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Abstract

Environmental influences and differential growth subject plants to mechanical forces. Forces on the whole plant resolve into
tensile forces on its primary cell walls and both tensile and compression forces on the secondary cell wall layers of woody tis-
sues. Forces on cell walls are further resolved into forces on cellulose microfibrils and the noncellulosic polymers between them.
Many external forces on plants oscillate, with time constants that vary from seconds to milliseconds. Sound waves are a high-
frequency example. Forces on the cell wall lead to responses that direct the oriented deposition of cellulose microfibrils and the
patterned expansion of the cell wall, leading to complex cell and tissue morphology.

Recent experiments have established many of the details of which cell wall polymers associate with one another in both
primary and secondary cell walls, but questions remain about which of the interconnections are load bearing, especially in pri-
mary cell walls. Direct cellulose—cellulose interactions appear to have a more important mechanical role than was previously
thought, and some of the noncellulosic polymers may have a role in keeping microfibrils apart rather than cross-linking them as
formerly envisaged.

by the turgor pressure within the cell (Coen and Cosgrove
2023). There may be additional tensioning by swelling forces
linked to water activity within the wall (Jarvis 1992; Zhang
and Zhang 2020). The tensile capability of the primary cell
wall is—somehow—combined with the capability to permit,
control, and direct growth (Cosgrove 2022).

The rigidity that comes from tensioned primary cell walls is
sufficient for herbaceous plant stems, leaf laminae, and fine
roots to withstand the forces that the environment imposes.
That strategy is an economical way to invest fixed carbon:
primary cell walls are thin, and about 90% of their mass is
water. However, there are forces that the primary wall cannot
withstand alone. Even in a small plant, the xylem elements
have to withstand negative pressure during transpiration,
and their primary walls are reinforced with secondary thick-
enings, often initially annular or helical so that they can pre-
vent radial collapse (Turner and Somerville 1997) while

Introduction

The walls of plant cells have to withstand both external
forces imposed by the plant’s environment and internal
forces driving, controlling, and consequent upon growth.
Recent developments in our understanding of these forces
are reviewed here. There have, however, been seminal recent
advances in our understanding of forces on plants, how these
forces are carried by cell walls of different types, and how
force is transmitted through the network of polymers that
comprise the cell wall. There is scope to draw these advances
together. For example, there has not recently been much
comparison of primary and secondary cell walls (Cosgrove
and Jarvis 2012). Insights on how cell walls respond to force
will underpin future concepts of plant form, mechanics, and
morphogenesis.

Strategies for strength in plants: primary and
secondary cell walls

The size, shape, and rigidity of a small plant are maintained by
flexible primary cell walls, inflated, and thus held in tension

permitting axial growth (Karam 2005).

In a plant stem that grows to more than about 1 m, turgor
cannot cope with the compressive stresses associated with
bending and buckling (Cosgrove and Jarvis 2012). Xylem cells
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Forces on and in the cell walls of living plants

ADVANCES BOX

® Many of the external forces on plants oscillate,
with frequencies from Hz to KHz. This includes
external sound waves, to which plants are now
known to respond.

® Feedback responses to growth-driven forces on
primary cell walls contribute to plant
morphogenesis.

® The associations between polymers in primary
cell walls differ from what was previously
thought. In particular, pectins are closely asso-
ciated with cellulose microfibrils

® Direct cellulose—cellulose contacts, local in pri-
mary cell walls but extensive in wood, transmit
shear stresses between microfibrils.

in trees and in tall herbaceous plants like sunflowers acquire
rigid, woody secondary walls (Karam 2005) that carry both
compression and tensile loads (Cosgrove and Jarvis 2012).
Stiffness as well as strength is needed to prevent failure by
buckling in compression. In young trees and cereal straw,
the woody stem is flexible, allowing it to bend with the
wind (Gardiner et al. 2016; Jaff and Jarvis 2021). When
the wind load is shed by bending, however, the weight of
the upper part of the plant adds to the bending force.
Grain-laden cereal straw or snow-laden young trees can be
trapped and bent to the ground by gravity (Jaff and Jarvis
2021). Tall trees with large mass have to rely on stiffness to
limit bending and the gravitational load that accompanies
it (Altaner and Jarvis 2008). Stiffness increases with the fourth
power of the stem diameter if the properties of the wood are
constant, but in addition, stiffer wood, with more axial cellu-
lose orientation, is laid down in the outermost, last-formed
region of the stem, which provides most of the resistance
to bending (Altaner and Jarvis 2008). Because trees grow ra-
dially as well as upward, a mature tree still has its young self
inside.

