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CYTOMECHANICAL TOOLS FOR PLANT GRAVITATIONAL BIOLOGY 

Anja Geitmann 

Institut de Recherche en Biologie Végétale, Université de Montréal, Montréal, Québec, Canada H1X 2B2  
 

ABSTRACT 

 
Graviperception in plant statocytes has been postulated either to 
involve the mechanical interaction between statoliths and 
cytoskeleton or the compression at the plasma membrane-
extracellular matrix junction by the weight of the protoplasm. 
Graviresponse on the other hand often implies a reinforcement 
of the extracellular matrix which in turn is controlled by the 
cytoskeleton. Therefore, both perception and response to gravity 
concern cellular architecture and mechanics. To better 
understand both processes, the design and the physical 
properties of the cellular features determining plant cell 
architecture need to be quantified. Cytomechanical studies have 
resulted in the development of an array of experimental tools 
that can be used to quantify mechanical and physical properties 
of cells and subcellular components. This review provides an 
overview of the available experimental strategies and describes 
how they can be used to determine physical parameters such as 
elasticity, density and pressure of the features that determine 
plant cell architecture and mechanics: cell wall, turgor, 
cytoskeleton, and statoliths. 
 
INTRODUCTION 

 

Living in the presence of a gravitational force has a 
significant impact on all organisms at the level of 
structure and design. Two facets of life in the presence of 
gravity are particularly interesting from a biomechanical 
point of view: the perception of gravity and the response 
of the organism. This response can consist in the initiation 
of a growth activity or movement leading to a gravitropic 
reaction (for reviews on this topic please see elsewhere) 
or it can consist in design strategies that have evolved to 
cope with the effect of weight. 
 
Graviperception 

The perception of a change in the orientation of the 
organism relative to the gravity vector is based on the 
motion, the displacement or the position of the sensor. 
The position principle is realized for example in the 
protonemata and rhizoids of characean green algae. In 
these tip growing cells crystal-containing organelles need 
to contact specific sensitive plasma membrane areas to 
cause a gravitropic reaction. Neither the displacement nor 
an actual mechanical deformation of the membrane is 
necessary to trigger the signal (Braun, 2002; Limbach et 
al., 2005). Other systems in which a contact between the 
statolith and a gravireceptor has been proposed to be 
sufficient  to  trigger  the  further signalling events include  

 
 
the protein crystal statoliths in the vacuoles of 
Phycomyces (Eibel et al., 2000). 
 
The situation is different in higher plants in which 
specialized cells, so-called statocytes, are equipped with 
statoliths in the form of starch-filled amyloplasts. 
Gravisensing in these systems is generally thought to be 
based on the perception of actual statolith movements that 
are caused by a change in the gravity vector relative to the 
organism (Sack, 1997; Morita and Tasaka, 2004). The 
perception of this movement is based on the deformation 
of other subcellular structures by the statoliths. In 
particular the actin cytoskeleton has been implicated in 
this context (Hejnowicz and Sievers, 1998; Sievers et al., 
2002). Other structures that have been proposed to be 
involved include the endoplasmic reticulum (Sievers et 
al., 1991; Sievers and Busch, 1992). Amyloplast 
sedimentation onto ER membranes had been postulated to 
produce a growth signal by triggering a local Ca2+ release, 
thus implying the necessity of a local deformation of the 
ER membrane by the statoliths. However, high pressure 
freezing techniques have indicated that the ER 
membranes are not actually deformed by the amyloplasts 
(Zheng and Staehelin, 2001). The authors suggest that the 
ER could therefore rather serve as local mechanical 
"shield" to prevent the amyloplasts from perturbing 
specific regions of the cortical cytoplasm. This hypothesis 
would be consistent with the tensegrity model of 
gravisensing which proposes that sedimenting statoliths 
disrupt postulated links between the actin-based 
cytoskeletal network and stretch receptors in the plasma 
membrane (Staehelin et al., 2000; Yoder et al., 2001). 
 
An alternative to the statolith model is the gravitational 
pressure model which proposes that settling of the mass 
of the entire protoplast allows the cell to sense the tension 
and compression at the plasma membrane-extracellular 
matrix junction at the bottom of the cell (Wayne and 
Staves, 1996). According to the authors, the presence of 
dense bodies in the cytoplasm would only contribute to 
raising the general density of the cytoplasm and thus 
increasing the energy made available to do work by the 
falling of the protoplast (Staves, 1997). 
 
