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Mechanics of the Cytoskeleton

Peter Nick

Abstract This chapter summarizes evidence for a cytoskeletal function in tense-
gral integration on both the organismal and the cellular levels. The plant cytoskele-
ton consists of two major elements, microtubules and actin filaments. The spatial
organization of these elements is highly dynamic and changes fundamentally
during the cell cycle, with conspicuous effects on the predicted stress—strain
patterns. In interphase cells, microtubule bundles are thought to control the direc-
tion of cellulose deposition and thus to reinforce the axiality of cell growth. By
microtubule-actin linkers such as the novel class of plant-specific kinesins with a
calponin-homology domain, the rigid microtubules and the flexible actin bundles
can be integrated into a system endowed with mechanical tensegrity. Because the
plant cytoskeleton is relieved of the load-bearing task it fulfils in the non-walled
animal cells, it has adopted sensory functions. Stretch-induced changes of protein
conformation and stretch-activated ion channels seem to act in concert with the
cytoskeleton, which acts either as a stress-focussing susceptor of mechanical force
upon mechanosensitive ion channels or as a primary sensor that transduces mechan-
ical force into differential growth of microtubule plus ends. This cytoskeletal
tensegrity sensor is used both to integrate the growth of individual cells with
mechanical load of tissues and organs and as an intracellular sensor used to control
holistic properties of a cell such as organelle positioning. The distinct nonlinearity
of microtubules in particular renders them an ideal tool for self-organization in
response to mechanical input from the exterior.
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1 Prologue: The Sensitive Cytoskeleton or the Hidden
Face of Plant Tensegrity

Even before Ledbetter and Porter (1963) described “microtubules™ in plant cells,
which they had observed by transmission electron microscopy, the plant cytoskeleton
was predicted to exist on the basis of biomechanical considerations. It was Paul
Green who concluded from their geometry that growing plant cells repartition growth
by an unknown “reinforcement mechanism” from the spontaneously preferred lateral
expansion in favour of elongation, and he predicted that the cell can establish and
maintain the mechanical anisotropy of cell walls through an as-yet-unknown lattice
of tubular elements that are oriented in an ordered fashion (Green 1962). Thus, ever
since its discovery, the plant cytoskeleton has been intimately linked with mechani-
cal aspects of morphogenesis, and this chapter will therefore not follow the usual
approach to describe the plant cytoskeleton from its molecular basis and then derive
structures and functions. It will rather assume a view of the cytoskeleton that derives
from its function in mechanical integration of cell and organ morphogenesis.

As a consequence of their photosynthetic lifestyle, plants increase their surface
by folding outwards, producing a considerable degree of mechanical load. As long
as they remained aquatic, this load was partially relieved by buoyancy, allowing
considerable body sizes even for fairly simple architectures. However, when plants
began to move into terrestrial habitats, they had to develop flexible yet robust
mechanical supports. The invention of vasculature-based modules, the so-called
telomes (Zimmermann 1965), was the decisive factor for the evolutionary success
of the cormophytic land plants.

Mechanical load shaped plant architecture down to the cellular level. Plant cells
are endowed with a rigid cell wall, and this affects cell division and cell expansion
both specifically and fundamentally (see also chapter “Micromechanics of Cell
Walls™). The deposition of a new cross wall will define the patterns of mechanical
strain that, during subsequent cell expansion, will guide the complex interplay
between the expanding protoplast and the yielding cell wall. It is even possible
to describe the shape of individual cells in a plant tissue as a manifestation of
minimal mechanical tension (Thompson 1959), emphasizing the strong influence of
mechanical load on plant development.

When plants are challenged by mechanical stimuli, they respond by changing the
architecture, which will allocate load-bearing elements (vessels and fibres on the
organ level, cellulose microfibrils and lignin incrustations on the cellular level)
guided by the imposed field of forces. An impressive example is the formation
of tension and compression wood (for a recent review, see Funada 2008). This
architectural response ensures that mechanical strains are balanced in an optimal
fashion for minimal investment of energy and biomatter. Moreover, this mechanical
balance is continuously adjusted to the current environment — a must in a system
endowed with open morphogenesis. where the Bauplan is continually extended by
addition of newly formed organs (see also chapter “Mechanical Force Responses of

Plant Cells and Plants™).
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It was only in the 1920s when such self-supporting, flexible structures were
deliberately constructed by mankind (Robby 1996). Starting from the Equilibrist
Studies (consisting of three solid sticks interconnected by ropes) of the Soviet
artist Karl Joganson, it was mainly the American architect and engineer Richard
Buckminster Fuller (1895-1983) who systematically adopted biological principles
and developed self-supportive structures that all consisted of a continuous net-
work of tensile elements (which can transmit forces by pulling) linked to a discon-
tinuous system of stiff elements (which can transmit forces by pushing). It was also
Buckminster Fuller who later coined the term “tensegrity” as a combination of
“tension” and “integrity”.

A few years later it became clear that animal cells are shaped by tensegrity (for
reviews see Ingber 2003a, b; chapter “Introduction: Tensegral World of Plants™).
The part of the tensile elements is played by actin microfilaments, which are not
only contractile, but are also mechanically comparable to silk fibres (Gittes et al.
1993). The part of the stiff elements is played by the microtubules, which are
not only hollow cylinders, but are also mechanically much more rigid than actin
filaments and can be approximated as very delicate glass fibres (Gittes et al. 1993).
The actin filaments are connected through the membrane with a supporting scaffold —
the extracellular matrix.

What is the secret that renders biological tensegrity so successful? Biological
tensegrity is not constructed a priori, but emerges a posteriori from reorganization
in response to ever-changing stress—strain patterns. To use a term of Jacob (1977),
biological shape is not produced by intelligent design but rather from bricolage, and
therefore it oscillates around the state minimal energy without every reaching it.

Plant cells are endowed with a cell wall that is built as a composite structure with
elongate load-absorbing elements (cellulose microfibers) that are embedded in an
amorphous matrix (hemicelluloses, pectins, proteins). It has been shown for techni-
cal applications that such composite materials optimally combine bending flexibil-
ity with mechanical stability (Niklas 1992). This means that the tensegrity function
fulfilled by the interphase cytoskeleton in animal cells is replaced by tensegrity of
the cell wall. The plant cytoskeleton is therefore not directly required to support
cellular architecture and is therefore free to adopt other functions (Fig. 1).

Cellular architecture uses the tensegral principle to achieve maximal mechanical
stability and, simultaneously, flexibility on the basis of parsimonious use of
resources and load-bearing elements. In addition, it adapts continuously to the
ever-changing conditions of growing and developing cells. This requires efficient
sensing of forces and strains followed by appropriate reorganization of the tensegral
elements. Thus, the tensegral cytoskeleton is not only a device to provide mechani-
cal stability. it must also participate in the sensing of stress and strain patterns. This
mechanical stimulation feeds back to the organization of the cytoskeleton in such a
way that a stable minimum of mechanical energy is reached and continuously
adjusted. It is this hidden face of tensegrity that becomes especially important in
the walled plant cells that are under continuous turgor pressure and use this pressure
for regulated expansion. The evolution of the interphasic plant cytoskeleton was
therefore shaped by selective pressures towards optimized sensing and integration
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Fig. 1 Functional shift of the cytoskeleton from architectural tensegrity in animal cells towards
sensory tensegrity in plant cells. In animal cells (a), architecture results from the interplay between
stiff microtubules absorbing compressive forces and flexible actin filaments elastically tethering
the cells through focal adhesions to the substrate. This set-up is used both to maintain cell shape and
to sense and to adjust to mechanical force. In plant cells (b), cellulosic microfibers in combination
with a flexible cell wall matrix maintain cell shape, such that the tensegral cytoskeleton is released
from its architectural function and can be optimized for sensory integration of mechanical stimuli

of mechanical stimuli. The aim of this review is to give a survey of the role of the
cytoskeleton in mechanical integration of plant cells, tissues and organs.

2  Cellular Players: The Microtubule—~Actin Tensegrity System

The plant cytoskeleton consists of two major elements, microtubules and actin
filaments — intermediate filaments have remained elusive in plants. The spatial
organization of these elements is highly dynamic and changes fundamentally
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during the cell cycle, with conspicuous effects on the predicted stress—strain
patterns. Since microtubules and actin filaments are functionally, but probably
also structurally, interconnected (Wasteneys and Galway 2003; Collings 2008), it
seems more appropriate to describe their dynamics as a functional entity. The
molecular players have been extensively reviewed elsewhere (for recent reviews
see Hamada 2007; Sedbrook and Kaloriti 2008), and thus the focus of this chapter is
on cellular function, rather than on molecular composition.

2.1 Cell Expansion

2.1.1 Microtubules

In interphase cells, microtubules are organized in arrays of parallel bundles perpen-
dicular to the axis of preferential cell expansion (Fig. 2a). These bundles are thought
to control the direction of cellulose deposition and thus to reinforce the axiality of
cell growth. Cortical microtubules can change their orientation in response to
various external and internal stimuli, and this reorientation will shift the preferential
direction of cellulose deposition and thus the mechanical anisotropy of the yielding
cell wall such that the proportionality of cell expansion can be altered in response to
the stimulus (for a recent review see Nick 2008a). The cell wall in cells that are not
endowed with tip growth is formed by apposition of cellulose on the inner surface of
the cell wall. Cellulose is synthesized by specialized enzyme complexes that, in
freeze-fracture preparations, appear as rosettes of six subunits of about 25-30-nm
diameter around a central pore (Kimura et al. 1999) and are therefore designated as
terminal rosettes. The terminal rosettes are integrated into the membrane by fusion
of exocytotic vesicles. UDP-glucose is transported towards the central pore and
polymerized in a $-1,4 configuration. Each subunit of the cellulose synthase will
produce six cellulose chains that will be integrated by hydrogen bonds into a long
and fairly stiff cellulose microfibril. These enzyme complexes are thought to move
within the fluid membrane and leave a “trace” of crystallizing cellulose behind
them. This movement will therefore determine the orientation of cellulose micro-
fibrils and thus the anisotropy of the cell wall. It is at this point that the microtubules
come into play. In fact, it was cell-wall anisotropy that led Green (1962) to predict
that microtubules must exist even before they were actually discovered microscopi-
cally by Ledbetter and Porter (1963).

