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Abstract: Cells interpret mechanical signals and adjust their physiology or development appro-
priately. In plants, the interface with the outside world is the cell wall, a structure that forms a
continuum with the plasma membrane and the cytoskeleton. Mechanical stress from cell wall dam-
age or deformation is interpreted to elicit compensatory responses, hormone signalling, or immune
responses. Our understanding of how this is achieved is still evolving; however, we can refer to
examples from animals and yeast where more of the details have been worked out. Here, we provide
an update on this changing story with a focus on candidate mechanosensitive channels and plasma
membrane-localized receptors.

Keywords: mechanoperception; cell wall-associated receptor; mechanosensitive channel

1. Introduction

Cells interact with their external environments to sense physical contact, sound waves,
gravity, the attachment to other cells and to internal microenvironments which can dictate
cell shape [1]. A diversity of molecules mediates the perception of mechanical stimuli.
These can include stretch-activated ion channels, mechanosensitive receptors like integrins,
growth factor receptors, and G protein-coupled receptors, to name a few [2–4]. In this
review, we first take a brief look at some examples of how mechanoperception is achieved
in prokaryotes, yeast, and animals and then give an update on mechanisms that have
been implicated in Arabidopsis mechanoperception. An important caveat is that it is often
experimentally very challenging to show that a protein is involved in mechanoperception,
especially in the right cellular context. Hence, for now, we must be satisfied with candidate
molecular players. We limited our review to putative mechanosensitive channels and
plasma membrane-localized receptors that might act as cell wall sensors (see Table 1).

How plants perceive physical perturbations has been of interest for many years, and in
recent years, there has been much research devoted to this question [5]. Some common
elements linking mechanoperception in disparate organisms do exist, but many of the
mechanisms that have emerged in plants seem to be unique. These are most likely tied
to the nature of plant cell walls and the cellular architecture that distinguishes plants
from other eukaryotes. Many of the components that have been implicated in Arabidopsis
mechanoperception are overlapped with processes associated with immunity, drought,
hormone signalling, and development [6–8]. While interesting, this feature can often make
interpreting the role of individual components more challenging.
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Table 1. Mechanosensitive channels and cell surface receptors involved in cell wall integrity responses.

Gene Function Reference

Mechanosensitive membrane channels

MSCS-LIKE 1, Dissipation of the mitochondrial membrane [9]

MSL1 (At4G00290) potential when it becomes too high.

MSC-LIKE 2, Maintenance of the plastid size and leaf shape. [10]

MSL2 (At5G10490)

MSC-LIKE 3, Protection of plastids from hypoosmotic shock. [11]

MSL3 (At1G58200)

MSC-LIKE 8, Normal pollen function during hydration and germination. [12]

MSL8 (At2G17010)

MSC-LIKE 10, Response to cell swelling. [13]

MSL10 (At5G12080)

MID1-COMPLEMENTING Ca2+ influx and touch sensing in roots. [14]

ACTIVITY 1, MCA1 (At2G17780)

MID1-COMPLEMENTING Normal Ca2+ uptake in roots. [15]

ACTIVITY 2, MCA2 (At2G17780)

REDUCED HYPEROSMOLALITY, Osmotic Ca2+ signalling in guard and root cells. [16]

INDUCED CA2+ INCREASE 1,

OSCA1 (At4G04340)

DEFECTIVE KERNEL 1, Required for mechanosensitive Ca2+ channel activity. [17]

DEK1 (At1G55350)

PIEZO 1, Ca2+ influx and touch sensing in roots. [18]

PZO1 (At2G48060)

Cell wall-associated receptor kinases

CELL WALL-ASSOCIATED Pectin binding, oligogalacturonide receptor. [19–21]

KINASE 1, WAK1 (At1G21250) Interacts with glycine-rich protein 3 (GRP3).

CELL WALL-ASSOCIATED Pectin-activated signalling and gene expression. [22]

KINASE 2, WAK2 (At1G21270)

Catharanthus roseusreceptor-like kinases

THESEUS 1, Cell expansion, wall integrity maintenance, receptor [23–25]

THE1 (At5G54380) for RALF34.