Whichever model turns out to be correct, the mechanical 
deformation of the subcellular structure, the 
"gravisusceptor", is presumed to ultimately result in the 
deformation of a mechanoreceptor molecule that 
transforms the signal from a mechanical one into a 
biochemical one. The activation of this presumably 
membrane-bound gravisensor would be the actual 
"graviperception" whereas the following steps involve 
biochemical signal transduction and subsequently cellular 
responses. These responses can be physiological or 
involve changes in gene expression (Moseyko et al., 
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2002; Centis-Aubay et al., 2003; Kimbrough et al., 2004; 
Martzivanou et al., 2006). 
 
Knowledge about the nature of the mechanoreceptor 
molecules that are implicated in graviperception is scant 
at best. It seems likely that stretch-activated ion channels 
are involved in the process. Their deformation could 
cause ion fluxes through the plasma membrane or from an 
internal store to change thus influencing the local 
cytosolic concentration of the ion. In particular, calcium 
seems to be an important candidate in the context, since it 
plays a key role in intracellular signaling (Trewavas, 
1998; 1999). 
 
In multicellular organisms a change in orientation relative 
to the direction of the gravitational vector most likely 
causes changes in the mechanics and the architecture of 
all cells composing the organism. Given that cells "on the 
bottom" of a freestanding organism bear the weight of the 
tissues that are "on top", one can easily imagine that the 
former are compressed by the weight of the latter. This 
mechanical stress can be perceived by cells other than 
statocytes, but how the perception mechanism for this 
type of gravity-generated mechanical stress operates is  
poorly understood. 
 
To summarize, while the signaling pathway leading from 
a gravireceptor to a physiological response or gene 
expression is based on biochemical processes, the actual 
perception of the signal implies mechanical movement 
and/or deformation at cellular or subcellular level. To 
understand the mechanical aspect of gravisusception and 
graviperception, we need to investigate and quantify the 
mechanical properties of the subcellular structures that are 
involved.  
 
Antigravitational design strategies 

Land plants need to withstand the extreme mechanical 
load caused by the action of the gravitational acceleration 
on their own bodies. Lower plant parts need to carry the 
weight of parts that are located higher up and organs that 
deviate from the vertical direction need to withstand 
bending caused by gravity (Lewis, 1999; Volkmann and 
Baluska, 2006). 
 
To resist these gravity forces, in plants two principal 
cellular design strategies have evolved: a hydroskeleton 
and an exoskeleton. The hydroskeleton is generated by 
the interaction between the intercellular turgor and the 
tensile stress resistance of the cell wall. The latter allows 
the former to be established thus generating a significant 
erectile force that gives herbaceous plants and plant 
organs their shapes. The cellular exoskeleton is based on 
the rigidification of the plant cell wall predominantly by 
lignin (Lewis, 1999). This allows the cell wall to resist 
both compressive and tensile stress thus establishing a 
rigid and elastic scaffold in form of a rigidified 
extracellular matrix, typical for plant organs with 
secondary growth. The phenomenon of tension and 
compression wood formation and the difference in 

chemical composition of cell walls in plants grown under 
microgravity conditions (Hoson et al., 2003) illustrate the 
relevance of architectural design for plant function under 
the influence of gravity. To understand these 
antigravitational design strategies the mechanical 
properties of the building material need to be quantified. 
 

 
 

Figure 1 Schematic drawings of macroscopic biomechanical 

approaches.  

A. Three-point bending test commonly used for testing the 

elasticity and fracture resistance of wood beams. 

B. Extensiometer used to clamp and stretch pieces of tissue. 

Depending on the type of test, elasticity, plasticity, fracture 

resistance and other physical parameters can be quantified. 

 
It becomes clear that mechanical aspects play a central 
role in gravitational research on plants. Biomechanical 
and in particular cytomechanical approaches can therefore 
help understand processes that occur during 
graviperception and response. This review summarizes 
some of the experimental techniques and methodological 
approaches that have been developed to quantify the 
physical properties of individual cells and cellular 
components. The focus will be on the three main cellular 
features that determine plant cell architecture - 
cytoskeleton, cell wall and turgor - as well as on the 
intracellular bodies that are able to move relative to the 
cell's architectural elements. 
 
