 
which have reduced or no gravitropic responses because 
of lack of sedimentable amyloplasts (Tasaka et al., 
2001), showed normal gravity resistance as wild-type 
(Soga et al., 2004, 2005). These findings show that the 
gravity perception mechanism in gravity resistance is 
independent of that of gravitropism. 

Sterol (raft)
The expression of a gene encoding 3-hydroxy-3-

methylglutaryl-Coenzyme A reductase (HMGR), which 
catalyzes a reaction producing mevalonic acid, a key 
precursor of terpenoids, was greatly up-regulated 
under hypergravity conditions (Yoshioka et al., 2003). 
Out of various membrane constituents of azuki bean 
epicotyls, the level of sterols was specifically increased 
by hypergravity (Koizumi et al., 2007). T-DNA insertion 
mutants for two HMGR genes (hmg) have been isolated 
in Arabidopsis (Suzuki et al., 2004). These loss of 
function mutants showed a decreased sterol level and are 
hypersensitive to the gravitational stimuli. Also, lovastatin, 
an inhibitor of HMGR, made the epicotyls hypersensitive 
to gravity. These results suggest that membrane sterols 
are involved in maintenance of capacity of plant organs to 
resist the gravitational force. It has been shown that sterols 
consist of microdomains called rafts in plant membranes, 
as in other organisms (Lefebvre et al., 2007). The data 
obtained by detailed analysis of sterol composition and 
microarray assay of expression of related genes in plant 
materials grown under hypergravity conditions support the 
hypothesis that membrane sterols form the raft structure 
and thereby act in signal transformation and transduction 
of gravity resistance (Fig. 1).

Proton pump
The activity of cell wall enzymes, that are responsible 

for the metabolism of cell wall constituents, is determined 
not only by their protein levels but also by the cell wall 
environment. Out of various factors that determine the 
cell wall environment, the apoplastic pH is the most 
important one regulating the activity of cell wall enzymes 
in situ (Hoson, 2002). Hypergravity has been shown to 
increase the apoplastic pH of various materials (Soga 
et al., 2000a, 2000b). Because vanadate, an inhibitor 
of P-type ATPase, also increased the apoplastic pH 
and hypergravity had no further effects on the pH in 
the presence of vanadate, hypergravity may increase 
the apoplastic pH via the reduction of the activity of the 
plasma membrane H+-ATPase (proton pump). When the 
activities of xyloglucan and 1,3,1,4-β-glucan degradation 
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Fig. 1.  Mechanism of gravity resistance in plants. The gravity signal is perceived by mechanoreceptors located on the plasma 
membrane, and then transformed and transduced through the plasma membrane and into the cytoplasm. The increase in cell wall 
rigidity is brought about as the final step in gravity resistance. Various constituents of the plasma membrane and the cytoskeleton play 
an important role in sustaining functions of the cell wall in gravity resistance. MAPs, microtubule-associated proteins; GDV, Golgi-
derived vesicle.
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were assayed at the pH corresponding to the pH value of 
the hypergravity-treated cell wall, a significant decrease 
in activity was detected  (Soga et al., 2000a, 2000b). 
Thus, the gravity signal may modify the metabolism of 
cell wall constituents not only directly but via regulation of 
the cell wall environment, when it increases the cell wall 
rigidity. These data suggest the involvement of proton 
pumps in signal transformation and transduction of gravity 
resistance (Fig. 1).
Cellulose synthase

