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Mechanical resistance to the 
 gravitational force is a principal 

gravity response in plants distinct from 
gravitropism. In the final step of gravity 
resistance, plants increase the rigidity of 
their cell walls. Here we discuss the role of 
cortical microtubules, which sustain the 
function of the cell wall, in gravity resis-
tance. Hypocotyls of Arabidopsis tubulin 
mutants were shorter and thicker than 
the wild-type, and showed either left-
handed or right-handed helical growth 
at 1 g. The degree of twisting phenotype 
was intensified under hypergravity con-
ditions. Hypergravity also induces reori-
entation of cortical microtubules from 
transverse to longitudinal directions in 
epidermal cells. In tubulin mutants, the 
percentage of cells with longitudinal 
microtubules was high even at 1 g, and 
it was further increased by hypergravity. 
The left-handed helical growth mutants 
had right-handed microtubule arrays, 
whereas the right-handed mutant had 
left-handed arrays. Moreover, blockers of 
mechanoreceptors suppressed both the 
twisting phenotype and reorientation of 
microtubules in tubulin mutants. These 
results support the hypothesis that cor-
tical microtubules play an essential role 
in maintenance of normal growth phe-
notype against the gravitational force, 
and suggest that mechanoreceptors are 
involved in signal perception in gravity 
resistance. Space experiments will con-
firm whether this view is applicable to 
plant resistance to 1 g gravity, as to the 
resistance to hypergravity.

Gravity Resistance in Plants

The development of a response to resist 
the gravitational force has played an 

important role in the transition of plant 
ancestors from an aquatic environment to 
a terrestrial environment about 450 mil-
lion years ago and in the consequent estab-
lishment of land plants.1,2 Nevertheless, 
the presence of this gravity response has 
not been properly recognized for long, 
and its mechanism has been often con-
fused with that of gravitropism. We have 
termed this response ‘gravity resistance’, 
and examined its mechanism mainly 
using hypergravity conditions produced 
by centrifugation.3,4 Plant protoplasts are 
surrounded by well-developed cell walls, 
which is the major source of mechani-
cal strength for plant body. Therefore, 
the cell wall may be responsible for grav-
ity resistance. Actually, we have obtained 
evidence supporting this hypothesis.2-4 
Hypergravity has been shown to increase 
the cell wall rigidity in various plant mate-
rials. Hypergravity also caused an increase 
in cell wall thickness and a polymeriza-
tion of certain matrix polysaccharides, 
such as xyloglucans in dicotyledons and 
1,3,1,4-β-glucans in monocotyledonous 
Gramineae. Furthermore, hypergravity 
has been shown to increase the apoplas-
tic pH of various materials.5,6 Thus, plants 
increase the rigidity of their cell walls in 
response to the gravitational force, via 
modifications to the cell wall metabolism 
and apoplastic environment.

Role of Cortical Microtubules 
in Gravity Resistance

Cortical microtubules give the cytoplasm 
structural stability and sustain various 
functions of the cell wall. The expression of 
most α- and β-tubulin genes was upregu-
lated by hypergravity in Arabidopsis hypo-
cotyls.7,8 In the epidermis of the growing 
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microtubules of tubulin mutants at 1 g.14 
Moreover,  hypergravity had no effects on 
the alignment angles of cell files or corti-
cal microtubules in the presence of gado-
linium ions. These results suggest that 
mechanoreceptors are involved in signal 
perception in gravity resistance (Fig. 1). 
Plasma membrane proteins MCA1 and 
MCA2 have been identified as a candidate 
for the Ca2+-permeable mechanosensitive 
channel in Arabidopsis.21-23 We are now 
examining, with null and overexpressing 
mutants of MCA1 and MCA2, whether 
they are responsible for gravity signal per-
ception in gravity resistance.