In general, to quantify mechano-physical properties, 
calibrated loads are applied to an object and the response 
is measured. At a macrosopic scale this may consist of 
placing a wooden beam between three supports one of 
which is opposite the two others (Fig. 1A). A movement 
of the middle support deforms the beam and the resulting 
bending is quantified to deduce the physical properties of 
the wood such as the elasticity modulus and failure 
resistance. Elasticity can also be measured by applying a 
tensile stress on a strip of material such as a rubber band 
or a piece of plant tissue (Fig. 1B). The length change 
resulting from the application of such a stress expresses 
the elasticity of the material. Similar principles are 
applied when trying to assess the physical properties at 
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cellular and subcellular level. However, this necessitates 
the development of devices in the appropriate dimension 
as is illustrated in the following paragraphs.  
 
Cytoskeleton  

The cytoskeleton is composed of rod-shaped elements 
that are connected by linking elements. Motor proteins 
interact with the rod-shaped elements to move organelles. 
Controlling proteins govern the state of the rod shapes by 
influencing their polymerization and de-polymerization 
rates. Among the multiple functions of the cytoskeleton 
are intracellular transport and chromosome separation 
during cell division. However, cytoskeletal elements also 
provide an important scaffold for overall cellular 
architecture. This can consist in providing structure such 
as cytoskeletal support of erythrocyte structural elasticity, 
or the dynamic change of morphology as it occurs in the 
leading edge of many animal cells (Mitchison and 
Cramer, 1996) and in the growing regions of tip growing 
cells such as pollen tubes, root hairs and fungal hyphae 
(Geitmann and Emons, 2000). Because of its contribution 
to cellular architecture it seems obvious that the 
cytoskeleton is involved in the perception and/or 
transduction of mechanical stresses (Wang et al., 1993). 
Its role in graviperception is thought to be pivotal (Sievers 
et al. 1991), even though pharmacological approaches 
have provided confusing results (Blancaflor, 2002). The 
actual interaction between statoliths and cytoskeleton has 
been modeled in different ways. The "tethered model" 
postulates that statoliths are physically connected to actin 
filaments (Björkman, 1988; Sievers et al., 1991; 

Volkmann et al., 1991; Sack, 1994), whereas they are 
supposed to sediment into a microfilament "hammock" in 
a related model (Moore and Evans, 1986; Björkman, 

1988). More recently, a "tensegrity model" for the 
cytoskeleton has been formulated (Ingber, 1993). In this 
model statolith sedimentation is proposed to locally 
disrupt a cytoskeletal network thus altering the network's 
force balance (Staehelin et al., 2000; Yoder et al., 2001). 
Which of these models describes the situation most 
accurately can only be answered once it is understood, 
how cytoskeletal elements are linked to other structural 
features of the cell (Baluska et al., 2003) and how they are 
able to transduce a mechanical signal to a receptor 
(Boonsrichai et al., 2002; Sievers et al., 2002; Blancaflor 
and Masson, 2003; Perbal and Driss-Ecole, 2003). In 
order to get closer to an answer, it is important to 
understand the physical properties of the cytoskeletal 
elements. Various experimental strategies have been 
developed to quantify these physical parameters. All are 
based on the application of a load resulting in the 
deformation of a cytoskeletal element or a structure 
stabilized by the cytoskeleton. At least three different 
approaches have been realized: i) deformation of the 
entire cell ii) deformation of individual cytoskeletal 
elements within the living cell or iii) in vitro.  
 

 
 

Figure 2 Simplified schematic drawings of cytomechanical 

approaches. Objects are not drawn to scale.  

A. Micropipette aspiration. A microcapillary is placed on the 

surface of the cell and a suction pressure is applied to force the 

cell into the opening. 

B. Global cellular deformation with optical tweezers. Two beads 

are attached at opposite ends of the cell. One bead is trapped in 

the laser beam, the other is attached to the microscope slide and 

can thus be moved away to stretch the cell. 

C. Atomic force microscopy. A microscopic tip attached to a 

flexible cantilever locally deforms the surface of the cell. The 

bending of the cantilever monitored by reflected laser light 

provides information on the applied force. 

D. Micro-indentation. A calibrated horizontal glass beam serves 

as cantilever to which a glass stylus is attached that performs 

local deformations on a cell (in this case a pollen tube). A 

reflective micaflag allows the monitoring of the vertical position 

of the stylus. 
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Global cellular deformation 

In animal cells global deformation of entire cells 
measures the contributions of both the plasma membrane 
and the underlying cytoskeleton to cellular architecture. 
Since the membrane is very pliable and elastic, the 
mechanical properties of the underlying cytoskeleton are 
predominant and can be deduced from global deformation 
in these cells. Among the methods used is micropipet 

aspiration which consists in determining the suction 
pressure necessary to partially or wholly suck a single cell 
into a micropipette (Figure 2A; Hochmuth, 2000). Other 
global deformation techniques are based on the stretching 
of cells with microneedles (Dennerll et al., 1989) or 
optical tweezers (Hénon et al., 1999). Optical tweezers, 
also called optical trap, use a laser to control and 
manipulate minute objects or particles by trapping them in 
the light beam (Figure 2B). This method does not 
necessitate any physical contact with the sample, which is 
a significant advantage. However, the drawbacks include 
the possible photo damage of biological samples. Most 
importantly, for global deformation of entire plant cells 
the device might be of limited use only since the 
maximum force achievable is a few hundred pN and the 
cell walls are likely to resist these forces.  
 