HERCULES RECEPTOR Partially redundant with cell expansion THE1 activity. [26]

KINASE 1, HERK1 (AT3G46290)

HERCULES RECEPTOR Partially redundant with cell expansion THE1 activity. [26]

KINASE 2, HERK2 (At1G30570)

FERONIA, Touch-dependent CA2+ signalling, bind pectin. [27,28]

FER (At3G51550)

ANXUR 1, Pollen tube integrity maintenance. [29]

ANX1 (At3G04690)

ANXUR 2,

ANX2 (At5G28680)

Chimeric leucine-rich repeat/extensin cell wall proteins

LEUCINE-RICH REPEAT/ Overlapping activities with CrRLK1 proteins, bind RALFs, [30–32]

EXTENSINS, LRXs cell expansion in vegetative tissues, pollen tube integrity.

Proline-rich extensin-like receptor kinases

PROLINE-RICH EXTENSIN- Root growth, floral organ formation, abscisic acid responses. [33–35]

LIKE RECEPTOR KINASES,

PERKs

Leucine-rich repeat receptor kinases

FEI 1, FEI1 (At1G31420) Cell wall biosynthesis, ethylene and abscisic acid responses. [23,36–38]

FEI 2, FEI2 (At2G35620) Cell wall integrity maintenance.
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Table 1. Cont.

Gene Function Reference

Other receptor-like kinases

MDIS1-INTERACTING Cell wall integrity, root growth, abiotic and biotic stress [23,39]

RECEPTOR LIKE KINASE2, responses.

MIK2 (At4G08850)

SCM, SCRAMBLED, SRF9, Cell wall integrity responses. [40]

STRUBBELIG, STRUBBELIG-

RECEPTOR FAMILY 9,

SUB (At1G11130)

2. Mechanosensitive Channels: From Germs to Worms

Fast responses to mechanical stimuli, which can include external sound, touch, pres-
sure, osmotic pressure (turgor), or membrane bending, have highlighted the importance of
mechanosensitive (MS) channels. A classic example of an MS channel was first discovered
in giant E. coli spheroplasts that were subjected to the patch clamp technique [41]. The pres-
sure exerted by the pipette electrode, which essentially causes stretching of the membrane,
activated the channels and induced a current. Pressure could also be elicited by osmotic dif-
ferences across the membrane [41]. In intact cells, MS channels thus act as safety valves un-
der hypotonic conditions, alleviating turgor pressure extremes by allowing small molecules
to leak out of the cell to prevent membrane damage [42]. A genetic link to this phenomenon
came from mutations in E. coli in two major MS channels, MscL (mechanosensitive channel
of large conductance) and MscS (mechanosensitive channel of small conductance) [2,43,44].
Lack of activity of MscL/MscS causes cells to lyse in hypotonic conditions [45]. The MscS
channel opens at low-to-intermediate pressures, is homoheptameric, and forms a pore of
~1.3 nm in diameter, with large cytoplasmic domains limiting the molecules reaching the
pore [45]. By comparison, the MscL is also pentameric but responds to extreme pressures
that might otherwise cause cell rupture and thus has a higher pressure threshold than MscS
for its activation [46,47].

In prokaryotes, the channel itself is often sufficient for mechanotransduction. How-
ever, identifying equivalent channels in eukaryotes is complicated by their association
with protein complexes, the extracellular matrix (ECM) or the cytoskeleton, making them
difficult to reconstitute in a test tube or to assay by heterologous expression [2,48–51].
Nonetheless, examples of what are considered MS channels do exist. These include de-
generin and epithelial sodium channels (DEG/ENaC), N-type transient receptor poten-
tial (TRPN), two-pore potassium channels (K2P), transmembrane-like proteins (TMC),
and PIEZO [52,53]. The ability to employ genetic analysis in Caenorhabditis elegans made it
a natural choice for conducting screenings aimed at identifying mechanically responsive
proteins. Indeed, MEC-4 and MEC-10 (mechanosensory abnormality) were identified
in screenings for mutants defective in response to gentle touch and are components of
one of the earliest examples of a touch-mediated complex in animals [54]. MEC-4 and
MEC-10 form a heterodimeric mechanosensitive channel in conjunction with two auxiliary
proteins, MEC-2, a stomatin-like protein, and MEC-6, a paraoxonase-like protein [55,56].
The proteins interact electrophysiologically in Xenopus oocytes to effect mechanically in-
duced currents [55,57,58]. These studies have been instructive to operationally define what
should be considered an MS channel [51]; namely, that the channel is expressed in the
right place at the right time, removing the channel removes the MS response, altering the
channel properties alters the response, and heterologously expressing the channel shows
that it is mechanically gated. While it is difficult to fulfill all these criteria in any system,
and there are obvious differences between plants and animals, it does serve as a useful
benchmark for moving forward.
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A perhaps more relevant example, because of the existence of a cell wall and lack
of specialized sensory cells, comes from yeast. In Saccharomyces cerevisiae, an important
MS mechanism involves a Ca2+ influx system that can become activated by hypertonic
or hypotonic shock, cold stress, or salt stress [59,60]. It is comprised of two plasma mem-
brane proteins: Cch1 (calcium channel homologue), which is similar to the mammalian
α1 pore-forming subunit of L-type voltage-gated calcium channels [61,62], and Mid1
(mating pheromone-induced death), which is an N-glycosylated membrane protein found
in the endoplasmic reticulum and plasma membrane, and features homology to α2/δ-like
proteins (auxiliary proteins required for voltage-gated calcium channels in animals) [63].
While mutations in either MID1 or CCH1 are innocuous when Ca2+ is abundant, in low
Ca2+ conditions, mutated cells die in response to mating pheromones [61,64]. Mid1 confers
stretch-activated calcium influx into the yeast cell but also in heterologous expression
systems and acts as a sensor for mechanical stress, as well as other stresses [60,61,64–66].
Activation of the Cch1–Mid1 complex ultimately leads to the accumulation of intracel-
lular calcium and, in turn, activation of calcineurin, which is a calmodulin-dependent
serine/threonine protein phosphatase [67]. Calcineurin targets the Crz1 (calcineurin-
responsive zinc finger) transcription factor [68,69], whose transcriptional targets include
GSC2/FKS2 (one of the glucan synthases of S. cerevisiae) [70,71], providing a mechanism
that feeds back onto cell wall remodeling. As we discuss below, proteins with homology
to CCH–MID1 do not exist in plants, but functionally equivalent channels have been
identified by complementation of yeast mutants [14].