The intimate link between cortical microtubules and the preferential axis of
growth is supported by the following main arguments (for a review see Nick 2008a)
(1) upon plasmolysis, direct contact between cortical microtubules and newly
formed cellulose microfibrils can be demonstrated by electron microscopy; (2)
when the axis of cell expansion changes in response to a stimulus or during
development, this is accompanied by a corresponding switch in the preferential
axis of cellulose deposition, preceded by a corresponding reorientation of cortical
microtubules; (3) elimination of cortical microtubules by inhibitors produces a
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Fig. 2 Molecular players of mechanointegration in expanding (a, ¢) and dividing (b. d) plant
cells. Microtubules and actin filaments cooperate to form tensegral structures together with other
proteins. (a) Organization of microtubules (MTs) and actin filaments in an expanding cell;
molecular details of the cell wall-plasma membrane-cytoskeleton (WMC) continuum are shown
in (¢). (b) Organization of the microtubular preprophase band (PPB), and the actin-based phrag-
mosome in a cell preparing for mitosis; molecular details of the nuclear envelope are shown in (d).
(¢) Molecular details of the cell wall-plasma membrane—cytoskeleton continuum. PLD phospho-
lipase D anchor for microtubules. CES cellulose synthase complexes that are pulled by kinesins of
the KIF4 family along microtubules towards the plus-end complexes (+T7P) that are linked via
cross-wiring proteins (CrWiPs) such as kinesins containing a calponin-homology domain with
actin, putative plant homologues of integrins (fnH) and mechanosensitive ion channels (MSC).
The functional integrin homologues are linked with the exiracellular matrix (ECM). e.g. arabino-
galactan proteins, and cellulose microfibrils. (d) Molecular details of the link between the nuclear
envelope and the cytoskeleton. Through cross-wiring proteins, a tensegral link between actin
filaments and microtubules is generated, whereby microtubules might confer compression forces
between the periphery and the nucleus. whereas the flexible actin filaments transfer tension forces.
NPC nuclear pore complex

progressive loss of ordered cellulose texture and the axiality of cell expansion,
leading, in extreme cases, to lateral swelling and bulbous growth. The mode of
action of several herbicide classes, such as the phenyl carbamates or the dinitro-
anilines, is based on the elimination of cortical microtubules and the subsequent
inhibition of elongation growth.

The striking parallelism between cortical microtubules and newly deposited
cellulose microfibrils stimulated two alternative models: The original “monorail”
model postulated that cortical microtubules adjacent to the plasma membrane guide
the movement of the cellulose-synthesizing enzyme complexes and thus generate a
pattern of microfibrils that parallels the orientation of microtubules (Heath 1974).
The driving force for the movement of cellulose synthases in the monorail model
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would be an active transport through microtubule motors. Alternatively, the inter-
action between microtubules and cellulose synthases could be more indirect.
whereby the microtubules act as “guardrails” inducing small folds of the plasma
membrane that confine the movement of the enzyme complexes (Giddings and
Staehelin 1991). The driving force for the movement would be the crystallization of
cellulose. The solidifying microfibril would thus push the enzyme complex through
the fluid plasma membrane, and the role of microtubules would be limited to
delineating the direction of this movement.

The practical discrimination between these two models is far from straightfor-
ward because experimental evidence was mostly based on electron microscopy
observation and thus prone to fixation artefacts. Moreover, great luck was required
to locate the right section. For instance, the newly synthesized cellulose microfibrils
formed after treatment with taxol were sometimes found to be directly adjacent to
individual microtubules, for instance in tobacco BY-2 cells (Hasezawa and Nozaki
1999), supporting the monorail model. On the other hand, the celiulose synthase
complexes were observed “in gap” between adjacent microtubules in the alga
Closterium (Giddings and Staehelin 1988), favouring the guardrail model. The
situation was further complicated by situations where the orientations of micro-
tubules and cellulose microfibrils differ (for a review see Baskin 2001; Wasteneys
2004), leading to a debate on the role of microtubules in guiding cellulose synthesis.
This debate stimulated a key experiment exploiting the potential of live-cell
imaging in Arabidopsis thaliana (Paredez et al. 2006). A component of the terminal
rosette, cellulose synthase subunit A6 (CESAG6), was expressed as fusion with
yellow fluorescent protein under the native promoter in the background of a
cesa6-null mutant, such that overexpression artefacts could be excluded. The
resulting punctuate signal was observed to be localized adjacent to the plasma
membrane and to move along parallel pathways that resembled cortical microtu-
bules. By crossing this line into a background, vhere one of the o-tubulins was
expressed as fusion with a blue fluorescent protein, it became possible to follow this
movement under simultaneous visualization of CESA6 and microtubules. This dual
visualization demonstrated very clearly that CESA6 was moving along individual
microtubule bundles. Moreover, in a recent publication. a central problem of the
monorail model, i.e. the existence of polylamellate walls with layers of differing
microfibril orientation, could be plausibly explained by a rotary movement of
groups of microtubules (Chan et al. 2007; for a recent review see Lucas and
Shaw 2008).

The original monorail model postulated a microtubule motor that pulls the
cellulose synthase complex along the microtubules. If this motor were defective,
cellulose microfibrils would deviate from the orientation of microtubules. A screen
for reduced mechanical resistance in A. thaliana yielded a series of so-called fragile
fiber mutants (Burk et al. 2001: Burk and Ye 2002) that were shown to be
completely normal in terms of cell wall thickness or cell wall composition, but
were affected in terms of wall texture. One of these mutants, fragile fiber 2, allelic
to the mutant hotero (Bichet et al. 2001), was affected in the microtubule-severing
protein katanin, leading to swollen cells and increased lateral expansion. A second
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mutant, fragile fiber I, was mutated into a kinesin-related protein belonging to the
KIF4 family -of microtubule motors (Fig. 2¢). As expected, the array of cortical
microtubules was completely normal;, however, the helicoidal arrangement of
cellulose microfibrils was messed up in these mutants. This suggests that this
KIF4 motor is involved in guiding cellulose synthesis and might be a component
of the monorail complex. Thus, the original monorail model for microtubule
guidance of the terminal rosettes (Heath 1974) was rehabilitated after more than
three decades of dispute.

However, the microtubule—microfibril model is still far from complete. In
addition to occasionally discordant orientations of microtubules, there are cell
wall textures that are difficult to reconcile with a simple monorail model. For
instance, cellulose microfibrils are often observed to be intertwined (Preston
1988). This has stimulated views that claim that microtubules are dispensable for
the correct texture of microfibrils. The self-organization of cellulose synthesis
would be sufficient to perpetuate the pattern because the geometrical constraints
from microfibrils that are already laid down would act as templates for the synthesis
of new microfibrils (for a review see Mulder et al. 2004). There are two problems
with this model. First, it ignores that microtubules and microfibrils are actually
parallel in most cases, at least if cells in a tissue context are analysed. Second, it
ignores that disruption of microtubules either by inhibitors (for a review see Nick
2008a, b) or by mutations that impair the formation of ordered microtubule arrays
(Burk et al. 2001; Bichet et al. 2001 for katanin; Whittington et al. 2001 for mor/) is
accompanied by a progressive loss of ordered cell wall texture and a loss of growth
axiality. Nevertheless, the issue of cellulose self-organization highlights that the
original microtubule—microfibril model has to be extended by a feedback control of
microfibrils upon cortical microtubules.

2.1.2 Actin Filaments

Similar to microtubules, actin is organized into several distinct arrays that presum-
ably exert different functions. For cells with pronounced tip growth, such as pollen
tubes or root hairs, actin functions as a track for the transport of vesicles with cell-
wall material that are inserted into the tip by intussusception (reviewed in Hepler
et al. 2001; chapter “Generating a Cellular Protuberance. Mechanics of Tip Growth™)
and are probably conveyed by actin polymerization (Gossot and Geitmann 2007,
Cardenas et al. 2008). However, cells growing in a tissue context grow by apposi-
tion to the stretched cell wall rather than by intussusception. The role of actin
therefore must be different and is not as obvious as for tip growth. During the
diffuse elongation of tissue cells, longitudinal actin bundles prevail, especially in
vacuolated cells (Parthasarathy et al. 1985; Sonobe and Shibaoka 1989). The
rigidity of these transvacuolar strands and the degree of their bundling is regulated
by signals such as plant hormones (Grabski and Schindler 1996), kinase cascades
(Grabski et al. 1998) or light (Waller and Nick 1997). In addition to the transva-
cuolar bundles, a fine network of highly dynamic microfilaments can be detected in
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the cortical cytoplasm of elongating cells often accompanying cortical microtu-
bules (for a review see Collings 2008). This cortical network can be rendered
visible after pretreatment with protein cross-linkers (Sonobe and Shibaoka 1989),
upon very mild fixation (Waller and Nick 1997) or by fusing binding domains of
actin-binding proteins to fluorescent proteins (Voigt et al. 2005; Nick et al. 2009).

The transvacuolar actin cables were suggested to limit cell expansion by their
rigidity and auxin was thought to stimulate growth by releasing this rigidity
(Grabski and Schindler 1996). This mechanical model for the growth control
through actin was supported by experiments where growth was modulated by
light (Waller and Nick 1997). In the dark, when cells underwent rapid elongation,
actin was organized into fine strands that became bundled in response to light-
induced inhibition of growth. This actin reorganization was rapid and preceded
the changes in growth rate (Waller and Nick 1997). Moreover, this response was
confined to the epidermis, the target tissue for the signal control of growth.
However, the mechanical model of actin function was shattered by experiments
with actin inhibitors. The mechanical model predicted that elimination of actin
cables should release the rigidity that limits growth. However, experiments with
cytochalasin D (Thimann et al. 1992; Wang and Nick 1998) and latrunculin B
(Baluska et al. 2001) revealed that even mild elimination of actin inhibited, rather
than promoted, cell elongation. Thus, actin, possibly in combination with direc-
tional vesicle transport (Baskin and Bivens 1995), is a positive regulator of growth.

