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Abstract 

Gravity resistance is a response that enables 
the plants to develop against the gravitational 
force. We have analyzed the nature and 
mechanisms of gravity resistance using 
both hypergravity conditions produced by 
centrifugation and microgravity conditions in 
space. As the final step of gravity resistance, 
plants develop a short and thick body and 
increase the cell wall rigidity in response 
to the magnitude of the gravitational force. 
Prompt reorientation of cortical microtubules 
is involved in the modification of body shape. 
The regulation of the cell wall rigidity is brought 
about by modification of the metabolisms of 
anti-gravitational cell wall polysaccharides and 
changes in the pH of cell wall fluid. Plants may 
perceive the gravitational force independently 
of the direction of stimuli by mechanoreceptors 
on the plasma membrane in gravity resistance. 
The development of gravity resistance may 
serve an important function in the transition of 
plant ancestors from an aquatic environment to 
a terrestrial environment. ©2010 Jpn. Soc. Biol. 
Sci. Space; Article ID: 102403010

Introduction

Plants have been exposed to various environmental 
stimuli during their evolution. Of these environmental 
stimuli, gravity is always present on the earth’s surface 
in a constant direction and magnitude. Although gravity 
is the stable environmental stimulus, mechanical load of 
the gravitational force on organisms is extremely different 
between aquatic and terrestrial environment. Namely, 
plants living on land have been exposed to mechanical 
stress of the gravitational force after they first went 
ashore more than 500 million years ago. Thereby, the 
development of a tough body may be a critical response 
for terrestrial plants to survive under 1 G conditions. 
We have termed this reaction gravity resistance and 
examined its nature and mechanisms (Hoson and Soga, 
2003).

Microgravity provides an efficient condition for 
analysis of gravity resistance. However, it is difficult to 
produce microgravity conditions on the earth. While 

true microgravity conditions are produced by a free fall 
or a parabolic flight even on the earth, the duration of 
microgravity obtained by these methods is generally too 
short for analysis of gravity resistance. The 3-D clinostat 
is a useful tool for analyzing plant morphogenesis in an 
averaged gravity environment (Hoson and Soga, 2003; 
Saiki et al., 2005). However, the mechanical load of the 
gravitational force is not removed by the clinostat. Water 
immersion has been used as a simulator of microgravity 
in animal physiology. Under water, the magnitude of the 
load actually applied to a plant body is largely reduced 
by buoyancy. Generally, terrestrial plants are not able to 
survive under water for a long period. Thus, in terrestrial 
plants, water immersion is utilized for the analysis of 
gravity resistance for a short period, whereas, in aquatic 
or semiaquatic plants such as rice, gravity resistance 
can be analyzed by water immersion even for a long 
period. On the other hand, hypergravity conditions, a 
gravitational acceleration of more than 1 G, are easily 
produced on the earth by centrifugation. Also, the 
magnitude of acceleration is easily changed by regulating 
the speed of rotation. Thus, we have examined nature 
and mechanisms of gravity resistance in hypergravity 
experiments with the aid of water submergence studies. 
As a result, we have shown that plants develop a short 
and thick body and increase the cell wall rigidity to 
resist the gravitational force (Fig. 1). The data obtained 
by space experiments have supported the results of 
hypergravity experiments. In the present article, we 
describe the mechanisms of development of a tough 
body to resist the gravitational force in plants.

Changes under hypergravity conditions
Growth anisotropy

The responses of various plant materials to centrifugal 
acceleration have been analyzed. As a result, basipetal 
hypergravity treatment has been shown to inhibit 
elongation growth and promote lateral expansion in shoot 
organs, such as hypocotyls, epicotyls, inflorescence 
stems, coleoptiles and mesocotyls (Hoson et al., 1996; 
Soga et al., 1999a, 1999b, 2001; Wakabayashi et 
al., 2005a; Nakabayashi et al., 2006; Nakano et al., 
2007). Namely, p lant body becomes shorter and 
thicker under hypergravity conditions. In general, 
hypergravity at 30 G and above was required to clearly 
change the growth anisotropy (Hoson et al., 1996; 
Soga et al., 1999a, 1999b, 2006). Also, hypergravity-
induced changes in growth anisotropy were intensified 
in proportion to the logarithm of the magnitude of gravity. 
On the other hand, the shape of rice seedlings became 
longer and thinner under water (Masuda et al., 1998; 
Kimpara et al., 2008). It has been shown that a part of 
the changes in growth anisotropy under water are caused 
by reduction of body weight due to buoyancy. Thus, 
development of a short and thick body may be regarded 
as a part of the response that enables plants to grow 
against the gravitational force.