In angiosperm wood the functions of water conduction
and reinforcement against bending are divided between ves-
sels and sclerenchyma, whereas in gymnosperm wood these
functions are combined in tracheids (Koch et al. 2004;
Pandey 2021). Both strategies permit trees to reach heights
over 100 m, simultaneously limited by water transport and
wind resistance (Koch et al. 2004), but the cost in fixed car-
bon is high: that is why the largest carbon store in the terres-
trial biosphere is wood (Schimel 1995).

External forces on whole plants

It is useful to distinguish between constant and fluctuating
(dynamic) forces that plants need to sustain, whichever of
the above mechanical strategies they exhibit. Gravity loads
on plants, due to their own weight or additional snow
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loading (Ray and Bret-Harte 2019; Zhang et al. 2021a), are
in general approximately constant, as are internal forces asso-
ciated with turgor or xylem transport; but many external
forces oscillate (Ram et al. 2022). Oscillating forces have
been invoked as a basis for proprioception in plants
(Moulia et al. 2021).

The bending of a plant in the wind leads to both static and
oscillating forces in the stem. The static component depends
on the mean wind speed and comprises tension on the wind-
ward side, compression (additional to gravity) on the oppos-
ite side, and shear between. But in addition, the crown of a
tree and the outer end of each branch follow circular paths
with a timescale of the order of seconds (Gardiner et al.
2016; Tadrist et al. 2018), and the forces at any point in the
stem therefore oscillate. Herbaceous plants such as cereals
behave similarly: their natural, resonant frequency is higher,
but low-frequency motions are also present due to turbu-
lence in the airflow (Gardiner et al. 2016), as can be seen
when wind ripples across a field. There are higher-frequency
(10-100 Hz) oscillating stresses when individual leaves flutter
in the wind (Tadrist et al. 2018).

In buzz pollination, the pollinating bee grasps and vibrates
the stamen, often around its resonant frequency (0.1-1 kHz)
(Garcia Brito et al. 2020). Higher-frequency oscillating stres-
ses may be described as sound. Sound waves travelling within
plants can result from herbivory (Dou et al. 2021), xylem cavi-
tation (Venturas et al. 2017), branches breaking under wind
or snow load (Zhang et al. 2021a), snap freezing in the xylem
(Lintunen 20), or drumming by woodpeckers (Schuppe et al.
2021). Paths of sound transmission in plants are complex but
follow cellulose fibers due to their elastic stiffness; the axial
speed of sound in wood at kHz to MHz frequencies is used
to measure its engineering stiffness (Lachenbruch et al.
2010) and its suitability for making musical instruments
(Su et al. 2021), both of which characteristics depend on cel-
lulose orientation (Lachenbruch et al. 2010).

Plants also respond to sound waves of external origin
(Gagliano et al. 2017; Liu et al. 2017; Bhandawat and
Jayaswall 2022; Del Stabile et al. 2022). It is probable that ex-
ternal sounds can be transduced into internal vibrations
wherever they impact, but small plant structures such as tri-
chomes may be adapted to resonate with specific frequencies
of external sound transduction and communicate these vi-
brational signals through their points of attachment (Liu
et al. 2017; Yin et al. 2021).

Force transmission to cell walls

In a spherical suspension-cultured cell, the wall is under uni-
form tension, but the cells of living plants are attached to one
another and take many other shapes. The uniform pressure
of turgor therefore leads to highly non-uniform patterns of
forces on the cell walls. The turgor forces on the walls separ-
ating adjacent cells are approximately in balance, but
the outer wall of an epidermal cell needs to constrain the
pressure exerted by that cell and cells inside (Coen and
Cosgrove 2023). The unusual shapes of some epidermal cells,
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like jigsaw pieces, are thought to be an adaptation to these
forces on their outer walls (Zhang et al. 2021b).