Subsequently, two actin populations could be separated owing to differences in
sedimentability (Waller et al. 2002). Whereas the fine actin filaments correlated
with a cytosolic fraction of actin, actin became progressively trapped on the
endomembrane system and partitioned into the microsomal fraction when bundling
was induced by light (perceived by phytochrome), by fluctuations of auxin content
or by brefeldin A. This bundling of actin was accompanied by a reduced auxin
sensitivity of cell elongation. This led to a model where auxin-signalling triggered
the reorganization of actin bundles into finer filaments that more efficiently trans-
ported auxin-signalling/transport components towards the cell pole. The debund-
ling in response to auxin predicted by this model was later demonstrated in intact
rice coleoptiles in vivo using the actin-binding domain of mouse talin in fusion with
yellow fluorescent protein first upon transient expression (Holweg et al. 2004) and
later after stable expression (Nick et al. 2009).

To understand the link between actin and the auxin response of growth, exces-
sive actin bundling was induced by overexpression of the actin-binding domain of
talin in tobacco BY-2 cells (Maisch and Nick 2007) and in rice plants (Nick et al.
2009). In both systems, the reversion of a normal actin configuration can be
restored by addition of exogenous auxin and this fully restores the respective
auxin-dependent functions. These findings led to a model of a self-referring regu-
latory circuit between polar auxin transport and actin organization. Thus, although
actin can stimulate growth by virtue of its mechanical properties in tip-growing
cells (Gossot and Geitmann 2007), within a tissue context it does not act through
mechanics, but acts by controlling the proper localization and thus activity of the
signalling machinery that regulates cell expansion.
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2.1.3 Actin-Microtubule Interaction

For cell growth, coordination and cross talk between microtubules and actin fila-
ments have been inferred from their close coalignment and structural interaction (for
reviews see Wasteneys and Galway 2003; Collings 2008) that seem to be ubiquitous
and have been observed in different species and cell types. This conclusion has been
supported by experiments involving pharmacological manipulation, where both
microfilament- and microtubule-eliminating agents reduced cell elongation. often
accompanied by a loss of growth anisotropy (Arabidopsis: Baskin and Bivens 1995;
Collings et al. 2006; Graminean seedlings: Giani et al. 1998; Wang et al. 2004:
Blancaflor 2000; cotton fibres: Seagull 1990). Recently, it has even been proposed
that microtubule reorientation is caused by detachment of microtubules from mem-
brane-associated contact points (controlled by specific isoforms of phospholipase D:
Fig. 2¢) followed by their realignment with the direction of actin-based streaming
(Sainsbury et al. 2008). Despite extensive studies on microtubular association of
actin filaments, the proteins that mediate these interactions have remained elusive.
Interactions between microtubules and actin filaments could be mediated either by
bifunctional proteins that can bind to both cytoskeletal elements or, alternatively, by
a connecting complex of two or more monofunctional proteins harbouring a micro-
tubule-binding or an actin-binding domain, respectively. In animal and fungal cells,
a number of proteins have been identified that mediate such interactions, either in a
bifunctional way or as complexes consisting of monofunctional proteins (Goode
et al. 2000; Rodriguez et al. 2003). In plants, however, only a few candidates such as
MAP190 have been proposed so far (Igarashi et al. 2000).

In animal cells, the microtubular minus-end motor dynein is connected with and
activated through the dynactin complex (for a review see Karki and Holzbaur
1999). The dynactin complex is further linked to the microtubule tip component
EB1 and thus regulates the stability of microtubules (for a review see Tirnauer and
Bierer 2000). Dyneins as ceniral elements of the dynactin complex are not found in
plants. This is probably the consequence of the loss of flagellate cells and centrioles
(for a review see Schmit and Nick 2008). Plants must have evolved a functional
compensation for the loss of dyneins in the form of other minus-end-directed
motors that are able to interact, either directly or indirectly. with actin filaments.
Recently, kinesins with a calponin-homology domain (KCH kinesins) were identi-
fied as plant-specific subset of the kinesin-14 family (Tamura et al. 1999; Preuss
et al. 2004; Frey et al. 2009; Xu et al. 2009). In addition to the characteristic
microtubule-binding kinesin motor domain, these proteins possess a conserved
calponin-homology domain, well known as an actin-binding domain from a variety
of actin-associated proteins such as o-actinin, spectrin and fimbrin. Thus, KCHs are
strong candidates for a bifunctional mediation between both cytoskeletal elements,
and several studies confirmed that they can bind, in fact, both elements of the
cytoskeleton (cotton: Preuss et al. 2004; Xu et al. 2009; rice: Frey et al. 2009).
These cross-linking microtubule motors are present in higher plants, but also in
Physcomitrella patens (Richardson et al. 2006; Frey et al. 2009). Their cellular
function is not really understood, but for one of the cotton KCHs, a role in cell
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elongation through cross-linking of microtubules and microfilaments has been
proposed, however without experimental evidence (Xu et al. 2009). For the rice
homologue OsKCHI1, the phenotype of insertion mutants and a KCH overexpres-
sion line generated in tobacco BY-2 cells (Frey et al. 2010) suggest that this kinesin
stimulates cell elongation, although this stimulation might be a secondary phenom-
enon caused by changes in the timing of cell division.

2.1.4 The Cell-Wall Cytoskeletal Continuum

A continuum between the cytoskeleton and the extracellular matrix is central for
mechanosensing in animal cells (for a review see Geiger and Bershadsky 2001) and
involves interaction between integrins and extracellular matrix proteins that contain
Arg—-Gly—-Asp (RGD) motifs (for a review see Giancotti and Ruoslahti 1999). Plants
seem to lack integrin homologues, but there is evidence for cytoskeletal reorgani-
zation in response to treatment with RGD peptides (Canut et al. 1998; Wang et al.
2007). As a molecular basis for the cytoskeleton—plasma membrane—cell wall
continuum in plants (Fig. 2c), cell-wall-associated kinases, arabinogalactan pro-
teins, pectins and cellulose synthases themselves have been discussed (for a review
see Baluska et al. 2003; chapter “Introduction: Tensegral World of Plants™).
Recently, the rich but circumstantial evidence for such transmembrane interactions
was assembled into a model for a so-called plasmalemmal reticulum as a third
element of the plant cytoskeleton (Pickard 2008). This plasmalemmal reticulum is
considered to be a tensile structure and to participate in the control of cellulose
deposition. It can be visualized as a reticulate structure by antibodies raised against
components of the mammalian extracellular matrix and also contains arabinoga-
lactan proteins. The reticulum is reorganized in the context of cell elongation in
a manner similar to cellulose deposition and is suggested to represent a morpholog-
ical manifestation of lipid rafts.

2.2  Cell Division

2.2.1 Microtubules

In dividing cells, the ensuing mitosis is heralded by a displacement of the nucleus to
the cell centre, where the prospective cell-plate will be formed (for a review see Nick
2008a). Simultaneously, radial microtubules emanate from the nuclear surface and
merge with the cortical cytoskeleton, tethering the nucleus to its new position
(Fig. 2b). In the next step, the preprophase band is organized by the nucleus as a
broad band of microtubules around the cell equator, marking the site where after
completed mitosis the new cell plate will be formed. In fern protonemata. where the
formation of the preprophase band can be manipulated by centrifugation of the
nucleus to a new location (Murata and Wada 1991), a causal relationship between
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the preprophase band and cell-plate orientation was elegantly demonstrated. More-
over, in cells where the axis or symmetry of cell division changes, this change is
always predicted by a corresponding localization of the preprophase band. The
division spindle is always laid down perpendicular to the preprophase band, with
the spindle equator located in the plane of the preprophase band. As soon as the
chromosomes have separated, a new array of microtubules, the phragmoplast,
appears at the site that had already been marked by the preprophase band. This
microtubular structure consists of a double ring of interdigitating microtubules that
increases in diameter with increasing size of the cell plate. New microtubules are
organized along the edge of the growing phragmoplast (Vantard et al. 1990). The
phragmoplast targets vesicle transport to the periphery of the expanding cell plate.
Microtubules seem to pull at tubular-vesicular protrusions emanating from the
endoplasmic reticulum (Samuels et al. 1995). The guiding function of the preprophase
band is supported by evidence from Arabidopsis mutants (tonneauffass), where the
preprophase band is absent owing to a mutation in a phosphatase PP2A regulatory
subunit (Camilleri et al. 2002). In these mutants, the ordered pattern of cell divisions
that characterizes the development of the wild type is replaced by a completely
randomized pattern of cross walls (Traas et al. 1995; McClinton and Sung 1997). It
should be mentioned, however, that during meiosis the division plane can be con-
trolled in the absence of a preprophase band (for a recent review see Brown and
Lemmon 2007), suggesting that there exist additional mechanisms of spatial control.

2.2.2 Actin Filaments

In contrast to the obvious and dramatic reorganization of the microtubule during
mitosis, actin filaments seem to be more persistent. Two decades ago, actin fila-
ments were shown to accompany mitotic microtubule arrays such as preprophase
band, spindle and phragmoplast (Kakimoto and Shibaoka 1987; Lloyd and Traas
1988). However, there is still some controversy as to the exact behaviour, persis-
tence and orientation of actin filaments during M phase (for a recent review see
Panteris 2008). The microtubular preprophase band that disappears with the break-
down of the nuclear envelope leaves a so-called actin-depleted zone as a negative
imprint that later, upon reestablishment of the daughter nuclei, will be the site
where the new cell plate is formed. Despite some debate regarding to what extent
this zone is completely void of actin or whether it just contains fewer actin
filaments, there is a clear correlation between the actin-depleted zone and the site
of the prospective cell plate. When the actin filaments lining this depletion zone are
eliminated by inhibitor treatment, this will affect the subsequent cell division when
the treatment occurs during the presence of the microtubular preprophase band.
However, actin inhibitors will have only a marginal effect once the preprophase
band has disappeared (Sano et al. 2005). What is the actin-dependent function that
defines the cell plate? It might be linked to a belt composed of endosomes that is
laid down adjacent to the preprophase band by joint action of microtubule-driven
and actin-driven transport (Dhonukshe et al. 2005). This belt persists during
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mitosis, and is, upon completed separation of the chromosome, “read out” by a new
set of microtubules emerging from the spindle poles that “explore” the cell periph-
ery in different directions. The lifetime of these exploratory microtubules is
increased when they hit the endosomal belt, whereas microtubules that fail to
interact with the endosomes are prone to undergo catastrophic decay (Dhonukshe
et al. 2005). Thus, the actin-depleted zone is rather a manifestation of and not the
cause for the correct positioning of the cell plate.