3. Mechanoreceptors—Perception at the Extracellular Matrix

The ECM plays a crucial role in how cells interpret their external environment,
how they develop, whether they proliferate, what shapes they assume, and how they
function. The matrix itself is a complex mixture of polysaccharides and proteins that are
secreted locally and elaborated into a network that exists in tight association with the
surfaces of the cells that produce it. Depending on its composition, the ECM can also
have a supportive function, as with the connective tissues and exoskeletons in animals
and the cell walls of plants, fungi, and prokaryotes. While the arrangement of the ECM in
animals and the cell walls of plants and fungi are compositionally and structurally different,
perception of mechanical stimuli seems to involve cell surface receptors. The mechanisms
of converting those mechanical forces in mammalian and yeast examples both involve
stretching or compression of the extracellular domains (ECDs) of those receptors [4,72].
In both systems, receptors also become enriched in areas of the cell surface experienc-
ing higher forces [73,74]. Whether similar mechanisms will surface in plants is yet to be
established [5].

3.1. Mechanoreceptors in Animals

In animal cells, mechanoperception in the ECM is achieved by cell surface receptors
that attach cells to the ECM or each other. One of the most important mechanisms to
accomplish this hinges on the activity of integrins, which can mediate adhesion to the ECM
as well as neighbouring cells [74]. By virtue of their connection to the actin cytoskeleton on
their cytoplasmic end, they can communicate mechanical stimuli to the inside of the cell.
Cells can adjust internal tension forces and translate mechanical forces into biochemical
signals by force-induced conformational changes in mechanosensitive proteins by exposing
enzyme-susceptible sites or cause them to unfold (like with integrins), allowing for changes
in protein–protein interactions or activity [75].

Integrins can relay external and internal signals in both directions [76]. The structure
of integrins is such that an ECD interacts with proteins residing in the ECM and an
intracellular domain serves as an attachment site for actin-associated proteins, which form
a focal adhesion complex (FAC) [74]. In mammals, they exist as heterodimeric receptors
with at least 24 different combinations of interacting α-subunits (18 types) and β-subunits
(eight types), which mediate the binding of diverse ECM components [77]. Each subunit is
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composed of three distinct domains; a large ECD ranging from 700 to 1100 amino acids,
a single transmembrane domain (20–30 amino acids) and a small cytoplasmic domain
(20–75 amino acids) [78]. The ECDs of both subunits confer ligand binding [79]. The best-
understood ligands in the ECM are proteins bearing an RGD or an LDV sequence, which is
found in fibronectin and other proteins [79].