Mechanism of Resistance 
to 1 g Gravity

In our recent study, we obtained an inter-
esting result that blockers of mechano-
sensitive ion channels suppressed helical 
growth as well as reorientation of cortical 
microtubules, from transverse to longi-
tudinal directions with a bias toward the 
left or the right direction, of Arabidopsis 
tubulin mutants grown not only at  
300 g but also at 1 g.14 Namely, the block-
ers are capable of nullifying phenotypes 
of the mutants at 1 g. The result suggests 
that tubulin mutants are hypersensitive 

the left-handed helical growth mutants, 
the frequency distribution was dispersed 
with a bias toward right-handed microtu-
bule arrays at 1 g. The percentage of cells 
with right-handed microtubule arrays was 
greatly increased by hypergravity. The 
frequency distribution of microtubule ori-
entation was dispersed with a bias toward 
left-handed arrays in the right-handed 
helical growth mutant at 1 g, which was 
further stimulated by hypergravity. There 
was a close correlation between the align-
ment angle of epidermal cell files and 
the alignment of cortical microtubules.14 
These results indicate that cortical micro-
tubules play an essential role in main-
tenance of normal growth phenotype 
against the gravitational force.

Involvement of Mechanoreceptors 
in Gravity Resistance

Gadolinium ions have been used as 
blockers of mechanosensitive ion chan-
nels in various materials.17,18 The blockers 
are capable of nullifying hypergravity-
induced modifications to growth anisot-
ropy and cell wall rigidity.19,20 In our 
recent study, we found that gadolinium 
ions decreased the alignment angle of 
epidermal cell files and that of cortical 

region of azuki bean epicotyls, cells with 
transverse cortical microtubules were pre-
dominant at 1 g. Hypergravity induces 
reorientation of cortical microtubules 
from transverse to longitudinal direc-
tions.9 In addition, hypergravity increased 
transiently the expression of γ-tubulin and 
katanin genes,10,11 which are assumed to 
be responsible for reorientation of cortical 
microtubules.12 These results suggest that 
cortical microtubules are involved in grav-
ity resistance.2,13 To confirm this point, we 
investigated the changes in cell morphol-
ogy and orientation of cortical microtu-
bule arrays in hypocotyls of Arabidopsis 
tubulin mutants grown under hypergrav-
ity conditions.14

We used three mutants, tua3(D205N), 
tua4(S178∆) and tua6(A281T)15,16 in the 
study. Wild-type hypocotyls grew almost 
straight irrespective of gravity conditions. 
Hypocotyls of tubulin mutants showed 
either left-handed (tua3 and tua4) or 
right-handed (tua6 ) helical growth at 1 g, 
and the degree of twisting phenotype was 
intensified under hypergravity conditions 
at 300 g.14 On the other hand, hypergravity 
greatly stimulated reorientation of cortical 
microtubules from transverse to longitu-
dinal directions in wild-type, without any 
preference to the left or right direction. In 

Figure 1. mechanism of gravity resistance in plants. the gravity signal is perceived by the mechanoreceptors located on the plasma membrane, and 
then transformed and transduced into the cells. the transduced signal induces the expression of diverse genes and influences the structure and 
function of various cellular components. cortical microtubules, in concert with the plasma membrane, regulate the cell wall metabolism as well as 
apoplastic environment, leading to an increase in the cell wall rigidity.
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to the gravitational force and the effects 
of gravity are saturated at lower doses. It 
is then expected that under microgravity 
condition in space, the defects of growth 
in tubulin mutants are rescued and they 
grow and develop more or less normally.24 
To confirm this possibility, we carried 
out a space experiment termed Resist 
Wall on the International Space Station. 
Unfortunately, no plants developed to the 
expected developmental stage because of 
serious anomalies of water supply system.25 
Another space experiment related to this 
topic, Space Seed, is now underway. We 
are also preparing for the next experiment 
named Resist Tubule on the International 
Space Station. These experiments will 
confirm whether this view is applicable 
to plant resistance to 1 g gravity, as to the 
resistance to hypergravity.
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