2.2.3 Nuclear Migration

In cells that prepare for mitosis, the nucleus is tethered by the so-called phragmo-
some forming the characteristic “Maltese cross” to its new position in the cell
centre, and persists during the subsequent mitosis (Fig. 2b). The cytoskeletal
reorganizations accompanying mitosis assign a central role to nuclear migration
in the control of division symmetry, and to the preprophase band for the control of
division axis. Nuclear migration can be blocked by actin inhibitors such as cyto-
chalasin B (Katsuta and Shibaoka 1988). However, microtubules also seem to be
involved in nuclear positioning, since antimicrotubular compounds such as colchi-
cine (Thomas et al. 1977) and pronamide (Katsuta and Shibaocka 1988) have been
found to loosen the nucleus such that it can be displaced by mild centrifugation.
This indicates again that proteins mediating actin—microtubular interaction are
relevant for nuclear positioning. In fact, the plant-specific KCHs (Frey et al.
2009) were found to be dynamically repartitioned during the cell cycle: in pre-
mitotic cells, KCH1 was clearly aligned in a punctuate pattern along filamentous,
mesh-like structures on both sides of the nucleus and on perinuclear filaments
spanning over and surrounding the nucleus. At the onset of mitosis, KCH1 retracted
to both sides of the nucleus, but not in preprophase bands nor in the spindle
apparatus nor at the division plate. During late telophase and the beginning of
cytokinesis, KCHI was shifted towards the newly forming nuclei and lined the
filaments that tethered these nuclei to the periphery and the new cell wall (Frey et al.
2010). Tos17 kch! knockout in rice showed increased cell numbers in the seedling
shoot, whereas overexpression of KCH1 in tobacco BY-2 cells reduced the cell
number. This effect was assigned to a delay in the premitotic nuclear migration
towards the cell centre, suggesting that KCH regulates nuclear positioning and thus
the progression of mitosis (Fig. 2d).

3 Molecular Players: Protein Conformation Versus
Stretch-Activated Channels

Mechanical integration requires the perception of stress—strain patterns. In turges-
cent plant cells, the expanding protoplast exerts considerable turgor pressure upon
the yielding cell wall. This cell-autonomous component of mechanical load is
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complemented by mechanical tension across the tissue that is caused by the limiting
extensibility of the epidermis (for a recent review see Kutschera 2008). Thus, any
mechanism for plant mechanosensing has to cope with this strong, but tonic
background stimulus.

Essentially, there are two basic models for the molecular basis of mechano-
perception:

1. Siretching of proteins will change their conformation and create new binding
sites for the recruitment of associated proteins (for reviews see Janmey and
Weitz 2004; Orr et al. 2006).

2. Mechanosensitive channels are able to directly detect and respond to forces from
the lipid bilayer. Such channels will open when the plasma membrane is
deformed or when the channel is pulled by a tether (for a review see Kung 2005).

Mechanosensing by stretch-induced conformational changes is well supported
for the adhesion of mammalian cells (for a review see Geiger and Bershadsky
2001). Here, the growth of focal contacts, where the actin cytoskeleton is tethered
to the extracellular matrix through a complex of associated proteins and integrins, is
promoted by local mechanical force (Riveline et al. 2001). A similar mechanosen-
sing network was proposed for plant cells, where analogues of integrins link the
cytoskeleton at the inner face with the cell wall at the outer face of the plasma
membrane (Jaffe et al. 2002). However, the transfer of this mode!l from mammalian
cells to plants is not straightforward because the molecular components differ
considerably (for a review see Baluska et al. 2003). It is the cell wall with a com-
pletely different set of molecules that replaces the extracellular matrix of mamma-
lian cells. Furthermore, canonical integrins are obviously absent from plants,
suggesting that the link between actin filaments and the extracellular binding sites
must use different groups of molecules. Further, although plants and animals share
several actin-binding proteins, important components of focal contacts, such as
talin, do not exist in plants. On the other hand, there seem to exist integrin
analogues that can bind to RGD tripeptides in a way similar to the way integrins
do in animal cells. It seems that class VIII myosins and formins might act as linkers
between the actin cytoskeleton and the plant analogues of the extracellular matrix.
such as cell-wall-associated kinases and arabinogalactan proteins (Baluska and
Hlavacka 2005). Additionally, cellulose synthases that move along microtubules
(Paredez et al. 2006) tether the cytoskeleton to the cell wall, and several microtu-
bule-associated proteins, for instance phospholipase D (Gardiner et al. 2001) and
MAPI18 (Wang et al. 2007), act as linkers between cortical microtubules and the
plasma membrane Thus, although the molecular components differ considerably
from their animal counterpart, a contiguous link between the cytoskeleton and the
cell wall does exist and is commonly referred to as the cell wall-plasma membrane-
cytoskeleton interface (Telewski 2006).

The existence of mechanosensitive channels in plants was originally discovered
in specialized cells, where a touch stimulus induced an action potential (Shibaoka
1966) such as in the seismonastic leaves of Mimosa pudica (Toriyama and Jaffe
1972), or internodal cells of Chara (Kishimoto 1968). From electrophysiological
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and pharmacological evidence, a model emerged where these touch-sensitive
channels mediate an influx of calcium (for a review see Jaffe et al. 2002). In fact,
with use of aequorin-transformed plants, mechanical stimulation was demonstrated
to trigger calcium influx with stimulus-specific signatures (Knight et al. 1991). A
causative role of calcium fluxes was supported by the isolation of touch-insensitive
Arabidopsis mutants affected in calmodulin genes (Braam and Davis 1990), and
inhibition of touch responses by inhibitors of calmodulin (Jones and Mitchell
1989). A mechanosensitive calcium channel was demonstrated for epidermal
cells of onion (Ding and Pickard 1993), but the molecular identity of mechanosen-
sitive calcium channels has remained elusive. Molecular identification is also
hampered by the highly artificial conditions required to identify stretch-activated
ion fluxes by patch-clamp techniques. Removal of the cell wall, isotonic conditions,
and suction by the holding electrode create conditions where most ion channels
would be defined as mechanosensitive (Gustin et al. 1991).

Although both mechanisms, stretch-induced conformational changes and
stretch-activated ion channels, are often discussed separately, they might, in
fact, act in concert, as components of a so-called plasmalemmal reticulum (for a
review see Pickard 2008). This integrative structure comprises adhesive compo-
nents (among others arabinogalactan proteins and wall-associated kinases) that
link the plasma membrane with the cell wall, and are also connected with
mechanosensory calcium channels. This structure has been demonstrated and
described for tobacco BY-2 as a cell biological model system (Gens et al. 2000:
Pickard and Fujiki 2005). The plant integrin analogues have been reported to
connect microtubules, plasma membrane, actin filaments and stretch-activated
membrane channels (Telewski 2006). It is highly conceivable that such a network
could act, on the one hand, as a tensegral entity that can convey and focus
mechanical force upon stretch-activating membrane channels and, simultaneously,
transduce forces into conformational changes that can result in differential deco-
ration with associated proteins that can act as a trigger for signalling. The
necessity for stress-focussing is supported by estimations of the activation ener-
gies for mechanosensitive channels (around 1 mN m™ ', Sachs and Morris 1998) in
a range not far below the lytic tension of plant membranes (around 4 mN m™',
Kell and Glaser 1993).

If the tensegral cytoskeleton is linked to the cell wall through such integrative
linkers, this should become manifest as organizing influences of the cell wall upon
the cytoskeleton. This has been observed. For instance, removal of the cell wall
renders microtubules cold-sensitive in tobacco cells (Akashi et al. 1990). When in
the same cells the incorporation of UDP-glucose into the cell wall was blocked by
the herbicide isoxaben (Fisher and Cyr 1993), this impaired the axiality of cell
expansion, resulting in isodiametric cells and disordered cortical arrays of micro-
tubules. Thus, the mechanical strains produced by cellulose microfibrils align
cortical microtubules, closing a regulatory circuit between the cell wall and the
cytoskeleton. Since expansion is reinforced in a direction perpendicular to the
orientation of microtubules and microfibrils, forces will be generated parallel to
the major strain axis. These forces are then relayed back through the plasma
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membrane upon cortical microtubules that are aligned in relation to these strains.
Since individual microtubules mutually compete for tubulin heterodimers, and
since the number of microfibrils is limited by the quantity of cellulose synthase
rosettes, this regulatory circuit should follow the rules of a reaction—diffusion
system (Turing 1952) and should therefore be capable of self-organization and
patterning.

How could mechanical strains from the cell wall cause a corresponding align-
ment of cortical microtubules? The so-called microtubule plus-end tracking pro-
teins (+TIP proteins) seem to play an important role in this context. These proteins
associate with growing plus ends of microtubules and form complexes that control
microtubule dynamics, organization and the interaction of microtubules with
membranes, organelles and proteins (for a review see Akhmanova and Steinmetz
2008). EBI, a central component of this complex, is important in searching for so-
called exploratory microtubules for intracellular capture sites that are often marked
by specific actin structures. For instance, such capture sites are laid down by
the preprophase band and the phragmosome prior to mitosis and are recognized
by exploratory microtubules emanating from the cell poles during telophase
(Dhonukshe et al. 2005). Because of this function, several members of +TIP
proteins interact with the actin cytoskeleton. Some +TIP proteins, such as adeno-
matous polyposis coli (Moseley et al. 2007) and CLIP-associated protein (Tsvetkov
et al. 2007), interact with actin filaments directly, others interact through the actin-
binding formins. A third group, including EB1, interact with the dynactin complex
linking the minus-end microtubule motor dynein with actin filaments (for a review
see Tirnauer and Bierer 2000). EB1 binds to microtubule plus ends at the seam that
joins the tubulin protofilaments (Sandblad et al. 2006) and is therefore a good
candidate for a conformational mechanosensor. During microtubule catastrophe,
the protofilaments bend outwards, which means that they have to be actively tied
together to sustain microtubule growth. The +TIP complex, in general, and EBI, in
particular, are therefore subject to mechanical tension and must be considered as
primary targets for mechanical strains on microtubules. In fact, Arabidopsis
mutants in members of the EB1 family have been found to be touch-insensitive
(Bisgrove et al. 2008).