Cellular deformation can also be applied more locally to 
achieve spatial resolution. Among the techniques 
successfully used is the atomic force microscope (AFM), 
a device that can act as both a powerful imaging tool and 
a force sensor with piconewton force resolution. The 
AFM applies deformations with a very sharp tiny tip that 
is mounted at the end of a flexible cantilever (Figure 2C). 
The deflection of the cantilever upon contact of the tip 
with an object is recorded with the help of a laser beam 
reflected off the back of the cantilever. The spatial 
distribution of the stiffness can be mapped on cellular 
surfaces using the Hertz contact theory, which provides 
analytical solutions to the stress distribution at the 
interface between and within two elastic bodies. In 
mammalian cells, where the only structure between the 
AFM tip and a cytoskeletal fiber is the pliable plasma 
membrane, the elasticity of cortical cytoskeletal elements 
can be measured (Simon et al., 2004). 
 
Because of the presence of the cell wall which blocks the 
direct access of the AFM tip to the cytoskeletal elements 
in plant cells, this approach to measure cytoskeletal 
mechanical properties from the outside is of rather limited 
use for walled plant cells. It might, however, be useful in 
the case of wall-less protoplasts. More powerful local 
cellular deformations that nevertheless provide spatial 
resolution can instead be applied using micro-

indentation, a technique similar to AFM (Figure 2D). It 
has been applied to thin-walled pollen tubes in which the 
local cellular stiffness coincided well with the non-
uniform distribution of actin filaments (Geitmann et al., 
2004; Geitmann and Parre, 2004; Bolduc et al., 2006). 
However, this parameter has yet to be discriminated from 
the effect of the non-uniform distribution of the 
mechanical properties of the surrounding cell wall 

(Geitmann and Parre, 2004) thus illustrating the structural 
complexity of plant cell architecture (Figure 3). 
 
 

 
Figure 3 Correlation between the local cellular stiffness and the 

distribution of cell wall polymers and cytoskeletal elements in 

pollen tubes as measured by micro-indentation. Both the non-

uniform distribution of pectins and that of actin microfilaments 

might contribute to the differences in stiffness between the 

growing apex of the tube and the distal region. Images are at the 

same scale as the graph. 

A. Graph plotting stiffness versus distance from the apex of a 

typical growing pollen tube. In the apical 20 µm a steep 

increase of stiffness can be noted whereas no significant 

variations occur in the distal area. 

B. Fluorescence label of pectins with low degree of methyl-

esterification. The label is absent at the pollen tube tip and 

present in the cylindrical shank. This type of pectins is likely to 

be gelated by calcium ions thus conferring stiffness to this 

region of the cell wall. 

C. Fluorescence label of pectins with high degree of methyl-

esterification. The label is intense at the apex. This type of 

pectins is not gelated and thus softer. The change from esterified 

to non-esterified pectin correlates with the region exhibiting a 

gradient in cellular stiffness. 

D. Fluorescence label of actin filaments. There are no 

conspicuous filaments in the apex but the subapical region 

shows dense label. This transition region coincides with the 

gradient in cellular stiffness. 
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Load application within the cell 

While global deformation approaches might be interesting 
in the context of graviperception in cells that are not 
differentiated as statocytes, direct application of loads on 
cytoskeletal elements within the cell is more adequate for 
graviperception in statolith equipped statocytes. Here, the 
optical trap is again an extremely useful tool. In the early 
days of the optical trap, it was employed to investigate the 
viscoelastic properties of the plant cell cytoplasm (Ashkin 
and Dziedzic, 1989) as well as that of Hechtian strands 
(Buer et al., 2000) and artificial cytoplasmic strands 
(Leitz et al., 1994). The effect of cytoskeletal structure 
and statolith movement has been investigated in Chara 
rhizoids (Leitz et al., 1995; Braun, 2002). In a more 
quantitative application the laser-guided displacement of 
statoliths was used to determine the viscous resistance to 
optical displacement of statoliths in various directions and 
the involvement of actin in this resistance. The 
manipulations also allowed conclusions on the forces 
acting on individual organelles by the actin filaments. 
Numerous other applications in plant cells can be 
envisioned given that the (primary) cell wall does not 
interfere with the functionality of the laser. 
 