Integrin ligand binding, if under the influence of an applied force, affects integrin con-
formation [78]. Support for this comes from structural studies and simulations, which sug-
gest that integrins exist in inactive and active state conformations [80–82]. In the inactive
state, the ECDs of the integrin dimer are compact and folded over (bent configuration),
making them unable to bind their ligand in the ECM. Cytoplasmic tails in the inactive state
are conformationally hooked together and thus prevented from binding to internal ligands.
In the active state, the ECDs become unfolded extending the ligand-binding domains
located at the ends of the subunits, while the intracellular domains become unhooked to
expose binding sites for intracellular ligands [74]. For example, in T cells, application of
force to αLβ2 integrins elicits a switch to an active conformation [83].

Another feature of integrins is that they can cluster into adhesion complexes. The com-
ponents of the FAC include adaptor proteins like talin and paxillin, non-receptor tyrosine
kinases (e.g., focal adhesion kinase (FAK)), other tyrosine kinases like Src family kinases,
integrin-linked kinases, and vinculin [84]. The association between the ECM and integrins
and integrin activation are enhanced by proteins like talin [85]. Force-induced stretching
of talin unmasks vinculin-binding sites [86], suggesting that this stretching is a key factor
in adhesion complex assembly. Cells are also able to gauge ECM rigidity. Attachment to
a rigid ECM capable of resisting strong pulling forces leads to the recruitment of addi-
tional integrins and other adhesion complex proteins [87]. In contrast, attachment to a soft
ECM produces less tension and a less pronounced response. Therefore, the gauging of
ECM rigidity is based on forces that the cell itself imposes on the ECM. While integrin-
homologous proteins do not exist in plants, the mechanisms that regulate integrin activity
might represent a broader phenomenon. It also points to our relatively limited knowl-
edge of whether monitoring intrinsic tension is also relevant in plants [88,89]. Studies in
cell shape determination are particularly relevant in this respect and will be especially
informative for understanding how mechanical signals are interpreted [90–93].

3.2. Mechanoreceptors in Yeast

The identification of many components in cell wall integrity monitoring in yeast was
performed by virtue of mutant screens that used either chemicals that interfere with cell
wall structural components, enzymes that break down the cell wall, or inhibitors of cell
wall biosynthesis [94–103]. These include dyes that bind either chitin (calcofluor white),
which is a cross-linking component in the yeast cell wall, or β-1,3-glucan (Congo red),
the main structural component of the cell wall, echinocandin inhibitors of glucan syn-
thases (like FKS1/2), enzymes that break down the cell wall (like zymolyase), or caffeine,
which impinges on downstream elements of the cell wall integrity pathway. Similarly, mu-
tations that perturb cell wall biosynthesis have also been used to isolate cell wall signalling
components [104–106]. As we shall discuss, the approach of applying cell wall-disrupting
agents has also been used to characterize cell wall integrity signalling in Arabidopsis [23].

In S. cerevisiae, the group of cell surface proteins that act as mechanosensors have,
like integrins, a large ECD, a single transmembrane domain, and a short cytoplasmic
domain that interacts with intracellular signalling components. These are typically split
into WSC-type sensors that include the products of the WSC1/SLG1 [107,108], WSC2,
and WSC3 genes [107] and MID-type sensors that include the products of the MID2
and MTL1 genes [95,109]. The ECD in all the five sensors contains serine/threonine-
rich regions which are heavily O-mannosylated, likely causing extension and stiffening
of the domain [110]. Atomic force microscopy has indicated that WSC1 behaves like
a nanospring in vivo, suggesting that this property is behind its ability to respond to
mechanical forces [110]. In addition, WSC1 receptors cluster under stress conditions [73].
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Analysis of the WSC1 orthologue in fission yeast (Schizosaccharomyces pombe) indicates
that WSC1 clustering can occur at sites where force is applied and that clusters dissipate
upon removal of the localized force [111]. One of the main differences between WSC- and
MID-type sensors can be attributed to the nature of the head group in the ECD, which is
cysteine-rich in WSC-type sensors, while in MID-type sensors contains N-glycosylated
asparagine [112]. This difference is thought to impart different binding affinities for
different layers in the cell wall; with the WSC-type contacting the glucan layer and the
MID-type contacting the glucan and the mannoprotein layers [112]. Their function as
mechanosensors is attributed to their transmembrane domain acting as one anchor and the
ECD as the other anchor so that perturbations in the wall or stretching in the membrane
can be detected and transduced to downstream signalling components [113].