The analyses of changes in mechanical and chemical 
properties of the cell wall in response to gravity had 
been limited to the growing regions of stem organs, 
and no data had been reported for the basal supporting 
regions. Effects of hypergravity on the metabolism of 
cell wall polysaccharides were examined along azuki 
bean epicotyls (Nakano et al., 2007; Wakabayashi et 
al., 2009a). The levels of matrix polysaccharides were 
almost constant over the regions. The matrix levels were 
increased by hypergravity in the upper regions, but not 
in the basal ones. Also, the levels of xyloglucans were 
increased by hypergravity only in the upper regions. 
On the other hand, the levels of cellulose gradually 
increased from the apical toward the basal regions, 
and hypergravity increased the levels only in the basal 
regions. Cellulose microfibrils in general play an important 
role in determining the cell wall rigidity. These findings 
suggest that cellulose, instead of xyloglucans, acts as 
anti-gravitational polysaccharide in the basal supporting 
regions (Hoson, 2009). Cellulose is synthesized on the 
plasma membrane by cellulose synthase complexes, 
indicating that the plasma membrane contributes to 
gravity resistance also via action of cellulose synthase 
(Fig. 1). It has been reported that the expression 
of cellulose synthase genes was up-regulated by 
hypergravity (Martzivanou and Hampp, 2003; Tamaoki 
et al., 2009), which matches with the above-mentioned 
results. Cellulose is also responsible for tension wood 
formation in arborescent dicotyledonous angiosperms in 
response to the gravitational stimulus (Hoson, 2009).

Role of the Cytoskeleton in Gravity Resistance
Cortical microtubule

The cytoskeleton gives the cytoplasm structural 
stability and mechanical strength. Thus, cytoskeletal 
components may play a role in gravity resistance, in 
concert with the cell wall. Actually, the analysis of the 
changes in gene expression in Arabidopsis hypocotyls 
grown under hypergravity conditions has shown that 
the expression of most α- and β-tubulin genes is up-
regulated by hypergravity, depending on the magnitude of 
the gravitational force (Yoshioka et al., 2003; Matsumoto 
et al., 2007). The involvement of microtubules in gravity 
resistance was examined with microtubule-disrupting 
agents and with tubulin mutants. The microtubule-
disrupting agent colchicine was shown to completely 
prevent hypergravity-induced suppression of elongation 
growth as the gravity resistance (Matsumoto et al., 2007). 
On the other hand, a number of amino acid substitution 

mutants in α- or β-tubulins have been isolated in 
Arabidopsis (Hashimoto, 2002; Ishida et al., 2007). In 
hypocotyls of mutant of α-tubulin 6 (tua6), the length 
was shorter and the thickness was larger than those in 
wild-type hypocotyls at 1 G. Hypergravity suppressed 
elongation growth and stimulated lateral thickening of 
wild-type hypocotyls, but the degree of such changes was 
smaller in tua6 mutant than in the wild-type, suggesting 
that tubulin mutants are hypersensitive to the gravitational 
force. In addition, tubulin mutants showed left-handed 
or right-handed helical growth, derived from disordered 
organization of cortical microtubules, even under 1 
G  conditions, and such a phenotype was intensified 
under hypergravity conditions. These results support the 
hypothesis that cortical microtubules play an important 
role in gravity resistance in plants (Fig. 1).

Hypergravity also modified the orientation of cortical 
microtubules. In the epidermis of azuki bean epicotyls 
grown at 1 G, cells with transverse cortical microtubules 
were predominant. With increasing the gravitational force, 
the percentage of cells with transverse microtubules was 
decreased, whereas that with longitudinal microtubules 
was increased (Soga et al., 2006). The reorientation of 
cortical microtubules occurred promptly after transfer of 
seedlings from 1 G to hypergravity conditions. Lanthanum 
and gadolinium ions suppressed the reorientation of 
cortical microtubules. These results indicate that the 
reorientation of cortical microtubules is also involved 
in gravity resistance. The direction of plant cell growth 
is primarily determined by the pattern of deposition of 
cellulose, which, in turn, is thought to be regulated by the 
cytoskeleton. The co-alignment hypothesis states that 
the movement of cellulose synthase complexes in the 
plasma membrane is constrained by interactions with 
cortical microtubules. It is likely that cellulose microfibrils 
and cortical microtubules are mutually dependent in their 
functions such as gravity resistance.