The shape of plant body depends generally on the 
shape of its individual cells, which primarily controlled by 
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the orientation of cellulose microfibrils. The orientation of 
cortical microtubules has been considered to determine 
the orientation of cellulose microfibrils (Shibaoka, 1994). 
In the epidermis of azuki bean epicotyls and Arabidopsis 
hypocotyls grown at 1 G, cells with transverse cortical 
microtubules were predominant. The percentage of cells 
with transverse microtubules was decreased, whereas 
that with longitudinal microtubules was increased in 
proportion to the logarithm of the magnitude of gravity 
(Fig. 1; Soga et al., 2006; Matsumoto et al., 2010). 
γ-Tubulin complex and katanin are required for the 
nucleation of microtubules as branches and the severing 
of microtubules, respectively (Hamada, 2007; Murata and 
Hasebe, 2007). The transcript level of γ-tubulin complex 
and katanin in azuki bean epicotyls was increased 
transiently under hypergravity conditions (Soga et al., 
2008, 2009, 2010a). During reorientation of cortical 
microtubules by ethylene, which also modifies growth 
anisotropy of shoots, the expression levels of both 
γ-tubulin complex and katanin genes were increased 
transiently (Soga et al., 2010a, 2010b). Thus, the 
increase in the number of the nucleated microtubule 
branch as well as the microtubule-severing activity via up-
regulation of γ-tubulin complex and katanin genes may be 
involved in the reorientation of cortical microtubule. Taken 
together, regulation of cortical microtubule orientation 
may be involved in the development of a short and thick 
body in response to gravity.

Cell wall rigidity
Plant cells have well-developed cell walls, which is the 

major source of mechanical strength for plant body. Thus, 
it has been assumed that the cell wall plays a principal 
role in gravity resistance in plants, as do the bones 
and muscles in animal body. To confirm this possibility, 
we have analyzed the cell wall rigidity of shoots under 
hypergravity conditions. As a result, we have shown that 
hypergravity increases the cell wall rigidity in shoots of 
various plants, such as cress, azuki bean, maize and 
Arabidopsis (Fig. 1; Hoson et al., 1996; Soga et al., 
1999a, 1999b, 2001; Nakabayashi et al., 2006). On the 
other hand, submergence decreased the cell wall rigidity 
in rice coleoptiles and azuki bean epicotyls (Masuda 
et al., 1998; Ooume et al., 2009). Thus, the increase 
in the cell wall rigidity may be regarded as a part of 
the response that enables plants to grow against the 
gravitational force.

Plant cell walls are composed of cellulose, a variety 
of matrix polysaccharides, proteins, and phenolic 
substances. The cell wall rigidity is determined by the 
chemical nature of cell wall constituents, such as the level 
and molecular size. Hypergravity caused an increase in 
the levels of cell wall polysaccharides, such as cellulose, 
per unit length of shoot in various plant materials 
(Hoson et al., 1996; Soga et al., 1999a, 1999b, 2001; 
Wakabayashi et al., 2005a; Nakano et al., 2007). Namely, 
cell wall thickness is increased under hypergravity 
conditions, resulting in an increase in the cell wall rigidity. 