For more than half a century it has been suggested that the
geometric interplay of local forces and locally anisotropic cell
wall mechanics lies behind much of the complexity of plant
morphogenesis (Green 1964). Evidence elaborating this view
is now taking shape, with leaf laminae (Zhao et al. 2020),
shoot apices (Sampathkumar et al. 2019; Peaucelle 2020;
Moulia et al. 2022), and pollen tubes (Cameron and
Geitmann 2018) as examples and with feedback from local
force to cellulose orientation as a key component (Jonsson
et al. 2022). The forces concerned are often constant, but
nonconstant endogenous forces are associated with the
slowly oscillating growth of pollen tubes (Pietruszka et al.
2018), opening and closing of stomata (Auler et al. 2022),
and deformations around pulvini during rapid plant move-
ments (Mano and Hasebe 2021).

At the single-cell level, tensile stresses are greatest across
the narrowest part of a jigsaw-shaped epidermal cell, and
the microfibril alignment there corresponds to the stress
direction (Altartouri et al. 2019; Sampathkumar and
Meyerowitz 2021). At cell corners, turgor is resolved into
forces pulling each cell away from its neighbors (Jarvis
1998) because the optimum shape for a flexible, inflated
cell wall is spherical. Recent developments in this rapidly ex-
panding field of mechanically modulated morphogenesis will
not be detailed here because good, recent reviews are avail-
able (Duy-Chi et al. 2021; Codjoe et al. 2022; Coen and
Cosgrove 2023).

Primary cell walls can adapt to changing stresses during
growth, but wood cells are dead and cannot adapt. Thus as
a branch grows in length and weight (Ray and Bret-Harte
2019), an asymmetric distribution of force between top
and bottom must be introduced to prevent downward bend-
ing (Gril et al. 2017). This force is supplied by the synthesis of
reaction wood: tension wood along the top of an angiosperm
branch, compression wood on the underside of a conifer
branch (Gril et al. 2017). Trees induced to lean form reaction
wood in the main trunk. A single stormy day leaves a detect-
able file of compression wood cells on the side of a spruce
tree away from the wind (Altaner et al. 2007).

The forces generated by reaction wood in trees are large and
permanent. There is not yet a consensus on how the tensile
forces in tension wood and the expansion forces in compression
wood are generated by interaction of the cell wall polymers, but
competing theories were critically reviewed by Almeras and
Clair (2016). More recent research has highlighted anatomical
variation in tension wood, with a contribution from fibers at
the vascular cambium (Ghislain et al. 2019). Even the deposition
of ordinary wood generates growth stress (Thibaut and Gril
2021), detectable by elongation of the crystallographic unit
cell of cellulose (Almeras and Clair 2016). Some Eucalyptus spe-
cies are disfavored for sawn timber because their logs explosively
disintegrate when the internal stresses are released in the saw-
mill (Guo et al. 2019).

Jarvis

Forces within cell walls

Forces on plant cell walls resolve into forces on their
polymer components, particularly forces on cellulose mi-
crofibrils (Coen and Cosgrove 2023). To understand how
cell walls resist force, we need to know their structure
and how it redistributes stress among the diverse cell
wall polymers. There is growing experimental knowledge
about force distribution among wood polymers. The
stretching and reorientation of cellulose microfibrils can
be measured by X-ray diffraction under stress (Keckes
et al. 2003; Thomas et al. 2021), and partial information
on the stretching and reorientation of noncellulosic
wood polymers can be extracted from the polarized vi-
brational spectra of wood under either static or dynamic
stress (Salmen et al. 2016; Thomas et al. 2021; Salmen
2022).

In wood the secondary cell walls typically have 3 layers: S1,
S2, and S3. The middle S2 layer dominates the mass of
the wall and has a microfibril angle that varies from near
zero to 30° or more, the lower figures being for stiff mature
wood (Altaner and Jarvis 2008). The higher microfibril angles
are found in more pliant juvenile wood and compression
wood in conifers (Keckes et al. 2003). The way in which the
S$2 microfibrils are wound around the cell would tend to con-
tract its diameter under axial tension, but this tendency is re-
sisted by the outer S1 and inner S3 layers, where the
microfibrils are circumferentially oriented. If the wood cells
are sliced lengthwise, their tensile stiffness is reduced because
the hoop restraint of the S1 and S3 wall layers is destroyed
(Guo et al. 2019).

Cells that form part of the structure of wood cannot twist.
A consequence is that in the dominant S2 layer, microfibril
reorientation, and shear are balanced (Keckes et al. 2003).
Stretching of the microfibrils becomes prominent in the stiff-
est wood, where the microfibril angle is small (<10°).
However, the extent of elongation varies between microfi-
brils from zero to over twice the mean (Thomas et al.
2021). This variation implies that shear between loaded
and unloaded microfibril segments is extensive even when
they are approximately parallel. Interfibrillar shear stresses
are carried at least partly by direct cellulose-cellulose con-
tacts, although hemicelluloses and probably lignin domains
also participate (Jarvis 2023).