Microtubule-associated proteins
Microtubule-associated proteins (MAPs) are proteins 

that bind to or interact with the microtubules and 
regulate their functions. Because MAPs are important for 
maintaining dynamics of cortical microtubules, they may 
also play a role in gravity resistance (Fig. 1). Elongation 
growth of mutant of one of MAPs, MICROTUBULE 
ORGANIZATION 1 (MOR1), was suppressed at 1 G as 
compared with wild-type, and was not further affected 
by hypergravity (Higuchi et al., 2008). Also, mor1 mutant 
showed helical growth due to disordered organization of 
cortical microtubules even at 1 G, and such a phenotype 
was intensified under hypergravity conditions. These 
results suggest that mor1 mutant is hypersensitive to 
the gravitational force and that MOR1 plays a role in 
maintenance of normal growth capacity against the 
gravitational force probably via stabilizing the structure of 
cortical microtubules.

It has been proposed that the reorientation of cortical 
microtubules is brought about by branching of existing 
microtubules (Murata et al., 2005). First, γ-tubulin 
complex may bind onto pre-existing cortical microtubules 
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and nucleate new microtubules as branch. Katanin 
then may sever the newly synthesized microtubule 
branch, and repeat of these processes may induce the 
reorientation. To clarify whether this model is applicable 
to the reorientation of cortical microtubules in gravity 
resistance, we examined the changes in the expression 
of genes encoding γ-tubulin complex and katanin in azuki 
bean epicotyls grown under hypergravity conditions (Soga 
et al., 2008, 2009). Hypergravity increased transiently 
the expression of γ-tubulin complex genes, which was 
followed by a transient up-regulation of expression 
of katanin gene. Also, lanthanum and gadolinium 
ions nullified hypergravity-induced reorientation of 
microtubules as well as increases in expression of both 
genes. Furthermore, elongation growth of katanin mutant 
was suppressed at 1 G as compared with wild-type, and 
was not further affected by hypergravity (Higuchi et al., 
2008). These results suggest that γ-tubulin complex and 
katanin contribute to gravity resistance via induction of 
the reorientation of cortical microtubules. 

Microfilament
Microfilaments (actin filaments) are other major 

constituents of the cytoskeleton. In signal perception 
in gravitropism, amyloplast sedimentation may induce 
tensional changes within the microfilament network, 
leading to the activation of the downstream signaling 
cascades responsible for f inal curvature (Sievers 
et al., 1991). It has been reported that disruption of 
microfilaments promotes gravitropic curvature in shoot 
and root organs (Yamamoto and Kiss, 2002; Hou et al., 
2003). The results of our preliminary experiments suggest 
that microfilaments also play a role in gravity resistance 
(Fig. 1).

Conclusions and Prospects

Various constituents of the plasma membrane and 
the cytoskeleton are involved in perception of gravity 
signal as well as transformation and transduction of the 
perceived signal in gravity resistance (Table 1). These 
constituents may play a role in the structural continuum 
or physiological continuity of cortical microtubules-plasma 

membrane-cell wall, leading to the increase in cell wall 
rigidity as the final step in gravity resistance (Hoson et al., 
2005). Such a hypothesis was formulated mainly based 
on results of hypergravity experiments. However, it is 
uncertain whether the hypothesis is applicable to gravity 
resistance of plants to 1 G gravity on earth, as to the 
resistance to hypergravity (Hoson et al., 2007). To clarify 
this point, we have conducted the space experiment, 
denoted as the Resist Wall, with Arabidopsis hmg and 
tua6 mutants in the European Modular Cultivation 
System (EMCS) on the International Space Station (ISS). 
Unfortunately, the experiment was incomplete, because 
of serious anomalies of water supply system, and only 
limited information was obtained (Hoson et al., 2009; 
Kamada et al., 2009). Therefore, we are now preparing 
for the next space experiments in the Kibo Module. These 
experiments will greatly advance our knowledge of the 
mechanism of gravity resistance in plants.
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