Microgravity 1 G Hypergravity Cortical microtubules
with longitudinal direction

Cell walls with
increased rigidity

Log [G]

Gravity

Mechanoreceptor

Plasma membrane

Cell walls with
decreased rigidity

Cortical microtubules
with transverse direction

Fig. 1. The summary of the results obtained by hypergravity and space experiments. The body shape and the cell wall 
rigidity varied in proportion to the logarithm of magnitude of gravity. Changes in orientation of cortical microtubules 
and metabolisms of anti-gravitational cell wall polysaccharides were required for the modification of body shape and 
regulation of the cell wall rigidity, respectively. Hypergravity-induced changes in the body shape and the cell wall rigidity 
seem to be mediated by mechanoreceptors on the plasma membrane.
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Hypergravity also caused a polymerization of certain 
matrix polysaccharides, types of which were different 
between dicotyledonous plants and monocotyledonous 
Gramineae plants. In dicotyledons, such as azuki bean 
and Arabidopsis, hypergravity increased the molecular 
size of xyloglucans (Soga et al., 1999a, 2001), whereas 
submergence decreased their molecular size (Ooume 
et al., 2009). On the other hand, in monocotyledonous 
Gramineae plants, such as maize, hypergravity increased 
the molecular size of β-1,3;1,4-glucans (Soga et al., 
1999b). Thus, xyloglucans and β-1,3;1,4-glucans appear 
to act as anti-gravitational cell wall polysaccharides 
(Hoson and Soga, 2003).

The molecular size of cell wall polysaccharides is 
determined by a balance between the synthesis and 
the depolymerization. Thus, we examined the effects 
of hypergravity on both processes of anti-gravitational 
cell wall polysaccharides. Xyloglucans were deposited 
into the cell wall as large molecules but they were then 
depolymerized in the cell wall in azuki bean epicotyls 
(Soga et al., 2007b; Arai et al., 2010). Under hypergravity 
conditions, the depolymerization of xyloglucans was 
inhibited by decreasing xyloglucan-degrading activity via 
down-regulation of a xyloglucan endotransglucosylase/
hydrolase (XTH) gene, which is responsib le for 
xyloglucan breakdown (Soga et al ., 1999a, 2001, 
2007a, 2007b). In maize coleoptiles and mesocotyls, 
hypergravity decreased β-1,3;1,4-glucanase activity, 
thereby increasing the molecular size of β-1,3;1,4-
glucans (Soga et al., 1999b). Besides the regulation of 
levels of enzymes by gene expression, the activity of cell 
wall enzymes in situ is regulated by cell wall environment, 
especially pH. Hypergravity significantly increased the pH 
of the apoplastic fluid (cell wall fluid), and the increased 
apoplastic pH caused a decrease in the activities of 
xyloglucan-degrading enzymes and β-1,3;1,4-glucanases 
(Soga et al., 2000a, 2000b). These results indicate 
that hypergravity inhibited the depolymerization of anti-
gravitational cell wall polysaccharides by changing both 
enzyme levels and apoplastic pH, leading to the increase 
in the molecular size of anti-gravitational cell wall 
polysaccharides. In addition to polysaccharides, other 
cell wall constituents, such as lignin, phenolic substances 
and proteoglycans may play a role in gravity resistance 
(Wakabayashi et al., 2005a, 2005b, 2009a, 2009b; 
Kotake et al., 2009). Taken together, plants increase the 
cell wall rigidity via modifications of the metabolisms of 
the cell wall constituents to resist the gravitational force.
Reversibility

We have analyzed gravity resistance using hypergravity 
of fairly high magnitude, such as 300 G. Here, there is 
one possibility that the effects of hypergravity observed 
are caused by physiological damage to cells. However, 
hypergravity-induced changes in growth anisotropy 
in azuki bean and maize seedlings were null i f ied 
immediately after transfer of seedlings kept for several 
hours at 300 G conditions to 1 G conditions (Soga et al., 
2003, 2006). The orientation of cortical microtubules was 
restored to the original direction by transiently increasing 

expression of γ-tubulin complex and katanin genes after 
removal of hypergravity stimulus (Soga et al., 2006, 
2008, 2009). Also, hypergravity-induced modifications of 
cell wall properties, such as cell wall rigidity, metabolisms 
of cell wall polysaccharides and apoplastic pH, were 
cancelled immediately after transfer to 1 G conditions 
(Soga et al., 2003, 2007a). In addition, the synthesis of 
cell wall polysaccharides was similar between the 1 and 
300 G conditions (Soga et al., 2007b). These lines of 
evidence strongly indicate that hypergravity at 300 G is 
not an extraordinary stimulus for plants and that plant 
response to this magnitude of gravity can be recognized 
as normal physiological responses.
Changes in space