Several other methods used to move objects within the 
cell are of potential interest for plant cells: In magnetic 

bead rheometry ferromagnetic beads with sizes of few 
micrometers are taken up by living cells through 
phagocytosis and tracked optically while exposed to a 
magnetic field (Figure 4A). The movements provide 
information on the viscoelastic moduli of the cytoplasm 
(Bausch et al., 1999). Since plant cells generally are not 
able of phagocytosis, insertion of such a bead could 
probably be achieved with particle gun bombardment or 
microinjection. Injection has successfully been realized in 
Chara rhizoids (Hasenstein and Scherp, submitted). 
Subsequently, the authors moved the superparamagnetic 
particles using an external magnet. This allowed them to 
quantify the local viscosity of the cytoplasm in different 
regions of the cell. They concluded that the viscosity 
pattern in the rhizoid is highly anisotropic and varied 
between sites. Viscosity was highest in the vicinity of the 
endogenous statoliths. The application of the inhibitor of 
actin polymerization latrunculin B revealed that the 
viscosity was mostly due to the presence of filamentous 
actin. 
 

Figure 4 Simplified schematic drawings of cytomechanical 

approaches. Objects are not drawn to scale.  

A. Magnetic bead rheometry. Ferromagnetic beads move upon 

exposure to an external magnetic field. The movements are 

monitored optically and provide information on the density and 

configuration of the cytoskeleton.  

B. Microtubule buckling assay. Short microtubules attached to a 

substrate serve as nucleation centers for tubulin polymerization. 

An elongating microtubule buckles upon encountering a 

mechanical obstacle. The buckling pattern provides information 

on the force generated by the elongating polymer. 

C. Pressure probe. Turgor is monitored by inserting an oil-filled 

microcapillary into the cell. It measures the pressure necessary 

to stabilize the meniscus between the cytoplasm and the oil by 

way of an electronic pressure sensor.  

D. Ball tonometer. A glass ball attached to a cantilever applies 

a spherical load. The contact surface between ball and cell 

surface is monitored optically and provides information on the 

pressure inside the cell. 

E. Compression of single cells. A cell is compressed between 

two plates and the physical properties of the cell wall is 

calculated from the cell's reaction with the help of a theoretical 

model. 

F. Nano-indentation. A minute diamond tip is used to locally 

deform a material with a calibrated force. From the depth of the 

indentation the physical properties of the material can be 

determined. 
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A similar principle is realized in magnetic rotational 

microrheology which is based on the analysis of the 
rotational dynamics of chains of magnetic endosomes in 
response to a rotation of the external magnetic field 
(Wilhelm, 2003). These endogenous magnetic probes 
were obtained inside living cells by labeling intracellular 
compartments with magnetic nanoparticles, following 
endocytosis and their subsequent concentration in 
endocytotic compartments. Endosome movements 
provided information on the viscosity governing the long 
time flow of the medium surrounding the endosome 
chains and the relaxation time reflecting the proportion of 
solidlike versus liquidlike behavior - properties that 
reflect the configuration of the cytoskeleton. 
  
Instead of the forces applied by a magnetic field, the 
natural Brownian motion of particles embedded in the 
cytoskeletal network is monitored in laser tracking 

microrheology. Using a focused, low-power laser beam, a 
probe particle is tracked by monitoring its forward-
scattered light with a quadrant photodiode detector which 
allows the calculation of the viscoelastic shear moduli of 
the cytoplasm (Yamada et al., 2000). 
 
Characterization of physical properties in vitro 

To quantify the physical properties of microtubules in 

vitro these were allowed to polymerize against a rigid 
barrier (Figure 4B). The buckling of the rod-shaped 
microtubule polymers was then analyzed to determine the 
force on each microtubule end generated by the 
polymerization activity (Dogterom and Yurke, 1997). 
These studies have helped to understand the mechanical 
function of pushing and pulling forces exerted by 
microtubules in the positioning of chromosomes and in 
the force generation at the cell cortex (Dogterom et al., 
2005). 
 