Summarizing, in plant cells both stretch-induced changes of protein conforma-
tion and stretch-activated ion channels seem to act in concert during the perception
of mechanical stimuli. The cytoskeleton can participate in both pathways, either as
a stress-focussing susceptor of mechanical force upon mechanosensitive ion chan-
nels or as a primary sensor that transduces mechanical force into differential growth
of microtubule plus ends. Microtubules are endowed with nonlinear dynamics,
leading to phase transitions between growth and catastrophic shrinkage. In addition,
they have to compete for a limited pool of free heterodimers. Microtubules are
therefore ideal devices to amplify the minute inputs from mechanical stimulation
(small deformations of the perceptive membranes, changes in the dynamic equilib-
rium between assembly and disassembly of microtubules at the microtubule plus
end) into clear and nearly qualitative outputs that can then be processed by
downstream signalling cascades (for a review see Nick 2008b).
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4 The Cytoskeleton as a Sensor: Intercellular Sensing

It was the loss of buoyancy as a supporting force that drove the evolution of
mechanical integration in terrestrial plants. Signalling through a mechanical signal
is much faster than any diffusion-based process and its velocity equals or even
exceeds that of electric signalling. Moreover, mechanical integration is holistic in
nature, since it allows the sensing almost simultaneously of the presence or absence
of building elements even if they are remote from the sensing cell (as long as they
are mechanically coupled). The stiffer this mechanical coupling, the less energy is
dissipated during signalling. Microtubules are endowed with a high degree of
rigidity (Gittes et al. 1993) and therefore represent ideal transducers for mechanical
integration even across the borders of individual cells.

Such microtubule orientations that transcend the borders of individual cells
have been reported during phyllotaxis (Hardham et al. 1980; Hamant et al. 2008).
In wounded pea roots, a supracellular alignment of microtubules heralds corres-
ponding changes of cell axis and cell divisions such that the wound is efficiently
closed (Hush et al. 1990). A curious case of microtubule patterning was dis-
covered in the Arabidopsis mutants spiral, lefty and tortifolia (Furutani et al.
2000; Thitamadee et al. 2002; Buschmann et al. 2004). In these mutants, micro-
tubules are aligned over many cells in the distal elongation zone of the root (spiral
and lefty) or the petiole (tortifolia), accompanied by twisted growth.

The twisted growth phenotypes of these mutants are conventionally explained on
the basis of uniformly oblique arrays of microtubules (and consequently micro-
fibrils). In the spiral, lefty and tortifolia mutants, it is either tubulin itself or
microtubule-associated proteins that are affected by these mutations. Moreover,
spiral growth can be phenocopied in the wild type by inhibitors of microtubule
assembly (Furutani et al. 2000). As pointed out earlier, the microtubule~microfibril
circuit is endowed with self-amplification linked to mutual inhibition. A typical
systemic property of such a self-organizing morphogenetic system is an oscillating
output (Gierer 1981). Any factor that alters the lifetime of microtubules will alter
the relay times within this feedback circuit. Since neighbouring cells are mechani-
cally coupled by tissue tension, even a weak coupling will result in a partial
synchronization of the individual circuits (Campanoni et al. 2003), and the degree
of synchrony will depend on the velocity of the feedback circuit. Thus, mutations in
an associated protein such as the rortifolia gene product (Buschmann et al. 2004),
mutations in tubulin itself, as in case of lefty (Thitamadee et al. 2002), or treatment
with microtubule inhibitors (for a review see Hashimoto and Kato 2006) is expected
to enhance synchrony, leading to the observed oscillations of growth. In contrast,
the synchrony should be reduced when microtubule lifetimes are increased, which
seems to be the case for the mutant radially swollen 6 (Bannigan et al. 2006), where
microtubule arrays are ordered within individual cells, but deviate strongly between
neighbouring cells, suggesting that supracellular alignment is affected.

The impact of microtubules for mechanointegration can be exemplarily
studied in the context of gravity responses (see chapter “Mechanical Aspects of
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Gravity-Controlled Growth, Development and Morphogenesis™). To compensate
for mechanical load by gravity, plants have to optimize the arrangement of force-
bearing elements in space in a manner such that they provide optimal mechanical
support, but simultaneously consume minimal biomass and are as light as possible.
This optimization task can only be achieved when the arrangement of supportive
structures is guided by the pattern of mechanical strain. Thus, gravity has to be
perceived very efficiently and it has, in addition. to be linked to morphogenesis.
When the orientation of a plant is changed with respect to gravity. the plant will
respond by bending in such a way as to restore the original orientation and thus to
minimize mechanical stress (gravitropism). When new organs develop, they are often
adjusted with respect to gravity (gravimorphosis). When the mechanointegrative role
of the cytoskeleton is discussed with respect to gravity, it is important to separate
so-called susception from perception in the strict sense. “Susception” means trans-
formation of physical energy into a different type of energy that can be perceived by
the perceptive system (Bjorkman 1988). For instance, the difference in gravitational
field strength between the two flanks of a misoriented plant would be certainly far too
small to be sensed by any biochemical process. It is generally accepted that gravity is
first transformed into mechanical force by acting on heavy particles. the so-called
statoliths. These statoliths (as well as their accessory structures) themselves are not
gravisensitive, but they assist sensing by acting as susceptors.

4.1 Microtubules and Gravitropism

For the rhizoid of Chara, experiments by Johannes Buder (1961) demonstrated that
vesicles filled with barium sulfate, the Glanzkorperchen, are necessary and suffi-
cient for gravisusception. For higher plants, the classical starch-statolith theory
(Nemec 1900; Haberland 1900) postulated that amyloplasts in the perceptive
tissues (e.g. root cap or bundle sheath cells) are responsible for the susception
of the gravitropic stimulus. A long tradition of experimentation demonstrated
that amyloplasts are necessary for efficient gravitropism. For instance, gravitropic
sensitivity was reduced in starch-deficient mutants. However, it took almost a
century until it was shown that susception of energy by amyloplasts is sufficient
to trigger a curvature response. By using high-gradient magnetic fields, Kuznetsov
and Hasenstein (1996) succeeded in inducing bending in vertically oriented roots
and thus were able to prove very elegantly that the generation of mechanical force
by statoliths is sufficient for gravisusception. It is an irony of science history that
this breakthrough was not achieved by the elaborate and expensive microgravity
experiments in the context of space research, but instead through a very cheap, but
well-designed ground experiment. Thus, in higher plants as well, the primary
stimulus is produced by statolithic particles (the amyloplasts), although the actual
perception event has remained elusive so far.

For the rhizoid of Chara the sedimentation of the Glanzkorperchen to the lower
flank of the rhizoid was found to divert vesicle flow towards the upper side such that
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more material is intussuscepted into the upper flank, resulting in a growth differen-
tial driving downward bending (Sievers and Schroter 1971). This hypothesis was
later extended to negative gravitropism by combining sedimentation with a different
mode of growth (Hodick 1994). According to this model, the actual perception of
gravity would rely upon a proximity mechanism. It is doubtful that proximity is used
for graviperception in higher plants because classical studies (Rawitscher 1932)
using intermittent stimulation showed that perception can occur in the absence of
amyloplast sedimentation. Moreover, dose-response studies employing centrifuga-
tion have shown that the output (gravitropic curvature) is dose-dependent even for
stimuli that completely saturate amyloplast sedimentation. Even for the rhizoid of
Chara, tfor which the proximity mechanism was originally postulated, it was
demonstrated that strong stimuli that saturate the sedimentation of the Glanzkor-
perchen can still be discriminated (Hertel and Friedrich 1973). This suggests that the
actual perception of gravity is not based on proximity, but is based on the force
exerted by the statoliths on a mechanosensor such as stretch-activated ion channels
and/or the cell wall-plasma membrane—cytoskeleton interface.

If gravity is perceived not by proximity but by pressure, this poses a big
challenge for the sensing mechanism. Since gravity is sensed by individual cells
(in contrast to the direction of light in phototropism; Buder 1920; Nick and Furuya
1996), the maximal energy available for stimulation is the potential energy of the
sensing cell. This energy barely exceeds thermal noise if it is not focussed upon
small areas. These considerations stimulated research on a potential role of micro-
tubules as amplifiers of gravitropic perception. In fact, gravitropism can be blocked
by antimicrotubular drugs in the rhizoid of Chara (Hertel and Friedrich 1973) as
well as in moss protonemata (Schwuchow et al. 1990; Walker and Sack 1990) or in
coleoptiles of maize (Nick et al. 1991) and rice (Godbolé et al. 2000; Gutjahr and
Nick 2006) at concentrations that leave the machinery for growth and bending
essentially untouched. Conversely, when the dynamics of microtubules is reduced
as a consequence of either a mutation (Nick et al. 1994) or treatment with taxol, this
results in a strong inhibition of gravitropic responses (Nick et al. 1997; Godbolé
et al. 2000: Gutjahr and Nick 2006). The gravitropically induced reorientation of
cortical microtubules has been observed for both shoot gravitropism (Nick et al.
1991) and root gravitropism (Blancaflor and Hasenstein 1993). In maize coleop-
tiles, the microtubules in the epidermal cells of the upper flank of the stimulated
organ assumed a longitudinal orientation, whereas the microtubules in the lower
flank remained transverse. By microinjection of fluorescent tubulin into epidermal
cells of intact maize coleoptiles, it was later even possible to demonstrate the
gravitropic microtubule reorientation in vivo (Himmelspach et al. 1999). The
time course of this response was consistent with a model where gravitropic stimu-
lation induced a lateral shift of auxin transport towards the lower organ flank and, as
a consequence, a depletion of auxin in the upper flank. The microtubular response
was thought to be primarily by this decrease in auxin concentration rather than by
gravity itself. In maize roots, however, where a similar reorientation was observed
in the cortex (Blancaflor and Hasenstein 1993), the time course of reorientation was
found to be slower than the changes in growth rate induced by gravity.
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This leads to the question of whether the gravitropic response of microtubules is
direct or whether microtubules merely respond to changes in growth rate. In fact, it
is possible to induce microtubule reorientation by bending coleoptiles with manual
force (Zandomeni and Schopfer 1994) ~ the microtubules will then become longi-
tudinal in the concave flank, but remain transverse in the convex flank. To dissect
the gravitropic response and a potential response to changed growth rate, microtu-
bule behaviour was followed in coleoptiles that were prevented by a surgical
adhesive from elongating and were kept either in a horizontal orientation (such
that a gravitropic stimulation occurred) or in a vertical orientation (such that
growth was inhibited in the absence of a gravitropic stimulus). In this set-up,
microtubule reorientation from transverse to longitudinal was observed only in
the horizontal orientation (Himmelspach and Nick 2001), demonstrating unequivo-

cally that microtubules, at least in this system, responded to gravity rather than to
the inhibition of growth.