Depending on the microfibril angle, interfibrillar shear
stresses also result from deformation across the grain
(Keckes et al. 2003). At large compressive strains, cell walls
buckle, leading to complex local stresses on microfibrils
that are difficult to analyze but probably involve both bend-
ing and shear (Sun et al. 2021). Tension on microfibrils is pre-
dominantly reversible, whereas shear can be irreversible
above a threshold stress (Keckes et al. 2003; Zhang et al.
2021b), with likely consequences for the irreversible,
energy-absorbing deformation of wood, which does not per-
mit growth but provides resilience against shock and oscillat-
ing forces (Ray and Bret-Harte 2019).
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Box 1. Forces on cellulose do not lead to sustained piezoelectric signals in vivo.

The time constant for dissipation of piezoelectric charge within the cell wall depends on the ratio of the conductance
k of the cell wall to the initial charge Q. The relationship of Q (Coulombs) to voltage V is given by the standard def-
inition of capacitance:

Q = Vgg.A/d,

where ¢, is the dielectric constant of the cell wall, &, is the vacuum permittivity, d is the length of the cell wall domain,
and A is its cross-sectional area.
The initial current | (Coulombs/second) that flows under the same voltage V is given by Ohm’s Law:

| = V.kA/d,

where k is the electric conductance of the cell wall. The ratio 1/Q = k/g,&, since VA/d cancels (thus the rate of dissi-
pation is independent of the dimensions of the system).

Quantitative values of k and &,&, are not accessible for primary cell walls but data for wood have been published. A
consensus value of k for wet wood is 0.01 S/m (Vermaas 1974), up to 0.1 S/m for thin woody branches. From the ionic
composition of apoplastic fluid from Vigna hypocotyls (Goldberg et al. 1996), k for primary cell walls is probably also
about 0.1 S/m. For wet wood, £,&, is about 10~ ' F/m (Vermaas 1974), so the ratio I/Q = k/e &, is large. This is not the
case for dry wood because its conductivity is only about 10~'2 S/m, increasing exponentially with moisture, whereas
the variation of dielectric constant with moisture content is relatively small (Vermaas 1974). So piezoelectric phenom-
ena can be observed in dry wood but are not likely to be observable, nor significant for sensing, in living plant materials.

Experimental techniques used for wood (Burgert and
Keplinger 2013) have been less informative for primary cell
walls. Atomic force microscopy and other imaging methods
have been helpful (Zhang et al. 2017; Haas et al. 2020), but we
know less than we should about how the primary cell wall de-
forms internally under stress or during growth (Cosgrove
2022). In each lamella of a typical primary cell wall, the micro-
fibrils are to some extent bundled and are oriented at a large
angle to the cell axis; but the bundling does not extend be-
tween successive lamellae (Zhang et al. 2017), and the orien-
tation often sharply differs from one lamella to the next (a
crossed lamellate structure) (Cosgrove 2022), in contrast to
the microfibrils of the S2 layer of the wood cell wall.

The microfibrils in the primary cell wall are too far off-axis
to show measurable stretching under external tension, for ex-
ample, by diffraction methods. However, in each lamella of a
primary wall under external tension, reorientation (Zhang
et al. 2017) of bundled cellulose microfibrils can be observed
and is presumably balanced by shear as in the S2 layer of
wood cell walls (Keckes et al. 2003). Axial elongation is ac-
companied by lateral contraction as would be expected for
a trellis arrangement of microfibrils (Zhang et al. 2017).

This rearrangement of microfibril geometry under tension
is apparently not what happens during the elongation
growth of living cells. When the primary wall elongates in
tension under the influence of wall-loosening enzymes, no re-
orientation of microfibrils occurs (Marga et al. 2005; Zhang
et al. 2017) and the elongation does not lead to lateral con-
traction (Zhang et al. 2017). Microfibril spacing appears to

increase (Marga et al. 2005). It is proposed in these circum-
stances, more closely (but not fully) simulating turgor-driven
growth, the attachment points between microfibrils are dis-
rupted (Cosgrove 2022), unloading the microfibrils like cut-
ting the pivots in a trellis.