The optical trap has turned out to be a very versatile 
device in this context as well (Kuo et al., 1995; Kurachi et 
al., 1995; Tsuda et al., 1996). Individual cytoskeletal 
elements polymerized in vitro have been attached to 
microspheres which in turn were trapped in the laser 
beam and moved to cause buckling of the cytoskeletal rod 
shaped polymer. Optical tweezers were also used to study 
the mechanics of the molecular motors interacting with 
the cytoskeletal elements (Rice et al., 2003) 
 
Hydroskeleton 

The hydrostatic pressure is an essential physical 
parameter that determines plant anatomy. In particular in 
herbaceous plants it is responsible for the maintenance of 
an erectile shape. The lack of cell pressure has dramatic 
consequences as demonstrated readily by the wilting of 
cut flowers or, more dramatically by that of lettuce leaves 
exposed to an osmotically active salad dressing. Pressure 
is therefore one of the key features on which 
antigravitational design is based, particularly in 
herbaceous plants and plant organs. 
 

Turgor measurements have been attempted with various 
indirect methods that are based on the quantification of 
the difference between the osmotic pressure of the 
protoplast and that of the surrounding medium. This is 
based on the fact that in fully turgid cells this value is 
approximately equal to the hydrostatic pressure in the 
cell. However, these techniques which include 
psychrometry, incipient plasmolysis, and osmometry are 
destructive and do not allow monitoring the turgor in a 
live cell over time. Live monitoring was only possible 
with the development of the pressure probe. Initially, a 
water- and air-filled glass micro-capillary was inserted 
into the giant-celled alga Nitella to measure the cellular 
hydrostatic pressure (Green, 1968). Using Boyle's Law, 
the compression of the air bubble was used to calculate 
the pressure. The group of Zimmermann and Steudle 
replaced the air bubble with an electronic pressure sensor 
attached to an oil-filled capillary (Figure 4C). This model 
of the device also included a piston with which the turgor 
in the cell could be varied artificially. Parameters such as 
the half time for water exchange or hydraulic conductivity 
could thus be assessed. The first specimens investigated 
were algae such as Nitella, Chara and Acetabularia 

because of their enormous cell size which facilitated the 
insertion of the microcapillary (Zimmermann and Steudle, 
1978; Tomos, 1988). Further development of the device 
finally allowed the measurement of much smaller cells 
(Hüsken et al., 1978; Franks, 2003). A limiting factor 
remains the size of the microcapillary whose internal 
diameter cannot be much below 1 µm because of the 

significant capillary forces that prevent measurements at 
smaller diameters. Very small cells are therefore difficult 
to assess.  
 
Insertion of a micro-pipette into the cell is invasive, 
however, and therefore alternative methods to measure 
cell pressure have been developed. A non-invasive 
method was developed by Lintilhac and Wei (Lintilhac et 
al., 2000; Wei et al., 2001), although its applicability is 
limited to surface cells with rather thin cell walls. They 
calibrated the cell's ability to bear a spherical load and 
related the load-induced deformation of its surface with 
the pressure inside the cell - the same principle as the 
medical device generally used to measure intraocular 
pressure (Figure 4D). Pressure is quantified by calibrating 
the size of the contact area between the deforming glass 
sphere and the underlying cell and can thus be assessed 
optically. This tonometer approach has been successfully 
applied on plant epidermal cells in which, if the cells were 
turgid, this non-invasive method produced results similar 
to those obtained with the pressure probe (Lintilhac et al., 
2000). The same principle has been realized in 
experiments based on the compression of individual 
suspension culture cells between two flat surfaces (Wang 
et al., 2006). 
 
Exoskeleton 

Mechanical tests of cell walls have been carried out at 
various levels of organization: tissue, cell and molecule. 
Most studies are based on the use of whole plant tissues in 
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large deformation tensile testing which are carried out 
with extensiometers or instron-type stress-strain 

analysers (Cosgrove, 1989; 1993; Masuda, 1990; 
Kutschera, 1996). Blocks of plant tissue are relatively 
easy to handle, but the underlying cellular structure 

precludes direct interpretation in terms of cell wall 
material properties. Nevertheless, important information 
on the influence of g-forces or the absence thereof on cell 
wall mechanics have been gained with this type of bulk 
measurements (Hoson et al. 2002; 2003).  
 