From the results of experiments using conditions of 
centrifugal hypergravity and water submergence, it was 
expected that plants would develop a long and thin body 
and decrease the cell wall rigidity under true microgravity 
conditions in space. In the STS-95 RICE experiment, we 
analyzed gravity resistance in space-grown Arabidopsis 
and rice seedlings. Arabidopsis hypocotyls elongated in a 
variety directions (Hoson et al., 1999). On the other hand, 
rice coleoptiles grown in space showed automorphic 
curvature toward the caryopsis in the elongating region 
(Hoson et al., 1999, 2004). Microgravity stimulated 
elongation growth and inhibited lateral expansion in 
both Arabidopsis hypocotyls and rice coleoptiles (Soga 
et al., 2001, 2002; Hoson et al., 2002). In roots of rice, 
elongation growth was also promoted by microgravity 
(Hoson et al., 2003). Namely, plant body becomes longer 
and thinner under microgravity conditions in space. 
The body shape of Arabidopsis varied in proportion to 
the logarithm of the magnitude of gravity in the range 
from microgravity to hypergravity (Fig. 1; Soga et al., 
2001). As described above, the hypergravity-induced 
development of a short and thick body may be mediated 
by reorientation of cortical microtubules. Therefore, 
the increase in the percentage of cells with transverse 
microtubules may contribute to formation of a long and 
thin body under microgravity conditions in space.

Microgravity decreased the cell wall rigidity of both 
Arabidopsis hypocotyls and rice coleoptiles (Soga 
et al., 2001, 2002; Hoson et al., 2002). The cell wall 
rigidity of Arabidopsis hypocotyls varied in proportion 
to the logarithm of the magnitude of gravity in the 
range from microgravity to hypergravity (Fig. 1; Soga 
et al., 2001). As to the chemical nature of cell wall 
constituents, the space-grown seedlings had lower 
levels of cell wall polysaccharides per unit length than 
the controls, indicating that microgravity decreases cell 
wall thickness (Soga et al., 2001, 2002; Hoson et al., 
2002). The molecular size of anti-gravitational cell wall 
polysaccharides, xyloglucans and β-1,3;1,4-glucans, was 
decreased under microgravity conditions. The activity of 
xyloglucan-degrading activity in space-grown Arabidopsis 
hypocotyls was increased, suggesting that microgravity 
reduces the molecular size of xyloglucans by stimulating 
xyloglucan breakdown (Soga et al., 2001, 2002). Thus, 
the regulation of the cell wall rigidity via modification of 
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metabolisms of anti-gravitational cell wall polysaccharides 
may be regarded as a part of the response that enables 
plants to grow against the gravitat ional force. As 
mentioned above, hypergravity-induced increase in the 
apoplastic pH caused an inhibition of breakdown of anti-
gravitational cell wall polysaccharides, leading to the 
increase in the cell wall rigidity. On the other hand, auxin 
decreased the apoplastic pH, when it decreased the cell 
wall rigidity in inflorescence stems of Arabidopsis (Soga 
et al., 2000c). Thus, microgravity may decrease the pH 
of the apoplastic fluid, which may lead to the decrease 
in the cell wall rigidity by stimulating breakdown of anti-
gravitational cell wall polysaccharides.
Signal perception and transduction