Coarse-grained modelling has illuminated how primary cell
walls may resist tension (Zhang et al. 2021b). In these models,
microfibrils are differentially stressed according to their align-
ment with the stress on the cell wall. Much of the stress
transfer between microfibrils is currently thought to be car-
ried by direct microfibril-microfibril interactions rather than
by cross-linking polymers (Zhang et al. 2017), although the
arrangements of noncellulosic polymers between the micro-
fibrils, and therefore how these polymers are loaded to trans-
fer shear stress, are not yet understood in enough detail to
give a secure functional underpinning to the models (Haas
et al. 2021; Zhang et al. 2021b). The signatures of the noncel-
lulosic polysaccharides are rather difficult to disentangle in
the polarized vibrational spectra (MacKinnon et al. 2006),
which would otherwise give useful information on the rela-
tive loading of the different chain types. It is now known
that anionic pectic domains are closely associated with mi-
crofibrils (Wang et al. 2015; Phyo et al. 2019), but whether
these lead to microfibril cohesion, microfibril repulsion, or phase
separation and how the more flexible, neutral pectic chain seg-
ments are accommodated remains uncertain (MacDougall et al.
1997; Haas et al. 2021; Kirui et al. 2021). Xyloglucans seem to be
only locally associated with the microfibrils (Cosgrove 2022).
Direct, load-bearing microfibril-microfibril contacts certainly
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exist (bundling) (Cosgrove 2022), but their abundance and
locations are not wholly clear. How extended these contacts
are, and hence how concentrated the shear forces are between
them, depends on the angle between the microfibrils at the
point where they touch (Zhang et al. 2017) and perhaps on
the surrounding noncellulosic chains (Wang et al. 2013; Haas
et al. 2021). At such microfibril-microfibril contacts, local shear
between microfibrils will give rise to local shear within them.
Shear within microfibrils occurs also when they bend, is located
preferentially between sheets of chains, and may be partially ir-
reversible (Jarvis 2023).

In summary, recent experiments on the tensile cohesion of
primary cell walls have brought cellulose-cellulose contacts
into focus, but the details of how these contacts are modu-
lated and control the different between tension-mediated
elongation and growth remain uncertain.

Cellulose is known to be a piezoelectric material, coupling
electricity to force. It might then be speculated that electric
fields generated by cellulose contribute to the sensing of ex-
ternal and endogenous forces. However, it transpires that
electric fields generated in that way are dissipated too rapidly
by conduction for any cellular response to be plausible. The
reasoning is explained in Box 1, as a cautionary tale for any-
one tempted to think in a similar direction.

Outlook

Given the newly improved understanding of microfibril-micro-
fibril association (Zhang et al. 2021b; Cosgrove 2022) and of
which noncellulosic polymer chains are spatially associated
with microfibrils (Wang et al. 2015; Terrett et al. 2019; Kirui
et al. 2021; Salmen 2022), it should be possible to clarify in
more detail how shear forces are transmitted between the mi-
crofibrils of both primary and secondary cell walls. Noncellulosic

UNANSWERED QUESTIONS

Many broad questions about the functioning of cell

walls under stress remain unanswered or are not ad-

equately answered. The following is a small selection

of specific questions with broader implications.

® Which microfibril faces are preferentially in-
volved in direct interactions with other
microfibrils?

® How do microfibril-microfibril interactions de-
pend on the angle between the interacting mi-
crofibrils, for example, at the interfaces between
primary wall lamellae?

® Why do anionic pectic chains associate with
primary wall cellulose, and are they firmly enough
associated to disperse microfibrils electrostati-
cally within or between lamellae?

® Where exactly is the lignin in the wood cell wall,
and what forces does it carry?

Jarvis

polymers may prove to be as important in keeping microfibril
surfaces from cohering as in cross-linking microfibrils. These is-
sues may prove to be central to how plant cells grow and how
plant form emerges, as well as to the toughness of wood.

Conclusions

Primary and secondary cell walls are constructed on similar
principles from analogous structural elements. There are
parallels in how forces are transmitted between cellulose
microfibrils in each case, but the outcomes are different:
tensile strength combined with modulated growth in the
primary cell wall, tensile and compressive strength com-
bined with modulated stiffness in the secondary cell wall.
Sharing concepts and experimental techniques across these
boundaries will be helpful in unravelling how all cell walls
work.
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