4.2  Microtubules and Gravimorphosis

It seems trivial that roots form at the lower pole of a plant organ, but this is a
manifestation of gravimorphosis. Although a considerable amount of phenomeno-
logical work was dedicated to this problem at the turn of the nineteenth century
(Vochting 1878; Sachs 1880; Goebel 1908), the underlying mechanisms are still far
from being understood. This is partially due to the use of adult organs, where
polarity has already been fixed and is hard to invert. However, in germinating fern
spores, the first asymmetric division that separates a larger, vacuolated rhizoid
precursor from a smaller and denser thallus precursor can be oriented by gravity
(Edwards and Roux 1994). This first cell division is clearly of formative character;
when it is rendered symmetric by treatment with antimicrotubular herbicides
(Vogelmann et al. 1981), the two daughter cells both give rise to thalloid tissue.
When this spore is tilted after the axis of the first division has been determined, the
rhizoid will grow in the wrong direction and cannot adjust for this error (Edwards
and Roux 1994). Prior to division, at the time when the spore is competent to the
aligning influence of gravity, a vivid migration of the nucleus towards the lower
half of the spore is observed. This movement is not a simple sedimentation process
because it is oscillatory and interrupted by short periods of active sign reversal,
indicating that the nucleus is tethered to a motive force (Edwards and Roux 1997).
The action of antimicrotubular compounds strongly suggests that this guiding
mechanism is based on microtubules that probably align with the gravity vector,
resembling the determination of the grey crescent in amphibian eggs (Gerhart et al.
1981), where the dorsoventral axis is determined by an interplay among gravity-
dependent sedimentation of yolk particles, sperm-induced nucleation of micro-

tubules and self-amplifying alignment of newly formed microtubules that drive
cortical rotation (Elinson and Rowning 1988).
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4.3 Microtubules and the Sensing of Gravity

Since microtubules guide the anisotropic deposition of cellulose in the cell wall,
it is not trivial to discriminate their function in gravity sensing from their role in
the response to gravity during the development of tropistic curvature. When
gravitropic bending is inhibited by antimicrotubular agents, this might be caused
by a block of either the sensory function or the effector function of microtubules. To
discern these microtubular functions, the lateral transport of auxin can be used as a
response upstream of differential growth. With use of radioactively labelled auxin
in rice coleoptiles (Godbolé et al. 2000), lateral auxin transport was found to be
blocked by ethyl-N-phenylcarbamate, a herbicide that binds to the carboxy termi-
nus of a-tubulin and inhibits assembly of tubulin heterodimers to the growing ends
of microtubules (Wiesler et al. 2002). Interestingly, Taxol inhibited lateral transport
partially without any inhibition of longitudinal transport of auxin. This indicates
that sensory microtubules have to be not only present, but, in addition, also dynamic
to fulfil their function. The high dynamics of this sensory microtubule population
might also explain the extreme sensitivity of gravisensing to low temperature that
would be difficult to explain otherwise (Taylor and Leopold 1992). The necessity of
high microtubular turnover favours a model where microtubules sense gravity-
induced forces actively rather than merely acting as gravisusceptors. The gravisen-
sory function of microtubules can be specifically blocked by acrylamide (Gutjahr
and Nick 2006), a widely used inhibitor of intermediate-filament function in
mammalian cells (Eckert and Yeagle 1988). Similar to ethyl-N-phenylcarbamate,
acrylamide interrupts a very early step in the gravitropic response chain, clearly
upstream of auxin redistribution and differential growth. No clear homologues of
intermediate-filament proteins are known in the plant kingdom, but acrylamide
treatment specifically disrupts microtubules, leaving actin filaments, for instance,
untouched (Gutjahr and Nick 2006). The immediate target of acrylamide in mam-
malian cells seems to be a kinase that phosphorylates keratin (Eckert and Yeagle
1988). Since kinases and phosphatases have been shown to regulate the organiza-
tion of plant microtubules (Baskin and Wilson 1997), the inhibition of gravitropism
by acrylamide might be caused by interference with the regulatory circuits active in
the highly dynamic microtubule population responsible for gravisensing.

4.4 Microtubules and Mechanosensing

Gravity is not the only source of mechanical stimulation used to integrate plant
architecture. In contrast to terrestrial animals, the cells of land plants are not
surrounded by an isotonic medium, but are surrounded by a hypotonic medium,
with the consequence that their plasma membrane is under continuous tension
from the expanding cytoplasm that is counterbalanced by the cell wall. On
the level of organs, considerable tissue tensions develop that can be used for
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mechanointegration when, for instance, new organs emerge and will thus generate
local tension. This phenomenon has been intensively studied and modelled for
phyllotaxis by Paul Green and co-workers, who showed that models of stress-strain
patterns could perfectly predict the positions of incipient primordia (for a review see
Green 1980). In the growing meristem, the formation of new primordia is sup-
pressed by the older primordia. The tissue tension present in an expanding meristem
produces mechanical stresses resulting from buckling of the preceding primordia.
One of the earliest events of primordial initiation is a reorientation of cortical
microtubules that are perpendicular with respect to the microtubules of their non-
committed neighbours. This difference is sharp, but later it is smoothed by a
transitional zone of cells with oblique microtubules. such that eventually a gradual,
progressive change in microtubular reorientation emerges over several rows of cells
(Hardham et al. 1980). This phenomenon has been revisited recently making use of
microtubule marker lines labelled with green fluorescent protein in the developing
shoot apex of A. thaliana (Hamant et al. 2008), where a feedback between microtu-
bule orientation and organ growth was demonstrated. Mechanical modelling of the
expanding shoot meristem predicted the transcellular pattern of microtubule orien-
tation that was predicted and observed to be aligned with the directions of maximal
stress. By ablation of specific cells in the outer meristem layer of the meristem, a
redistribution of stress was induced and modelled. As expected, this redistribution
caused a corresponding redistribution of microtubular orientation.

4.5 Candidates for the Underlying Mechanism

The sensing of gravity relies on the mechanical forces suscepted by the amylo-
plasts. This would, at first sight, suggest that the sensing of gravity and the
sensing of mechanical stimuli should run in parallel. This can be tested by antago-
nistic application of artificial bending stress in antagonism to a gravitropic stimulus;
it is possible to separate the response of gravity from the secondary mechanical
stimulus that is induced by the differential growth during gravitropic bending
(Ikushima and Shimmen 2005). When, under these conditions, the activity of
mechanosensitive channels was suppressed by gadolinium in hypocotyls of adzuki
beans, this suppressed the (mechanically induced) reorientation of microtubules in
the effector tissue, whereas gravitropic curvature proceeded unaltered (indicating
that the microtubule population resident in the inner tissues of the apical hook that
is responsible for gravisensing remained functional). Thus, at least in this system,
mechanosensing is sensitive to gadolinium, whereas gravisensing is not. Similarly,
when the gravitropic bending of maize coleoptiles was inhibited by a surgical
adhesive, the gravity-induced reorientation of microtubules was nevertheless devel-
oped (Himmelspach and Nick 2001), suggesting different signal chains for grav-
isensing and mechanosensing. Although the responses of plant cells to gravity and
mechanical stimuli are generally discussed in the context of stretch-activated ion
channels (Ding and Pickard 1993), the protein conformation paradigm of sensing
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should not be neglected. This is emphasized by the phenotype of Arabidopsis
mutants, where the microtubule plus-end protein EB1 is affected (Bisgrove et al.
2008). In these mutants, both the initiation of gravitropic curvature and a specific
touch-induced waving of roots on inclined agar plates were affected. Although our
knowledge of the primary events of mechanosensing and gravisensing in plants is
extremely limited. it is clear even at this stage that the roles of microtubules might
differ qualitatively. In mechanosensing, microtubules seem to act as susceptor
structures that focus deformation stress towards ion channels. In contrast, in
gravisensing. the necessity for high dynamics and dimer turnover favours a direct
sensory role of microtubules. Thus, nature might utilize both mechanisms simulta-
neously to sense (and possibly to discriminate) different stimuli. The challenge for
future research in this field will be to design experimental approaches with clear
outputs based on clear concepts of the sensing mechanism. Only in a second step
will it become possible to define and test molecular and cellular candidates.

5 The Cytoskeleton as a Sensor: Intracellular Sensing

The previous section dealt with the mechanical integration of individual cells into a
coordinated response of the entire organ. However, mechanosensing is also used
to integrate the different components of a cell into an individual. This becomes
evident as redistribution of organelles in response to mechanical stimulation (thig-
momorphogenesis; chapter “Mechanical Force Responses of Plant Cells and
Plants™), but also involves responses that are less evident, such as the adaptation
to cold, the imnduction of plant defence. osmoregulation (chapter “Osmosensing’)
and the regulation of division symmetry. The fundamental role of intracellular
mechanosensing has emerged in recent years, bat its full impact is still far from
being recognized.