Gravitropism is a response that enables plants to orient 
their photosynthetic organs to sunlight and to develop 
a root system for anchoring and absorbing water and 
minerals. In gravitropism, the gravity signal is supposed 
to be perceived by sedimentation of amyloplasts in 
statocytes. The pgm1 (phosphoglucomutase 1) and 
sgr1 (shoot gravitropism 1) mutants of Arabidopsis show 
reduced or no gravitropic responses in inflorescence 
stems and hypocotyls, because of reduction or lack 
of sedimentable amyloplasts (Tasaka et al., 2001). If 
graviperception in gravity resistance is mediated by 
sedimentable amyloplasts, both sgr1 and pgm1 mutants 
are expected not to respond, or to respond only weakly, 
to hypergravity stimuli. However, we revealed that 
hypocotyls of both mutants showed gravity resistance 
responses similar to those of wild type hypocotyls (Soga 
et al., 2004). In addition, the removal of statocytes did 
not influence gravity resistance response in azuki bean 
roots, although the gravitropic bending was completely 
inhibited (Soga et al., 2005a). These results suggest that 
the gravity perception mechanism in gravity resistance 
is independent of that in gravitropism, which involves 
amyloplasts as statoliths.

Mechanoreceptors (mechanosensitive ion channels) 
on the plasma membrane are supposed to sense 
physical deformation of the plasma membrane. If 
mechanoreceptors are involved in the graviperception 
in gravity resistance, the shoots are expected not to 
respond to hypergravity stimuli under conditions in 
which mechanoreceptors do not act. To ascertain this 
possibility, we examined the effects of lanthanum and 
gadolinium ions, blockers of mechanoreceptors, on the 
hypergravity response of azuki bean and Arabidopsis 
seedlings. Hypergravity at 300 G had no effects on 
growth and orientation of cortical microtubules in the 
presence of lanthanum and gadolinium ions (Soga et 
al., 2004, 2005a, 2006). Also, the cell wall rigidity or the 
cell wall metabolism was not affected by hypergravity 
in the presence of lanthanum and gadolinium ions 
(Soga et al., 2004, 2007a). These results suggest that 
mechanoreceptors are involved in the perception of the 
gravity signal in gravity resistance (Fig. 1). Also, these 
results indicate again that 300 G are not excessive for 
plants but within the physiological response spectrum. 
Horizontal and acropetal hypergravity modified growth 

anisotropy and the cell wall rigidity, as did basipetal 
hypergravity, all of which were nullified by lanthanum 
and gadolinium ions (Soga et al., 2005b, 2006). Thus, 
mechanoreceptors may perceive the gravity signal 
independently of its direction in gravity resistance.

To understand the s ignal t ransformat ion and 
transduction processes, we have identified genes whose 
expression was changed by hypergravity in Arabidopsis 
hypocotyls. One of isolated genes encoded 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (HMGR), 
which catalyzes a reaction producing mevalonic acid, 
a key precursor of terpenoids such as membrane 
sterols (Yoshioka et al., 2003). Lovastatin, an inhibitor 
of HMGR, made azuki bean epicotyls hypersensitive 
to the gravitational force (Koizumi et al., 2007). Also, 
the expression of most α- and β-tubulin genes was 
up-regulated by hypergravity (Yoshioka et al., 2003; 
Matsumoto et al., 2007). Tubulin mutants showed 
hypersensitive to the gravitational force (Hoson et al., 
2010; Matsumoto et al., 2010). To examine the roles of 
membrane sterols and cortical microtubules in the signal 
transformation and transduction processes, we carried 
out the Resist Wall space experiment (Hoson et al., 
2007). We obtained a result that the phenotype of tubulin 
mutants was partially rescued in space, suggesting 
that cortical microtubules are involved in the signal 
transformation and transduction processes (Hoson et 
al., 2009b). For details on the signal transformation and 
transduction processes, see Hoson et al. (2005, 2009a).

Conclusions

We have clarified the nature and mechanisms of 
gravity resistance using both hypergravity conditions and 
in space experiments. Figure 1 summarizes the results 
obtained by both hypergravity and space experiments. 
The body shape and the cell wall rigidity varied in 
proportion to the logarithm of magnitude of gravity in the 
range from microgravity to hypergravity. The regulation of 
the body shape and the cell wall rigidity may be required 
to survive at 1 G gravity on the earth for terrestrial 
plants. Hypergravity-induced changes in the body 
shape and the cell wall rigidity seem to be mediated by 
mechanoreceptors on the plasma membrane. Therefore, 
gravity at 1 G on the earth may be also perceived by 
mechanoreceptors. We need to clarify the details of 
gravity resistance by further space experiments.
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