At the other end of the scale, individual components of 
the plant cell wall have been purified or synthesized to 
measure their respective biochemical and biomechanical 
properties in vitro. Especially those components that in 
isolated form are of commercial interest such as cellulose 
and pectin, have been well characterized concerning their 
mechanical properties using tensile or compression tests 
or rheometric assays (Jarvis, 1984; Endress, 1996; 
Chanliaud and Gidley, 1999; Edge et al., 2000). 
Depending on the character of the material and the 
physical property to be assessed, the type of the test 
differs. In tensile and compression tests, typically applied 
for the crystalline component cellulose, blocks or strips of 
the purified compound are clamped and subjected to a 
deforming stress that stretches or compresses the object. 
The reaction of the specimen block is quantified and 
allows conclusions on its physical properties such as the 
Young's modulus of elasticity.  
 
Visco-elastic materials like pectin gels are commonly 
tested by rheometers that measure the viscosity of the 
substance. This is done by plunging an object into the 
substance or by subjecting the material to an oscillating 
shear stress. The latter is also known as small 

deformation oscillatory
 
rheology where a layer of the test 

substance is placed between two plates, one of which 
applies sinusoidal strains to the material. The movement 
transferred to the opposite plate is then registered and the 
behavior characterized (Endress, 1996; Whitney et al., 
1999). Key parameters obtained by this method include 
the in-phase (elastic or storage) component of shear 
modulus and the dynamic viscosity.   
 
While approaches to study cell wall components in vitro 
or entire cell walls in form of tissue blocks have provided 
important information, quantitative physical data obtained 
at the level of individual living cells are scarce. There are 
several reasons for this lack of information. Most plant 
cells are present in the form of aggregates forming a 
tissue. Isolation of a single cell from such a tissue almost 
inevitably involves a disturbance of the cell wall 
structure, even though some authors have succeeded in 
minimizing this effect by peeling off individual cells 
instead of using chemical maceration techniques (Keckes 
et al., 2003). Secondly, while it is relatively easy to clamp 
a piece of tissue for a creep or bending experiment, the 
same manipulation at cellular level is not trivial, simply 
because of the small size of the specimen. The 
development of micro- and nanomanipulation methods 

has therefore been an important step to obtain information 
at this scale. Manual excision of strips of cell wall which 
were subsequently clamped into an extensiometer has 
been done preferentially on large cells. An example is 
Chara for which a detailed multi-azimuthal description of 
the anisotropic elastic modulus of the walls has been 
produced this way (Wei et al., 2006). 
 
Another strategy to apply stress on cell walls of individual 
cells is their compression using a micromanipulation 
probe. This technique has allowed the estimation of the 
Young's modulus of their cell walls (Wang et al., 2004). 
The authors placed tomato cells grown in suspension 
culture into a device that compressed the entire cell 
between two plates (Figure 4E) and using a theoretical 
model for the force-deformation data they were able to 
conclude on the physical properties of the cell wall of 
these living cells. A similar principle has been realized by 
using a displacement transducer to obtain the volumetric 
elastic modulus of the cell walls of the huge Chara 
internode cells (Steudle et al., 1982).  
 
Another method that has been used to measure the elastic 
modulus of the cell wall in living cells is the pressure 

probe. Under conditions of changing turgor, the cell 
volume will change by an amount determined by the 
volumetric elastic modulus. The elastic modulus is 
therefore measured by determining the relative change in 
volume (measured by microscopy) in response to a 
change in turgor applied by the pressure probe (reviewed 
in Tomos and Leigh, 1999).  
 
A different concept lies behind the approach to use 
nanoindentation and modulation force microscopy (an 
application of the AFM) for the quantitative assessment of 
the physical properties of the plant and fungal cell walls. 
As mentioned earlier, the principle of such a technique is 
the application of a cycle of unloading and loading in 
form of a minute local deformation and the monitoring of 
the response of the deformed material both regarding its 
elasticity and plasticity (Figures 2C, 4F). Only very few 
applications have been published on living cells so far. 
Among these is an AFM study of the elastic properties of 
the cell wall of fungal hyphae (Zhao et al., 2005). AFM 
has mostly been applied on dead plant cells such as wood 
fibres. Given that wood fibres do not contain a living 
protoplast at maturity, the authors were able to cut open 
the cells horizontally and scan the section by applying 
local deforming forces in the direction parallel to the cell 
surface. This method allowed them to assess the elastic 
properties of the individual cell wall layers present in the 
fibre cell wall (Wimmer and Lucas, 1997; Wimmer et al., 
1997; Clair et al., 2003).  The mechanical properties of 
wood fibre cell walls were also assessed using tensile 
forces in combination with x-ray analysis of the 
microfibril angle (Keckes et al., 2003). 
 