5.1 Thigmomorphogenesis

Morphological responses to mechanical stimulation have been demonstrated not
only on the supracellular level, but also on the sub-cellular level. When fern
protonemata are squeezed by a needle, chloroplasts avoid the site of contact (Sato
et al. 1999). In epidermal cells (Kennard and Cleary 1997) or in suspension cells of
parsley (Gus-Mayer et al. 1998) such a local pressure can induce nuclear movement
towards the contact point. When regenerating protoplasts or cells are challenged by
either mild centrifugation or touch, the axis of cell division is aligned with the force
vector (Lintilhac and Vesecky 1984: Wymer et al. 1996: Zhou et al. 2007). Using
tension-free protoplasts. Wymer et al. (1996) aligned microtubules by a short
centrifugation and thus oriented the axis of cell expansion in a direction perpendic-
ular to the force vector. They used this system to demonstrate a role of microtubules
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in mechanosensing. To separate this sensory role from the microtubular function in
cell-wall synthesis, microtubules were eliminated transiently during the application
of force by amiprophos-methyl and allowed to recover by washing out the herbi-
cide, such that cellulose synthesis could occur and thus the cell axis could develop.
When this transient microtubule elimination was performed either immediately
before or immediately after the centrifugation, the alignment of cell division was
not observed. In a control, microtubules were eliminated subsequent to the centri-
fugation, which did not impair the alignment of the cell axis by the mechanical
stimulus. This demonstrated clearly that microtubules are necessary for the sensing
of this mechanical stimulus. A recent study in agarose-embedded walled cells of
Chrysanthemum (Zhou et al. 2007) extends these findings by the interaction with
the cell-wall cytoplasmic continuum. Here, cell divisions were aligned by compres-
sion force (Lintilhac and Vesecky 1984). When microtubules were removed by
oryzalin prior to the treatment or when the cell-wall cytoplasmic continuum was
impaired by treatment with RGD peptides, this alignment response was interrupted.
In contrast, elimination of actin filaments by cytochalasin B was not effective.

5.2 Cold Sensing

The sensing of temperature must occur cell-autonomously. This is generally
ascribed to a reduced fluidity of membranes that will alter the activity of ion
channels or the balance of metabolites (Lyons 1973). For instance, overexpression
of desaturases has been shown repeatedly to modify chilling sensitivity in plants
(Murata et al. 1992). Since microtubules disassemble in the cold, they have long
been discussed as alternative sensors for low temperatures. In fact, when micro-
tubules were manipulated pharmacologically, this was accompanied by changes in
cold hardiness (Kerr and Carter 1990). Microtubule disassembly of plants and of
animals in the cold differ depending on the type of organism. Whereas mammalian
microtubules disassemble at temperatures below 20°C, the microtubules from
poikilothermic animals remain intact far below that temperature (Modig et al.
1994). In plants, the cold stability of microtubules is generally more pronounced
than in animals, reflecting the higher developmental plasticity. However, the
critical temperature where microtubule disassembly occurs varies between different
plant species, which is correlated with differences in chilling sensitivity (Jian et al.
1989). The close correlation between microtubular cold sensitivity and general
chilling sensitivity is supported by the observation that abscisic acid, a hormonal
inducer of cold hardiness (Holubowicz and Boe 1969; Irving 1969; Rikin et al.
1975; Rikin and Richmond 1976), can stabilize cortical microtubules against low
temperature (Sakiyama and Shibaoka 1990; Wang and Nick 2001). Tobacco
mutants, where microtubules are more cold-stable owing to expression of an
activation tag, are endowed with cold-resistant leaf expansion (Ahad et al. 2003).
Conversely, destabilization of microtubules by assembly blockers such as colchi-
cine and podophyllotoxin increased the chilling sensitivity of cotton seedlings, and
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this effect could be rescued by addition of abscisic acid (Rikin et al. 1980).
Conversely, gibberellin, a hormone that has been shown in several species to reduce
cold hardiness (Rikin et al. 1975; Irving and Lanphear 1968), renders cortical
microtubules more cold-susceptible (Akashi and Shibaoka 1987).

It is possible to increase the cold resistance of an otherwise chilling-sensitive
species by pre-cultivation at moderately cool temperature. Cold hardening can be
detected on the level of microtubules as well. Microtubules of cold-acclimated
spinach mesophyll cells coped better with the consequences of a freeze—thaw cycle
(Bartolo and Carter 1991a). Microtubules are not only the target of cold stress, they
seem, in addition, to participate in cold sensing itself, triggering a chain of events
that culminates in increased cold hardiness. When microtubule disassembly is
suppressed by Taxol, this can suppress cold hardening (Kerr and Carter 1990;
Bartolo and Carter 1991b). This indicates that microtubules have to disassemble
to a certain degree to trigger cold hardening. To test this hypothesis, cold hardening
was followed in three cultivars of winter wheat that differed in freezing tolerance
(Abdrakhamanova et al. 2003). During cultivation at 4°C, the growth rate of roots
recovered progressively as a manifestation of cold hardening. In parallel, the roots
acquired progressive resistance to a challenging freezing shock (-7°C) which would
impair growth irreversibly in non-acclimated roots. When microtubules were mon-
itored during cold hardening, a rapid, but transient partial disassembly was
observed in cultivars that were freezing-tolerant, but not in a cultivar that was
freezing-sensitive. However, when a transient disassembly was artificially gener-
ated by a pulse treatment with the antimicrotubular herbicide pronamide in the
sensitive cultivar, this induced freezing tolerance. This demonstrates that a tran-
sient, partial disassembly of microtubules is necessary and sufficient to trigger cold
hardening, suggesting that microtubules act as “thermometers”.

Similar to mechanosensing and gravisensing, this leads to the question of
whether microtubules act as susceptors or as true receptors for low temperature.
The primary signal for cold perception is thought be increased membrane rigidity
(Los and Murata 2004; Sangwan et al. 2001). For instance, the input of low
temperature can be mimicked by chemical compounds that increase rigidity, such
as dimethyl sulfoxide, whereas benzyl alcohol, a compound that increases mem-
brane fluidity, can block cold signalling (Sangwan et al. 2001). With use of
aequorin as a reporter in transgenic plants, rapid and transient increases of intracel-
lular calcium levels in response to a cold shock were demonstrated by monitoring
changes of bioluminescence (Knight et al. 1991). Pharmacological data (Monroy
et al. 1993) confirmed that this calcium peak is not only a by-product of the cold
response, but is also necessary to trigger cold acclimation. This peak is generated
through calcium channels in conjunction with calmodulin. Calcium and calmodulin
in turn are intimately linked to microtubule dynamics. Immunocytochemical data
show that microtubules are decorated with calmodulin depending on the concentra-
tion of calcium (Fisher and Cyr 1993). Tt was further suggested that the dynamics of
microtubules is regulated via a calmodulin-sensitive interaction between microtu-
bules and microtubule-associated proteins such as the bundling protein EF-1v
(Durso and Cyr 1994). However, the interaction could be even more direct, because
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cleavage of the carboxy terminus of maize tubulin was shown to render micro-
tubules resistant to both low temperature and calcium (Bokros et al. 1996). When
the release of calcium from intracellular pools was blocked by treatment with
lithium, an inhibitor of polyphosphoinositide turnover, this resulted in increased
cold stability of microtubules in spinach mesophyll (Bartolo and Carter 1992). With
use of a cold-responsive reporter system it was demonstrated that disassembly of
microtubules by oryzalin or treatment with the calcium ionophore A23187 could
mimic the effect of low temperature, whereas the calcium channel inhibitor gado-
linium or suppression of microtubule disassembly by taxol prevented the activation
of this promoter by low temperature (Sangwan et al. 2001). These data favour a
model where microtubules act as receptors that limit the permeability of calcium
channels that are triggered by membrane rigidification. When microtubules func-
tion as modulators of calcium channel activity and when microtubule integrity is
regulated through calcium/calmodulin, this would set-up a regulatory circuit capa-
ble of self-amplification: Stable microtubules that limit the activity of cold-induced
voltage-dependent calcium channels would, upon disassembly, release this con-
straint and this would elevate the activity of the channels, resulting in an increased
influx of calcium. This calcium influx, in turn, would result in further disintegration
of the microtubular cytoskeleton and thus trigger by this positive-feedback the
influx of additional calcium. A very small initial calcium influx might thus be
amplified into a strong signal that can be easily processed by the activation of
calcium-dependent signalling cascades. The resulting signalling cascade will acti-
vate cold hardening as an adaptive response to cold stress. Interestingly, micro-
tubules will be rendered cold-stable as a consequence of this cold hardening
(Pihakaski-Maunsbach and Puhakainen 1995; Abdrakhamanova et al. 2003),
which, in turn, should result in reduced activity of the calcium channels that
respond to membrane rigidification. Thus, microtubules would not only endow
cold sensing with high sensitivity, but, in addition, would also endow it with the
ability to downregulate sensitivity upon prolonged stimulation, a key requirement
for any biological sensory process.