Micro-indentation has shown to be rather useful for the 
comparative studies analyzing various treatments 
affecting cell wall properties in pollen tubes (Parre and 
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Geitmann, 2005a; 2005b). While the deformations 
performed by this device are of a bigger amplitude and on 
a larger surface than those caused by an AFM tip, they are 
still small enough to provide spatial resolution on these 
cylindrical cells (Figure 2D). The experiments revealed 
that the non-uniform distribution of various cell wall 
components and their configurations are in part 
responsible for the characteristic gradient of physical 
properties along the longitudinal axis of pollen tubes. 
 
Moving bodies 

Graviperception in statocytes requires an object 
(gravisusceptor) to move relative to the surrounding 
cytosol upon a change in the orientation of the statocyte in 
the gravitational field. A prerequisite for this statolith 
relocation is the ability to generate potential energy that 
exceeds the thermal noise by having a density that is 
significantly different from that of the cytosol (Volkmann 
and Sievers, 1979; Björkman, 1988; Sievers et al., 1991). 
If the density is higher, the statolith will sediment, if it is 
lower, it will float. Since "lithos" means "stone" in greek, 
thus indicating a subject that sediments, I propose to call a 
buoyant gravisusceptor "statonict", after the Greek 
"niktikos" for natatorial. 
 
It does not matter whether the cell perceives a gravity 
signal in form of statolith motion, displacement or 
position; from a mechanical point of view the critical 
criteria for a statolith to qualify as such are its volume and 
its density. These physical parameters determine the 
sedimentation or floatation behavior of the potential 
statolith.  
 
Many organelles have densities that are higher than that 
of the surrounding cytosol which has a density of 1.03 
g.cm-3. Monzer (1996) proposed a role for nuclei as 
gravisusceptors in the fungus Flammulina velutipes given 
their density of 1.2 g.cm-3 and their close association with 
the actin cytoskeleton. He determined the density by 
isopycnic gradient centrifugation of the isolated 
organelle. The density of other organelles with potential 
statolith function was determined in a similar way. In 
higher plants, amyloplasts are among the most dense 
organelles with an estimated density of 1.5 g.cm-3 (Audus, 
1962). 
 
In characean green algae statoliths consist of BaSO4 
crystal filled organelles. Since the density of barium 
sulfate is 4.5 g.cm-3 these organelles are considerably 
heavier than the surrounding cytosol. Octahedral protein 
crystals found in the vacuoles of Phycomyces fungi (Eibel 
et al., 2000) are lighter, but still denser than the cytosol. 
The authors determined the density of the crystals to be 
1.26 g.cm-3 using equilibrium density centrifugation. 
 
A more recent discovery suggests that not only 
sedimenting, but buoyant bodies might be involved in 
graviperception. Such potential buoyant bodies include 
the vacuole in sporangiophores (Dennison and 
Shropshire, 1984) and Nitella (Kamiya and Kuroda, 

1957). To determine the specific densities of the cytosol 
and the vacuolar contents, Kamiya and Kuroda (1957) 
observed whether these liquids moved upward or 
downward in media of known specific gravities upon 
leaving the cell through an incision. Alternatively, drops 
of cytosol were allowed to settle in a cylinder containing a 
dextrin solution with a density gradient. 
 
In fungi oil droplets were postulated to form floating 
gravisusceptors since their density is much lower than that 
of the cytosol (0.79 g.cm-3 in Phycomyces blakesleeanus) 
(Grolig et al., 2004; Grolig et al., 2006). Grolig et al. 
(2004) measured the specific density of these droplets by 
isolating them and tracking their movements in an 
aqueous medium of known viscosity and density. The 
velocity with which the droplets move upwards allowed 
them to calculate the density. A tilted microscope was 
necessary to track the movements of the droplets in a 
closed chamber. 
 
CONCLUSION 

 
Plant gravitational research has numerous points of 
contact with cytomechanical disciplines as both 
graviperception and the response to a gravistimulus 
involve deformations or changes to the structural features 
of the cell. For a better understanding of the processes 
implicated in the graviresponse the quantification of the 
cellular mechanical properties is therefore of key 
importance. A panoply of methods and experimental 
strategies is available that can and should be adapted to 
plant cell applications in order to fully exploit the 
methods developed by inventive micro-engineers. It can 
safely be predicted that the successful synergy between 
biologists and engineers will generate important advances 
that will allow the development of increasingly precise 
and decreasingly invasive methods. The combined use of 
continuously improving imaging methods with non-
invasive quantitative strategies such as optical tweezers or 
laser Doppler vibrometry are certainly an exciting 
challenge for future research strategies. 
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