5.3 Plant Defence

The interaction of pathogens and their hosts is subject to an evolutionary arms race,
where the pathogens develop various strategies to circumvent or suppress defence
responses of the host, whereas the host develops various strategies to sense and
attack the invading pathogen or its effector molecules. Cellular responses to
elicitors include formation of cell-wall papillae around sites of pathogen penetra-
tion. The formation of these papillae is preceded by a reorganization of the
cytoskeleton causing a redistribution of vesicle traffic and a cytoplasmic aggrega-
tion towards the penetration site (for reviews see Takemoto and Hardham 2004,
Kobayashi and Kobayashi 2008), and a somewhat slower migration of the nucleus
(for a review see Schmelzer 2002). By localized mechanical stimulation of parsiey
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cells, it was possible to partially mimic an attack by Phytophthora sojae and to
induce several aspects of a non-host resistance, including nuclear migration, cyto-
plasmic reorganization, formation of reactive oxygen species and the induction of
several defence-related genes (Gus-Mayer et al. 1998). In contrast, localized appli-
cation of the corresponding elicitor (pep-13) failed to induce the morphological
changes, although it induced the full set of defence-related genes and the formation
of reactive oxygen species. Interestingly, the elicitor completely inhibited cytoplas-
mic aggregation and nuclear migration in response to the mechanical stimulus.
Since pep-13 induces in this system the activity of a mechanosensitive calcium
channel (Zimmermann et al. 1997), it seems that chemical and mechanical signal-
ling converge during the cytoskeletal response to pathogen attack. Neither the
mechanical stimulus nor the elicitor nor their combination was able to induce
hypersensitive cell death in these experiments, leading the investigators to conclude
that additional chemical signals are required to obtain the complete pathogen
response. This suggests an interaction between microtubules and mechanosensitive
ion channels that are important for the induction of defence.

5.4 Osmoregulation

The ability to maintain ionic balance represents a basic capacity of all living beings.
Prokaryotes have already developed osmoregulation. In plants, the mechanical
tensions produced in the context of an expanding tissue have to be balanced
by osmotic pressure (chapter “Osmosensing”). Microtubules seem to be directly
involved in osmoadaptation. By application of osmotic stress 1o root tips of
Triticum turgidum, microtubules were induced to disassemble and to reorganize
into massive bundles (Komis et al. 2002). When the formation of these so-called
macrotubules was suppressed by treatment with oryzalin, the protoplasts were no
longer able to adapt to osmotic stress by controlled swelling and perished. A
pharmacological study (Komis et al. 2006) revealed that inhibitors of phospholi-
pase D, such as butan-1-ol and N-acetylethanolamine, suppressed osmotic adapta-
tion as well as the formation of the macrotubules. In contrast, phosphatidic acid. a
product of the action of phospholipase D, enhanced osmoadaptation and macro-
tubule formation and was able to overcome the inhibitory effect of butan-1-ol.
These observations demonstrate that the microtubule response (formation of macro-
tubules) is essential for osmoadaptation, and that signalling through phospholipase
D acts upstream of microtubules in this response.

5.5 Division Symmetry

A homologue of the bacterial mechanosensitive channel MscS, MSL3, localized in
discrete patches in the plastid envelope and co-localized with the plastid division
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factor MinE, indicating an interaction with plastid division (Vitha et al. 2003).
When this bona fide channel was mutated, this resulted in chloroplasts that were
irregular in size, shape and partially number. Thus, these channels regulate mor-
phogenesis and development of plastids, suggesting a functional shift from osmo-
regulation towards regulation of plastid morphogenesis. However, it is not only in
the symmetry of organelle division where mechanosensing seems to play a role.
Mechanosensing seems to be the integrator that allows the nucleus to determine the
correct position prior to mitosis — this premitotic nuclear movement is an active
process and is driven by the cytoskeleton. It will determine the symmetry of the
ensuing cell division and thus the basic morphology of the prospective daughter
cells. The discovery that overexpression or knockout of the plant-specific kinesin
motor KCHI1 (Frey et al. 2010), which binds to actin filaments, retards or accel-
erates premitotic nuclear positioning, indicates that cytoskeletal tensegrity is used
to determine the correct position of the nucleus. Two principal modes are conceiv-
able that are not necessarily mutually exclusive. Microtubules and actin filaments
might transmit forces that are generated by the KCHI1 motor at the perinuclear
contact sites to the cortex such that the nucleus is either pulled or pushed, or both
(Fig. 2c, d). Alternatively, KCHI might simply anchor the perinuclear network at
the cell cortex and move the nucleus by mutual sliding of actin filaments and
microtubules in the cortical cytoplasm. From studies in yeast, filamentous fungi
and a variety of animal cells, the molecular mechanisms that orient and move nuclei
were found to be moderately conserved and involve as key players dynein, dynactin
and other proteins at the plus ends of astral microtubules, mediating interaction with
the cell cortex and actin filaments (Morris 2003; Yamamoto and Hiraoka 2003).
Both repulsive and attractive forces are generated by a combination of microtubule
polymerization and de-polymerization events, complemented by dynein-mediated
sliding of microtubules along the cell cortex (Adames and Cooper 2000). In plants,
which lack dynein and its associated proteins (Lawrence et al. 2001), the mechan-
isms for nuclear movement must involve fundamentally different players that are
able to interact with both premitotic microtubules and actin filaments. Could KCH
proteins be these missing links as functional homologues of dyneins by anchoring
minus-end-directed motor activity to the cortex?

6 Evolutionary Perspective: The Cytoskeleton
as a Central Integrator

This chapter summarized evidence for a cytoskeletal function in tensegral integra-
tion on both the organismal and the cellular level. We are still far from understand-
ing the molecular set-up of tensegral sensing. But even at this stage, the first
differences between the different stimulus qualities have emerged.

For mechanoperception, microtubules seem to interact with stretch-activated ion
channels, probably focussing minute deformations of the membrane or changes in
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membrane fluidity towards specific membrane areas. Because the demonstration of
mechanosensitivity by patch-clamp experiments is experimentally very problem-
atic and prone to artefacts (Gustin et al. 1991), the molecular identity of stretch-
activated channels has remained elusive in plants. When mechanosensitivity is not
an intrinsic property of such channels, but is conferred by accessory structures (such
as cytoskeletal tensegrity), the identification of these channels will go beyond
simple expression in heterologous systems (such as frog oocytes), and will require
the reconstitution of the entire structure, i.e. it will rely on synthetic biology.

The situation might be different for the sensing of gravity. Here microtubules
themselves could act as primary sensors. The findings of the few experiments where
the involvement of ion channels has been addressed experimentally (Ikushima and
Shimmen 2005) suggest that these channels might be dispensable for gravity
sensing. The necessity of microtubule turnover in the sensing of gravity indicates
a true perceptive function rather than stimulus susception.

The sensing of cold seems to represent a third mechanism, where the gating of
cold-sensitive channels (which probably respond to membrane rigidity as an input)
is limited by microtubules. When these microtubules disassemble in response to
cold, the constraints upon the activity of the ion channels will be released such that
calcium can enter, which will facilitate, through interaction with calmodulin,
further disassembly of microtubules and thus trigger a positive-feedback loop. In
this system microtubules would play a dual function — first as a perceptive device
and later as accessory structures for the perceptive channels.

Why is the cytoskeleton central for mechanical integration? The reason is
probably linked to the innate properties of cytoskeletal dynamics that render
microtubules and actin filaments ideal for the sensing of minute and noisy inputs.
These dynamics are nonlinear and endowed with autocatalytic properties. In the
cell, the abundance of monomers is limited, which means that different polymers
compete for the incorporation of free monomers. For instance, in all organisms
investigated so far, tubulin synthesis is tightly regulated by an elaborate system of
transcriptional and post-transcriptional controls, probably to avoid the accumula-
tion of (highly toxic) supernumerous free heterodimers (for a review see Breviario
2008). Although the term “cytoskeleton” was coined in the model of a rigid
framework that stabilizes the structure of a cell, such associations are far from
reality. The half-time of a plant microtubule, for example, has been estimated to be
in the range of 30-60 s (Hush et al. 1990). Therefore, it is more appropriate to
conceive of microtubules and actin filaments as states of dynamic equilibrium
between assembly and disassembly of monomers. It is this dynamic equilibrium
that provides the major source for the characteristic nonlinearity of cytoskeletal
dynamics.

Interestingly, the relation between assembly and disassembly is practically never
balanced —one always dominates over its antagonist. This statement is valid in both
space and time: in space, because dimer addition and dispersal define a distinct
polarity of each individual cytoskeletal polymer, with dimer addition dominating at
the plus end and dimer dissociation dominating at the minus end; in time, because
each polymer can switch between a growing state, when dimer addition at the plus
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end predominates over dimer dissociation at the minus end, and a shrinking state,
when dimer dissociation at the minus end exceeds dimer addition at the plus end.
The switch between both states is so swift and dramatic that it has been termed
“microtubule catastrophe”. These conversions depend on associated proteins that
can increase or decrease the frequency of transition between growth and shrinkage.

Because of its nonlinear growth, the cytoskeleton is an ideal tool for develop-
mental patterning. This has been exemplarily shown for the induction of the grey
crescent in developing frog eggs. This manifestation of dorsoventrality is produced
In an epigenetic process, where a gravity-dependent gradient of developmental
determinants in the central yolk interacts with a second, displaced, gradient in the
egg cortex (Gerhart et al. 1981). The displacement of the egg cortex is driven by
microtubules and is triggered by the penetration of the sperm. The sperm induces
the nucleation of microtubules that act as tracks for a kinesin-driven movement
(Elinson and Rowning 1988). The movement, in turn, triggers shear forces that
align the nucleation of additional microtubules in a direction parallel to the move-
ment, whereas deviant microtubules more frequently undergo catastrophic transi-
tions. The resulting net alignment of tracks increases the efficiency of movement
and thus the aligning force. This culminates in a rapid rotation of the cortical plasma
in a direction from the sperm towards the more remote equator of the egg. This
movement will then cause an overlap of upper cortex with a small region of the
lower core and eventually trigger inductive events that lay down the Spemann
organizer.

The combination of nonlinear, autocatalytic dynamic states of individual cyto-
skeletal polymers with the tight control of free monomers accentuating mutual
competition generates system properties that are highly relevant for sensory pro-
cesses. Microtubules and actin filaments fulfil all formal criteria of a reaction—
diffusion system (Turing 1952). This means that they can be understood as ideal
pattern generators that are able to produce qualitatively clear, neat outputs from
minute and highly noise contaminated inputs. One can model how owing to their
innate dynamic properties microtubules will spontaneously self-organize in
response to even a weak external factor such as gravity or mechanical fields
(Tabony et al. 2004). It thus seems that nature has made ample use of these unique
molecular properties to build sensory systems that are both sensitive and robust
against stochastic noise and can be used to integrate even minute mechanical strains
on the level of individual cells as well as on the level of entire organs.
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