The cytoplasmic domains of WSC1 and MID2 activate the GDP/GTP exchange factor
(GEF), ROM2, which goes on to activate a small GTPase, RHO1 [114]. The signal is trans-
duced by subsequent activation of protein kinase C (PKC1), which is a serine/threonine
kinase. Phosphorylation by PKC1 of the mitogen-activated kinase kinase kinase (MAP-
KKK), BCK1, activates two redundant MAPKKs, MKK1 and MKK2, and finally leads to
the phosphorylation of the MAPK, MPK1/SLT2 [114]. Once activated, SLT2 activates tran-
scription of the transcription factors RLM1 and SBF (SWI4/SWI6 complex), which regulate
the expression of genes involved in cell wall synthesis and repair [115]. Apart from its
involvement in cell wall stress responses, WSC1 is also involved in actin cytoskeleton orga-
nization [116], bud emergence [108], regulation of endocytosis [117], and autophagy [118],
indicating that it has been co-opted for other responses. While no direct equivalents to
WSC-type or MID-type cell wall sensors have been identified in plants, they provide a
useful template for the kinds of cell wall sensors that might exist.

4. Evidence of Mechanoperception in Plants

Plants have astonishing plasticity when it comes to modifying their overall archi-
tecture in response to environmental stimuli. For example, in response to mechanical
stimuli like wind, plants become thicker and squatter, presumably making them less prone
to damage [119]. Similar outcomes can be achieved in the lab by repeatedly touching
plants; the response has been termed thigmomorphogenesis [120,121]. At the molecular
level, TOUCH genes (TCH) were identified more than 30 years ago by screening a cDNA
library for genes that were upregulated in response to touch [122]. Later, genome-wide
transcriptome profiling in Arabidopsis revealed that an excess of 500 genes were turned on
within thirty minutes of touch stimulation [123]. Since mechanical stimulation induces a
rapid increase in cytoplasmic Ca2+, it is perhaps not unexpected that some of the touch-
responsive genes encode proteins associated with Ca2+ signalling; like calmodulins or
other Ca2+ binding proteins, which are often associated with stretch-activated channels [3].
Other touch-responsive genes include those that encode proteins related to cell wall synthe-
sis or modification such as xyloglucan endotransglycolylases/hydrolases, arabinogalactan
proteins, pectin esterases, cellulose synthases, expansins and extensins [123]. However,
a large group of touch-responsive genes are also tightly correlated with disease resistance
and even dark responses; highlighting that many of the mechanisms elicited by mechanos-
timulation share the same downstream effectors as those propagated by other seemingly
divergent processes.

As a result of cell wall weakening through mutation or chemical treatments, cell wall
perturbations, and possibly mechanical stress, are also associated with corresponding
adjustment or compensatory changes in cell wall composition. For example, a reduction in
cellulose, which provides much of the mechanical support of the wall, leads to compen-
satory production of ectopic lignin or pectins [124–127]. The general idea is that breakup
of the cell wall by enzyme treatment or the depletion of cellulose by chemical inhibition or
mutations in cellulose biosynthesis genes leads to the mechanical breakdown of the cell
wall and/or its connection to the plasma membrane. This elicits responses such as the
production of jasmonic acid (JA), abscisic acid (ABA), salicylic acid (SA), ectopic lignin and
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changes the expression of mechanoresponsive genes, immunity-related genes, and cell wall
synthesis-related genes [128–134]. Since this syndrome can be suppressed by the addition
of osmotic agents, it is likely the result of mechanical stimulation caused by turgor pressure.
It is not clear at this point whether responses to a weakened cell wall are primarily medi-
ated by mechanosensitive channels responding to plasma membrane stretching as a result
of the increased pliability of the wall or whether it is via cell wall sensors or, more than
likely, a combination of both.

5. Mechanosensitive Channels in Arabidopsis

In Arabidopsis, a number of mechanosensitive channels which are functionally similar
to either bacterial MscS or yeast Cch1/Mid1 have been identified. Indeed, MscS-like chan-
nels (MSLs) have wide distribution in different phyla including plants [135]. In Arabidopsis,
there are ten MSL gene family members, MSL1–10, which vary in sequence identities rang-
ing from 21% to 66%. The structure of MSL1 has recently been resolved using cryogenic
electron microscopy indicating that it has an overall structure similar to MscS; with some
differences in the transmembrane domain and the matrix domain [136]. Based on their
residency in different subcellular compartments as well as tissue-specific expression, it is ex-
pected that MSL proteins likely have varied physiological functions. For example, MSL1 is
found in mitochondria, MSL2 and MSL3—in chloroplasts, while others—in the plasma
membrane or the endoplasmic reticulum [137]. In chloroplasts, MSL2 and MSL3 have over-
lapping functions in the maintenance of the plastid shape, size, and division [11,135,138].
In pollen, MSL8 is required for pollen grain survival upon rehydration as well as tube
integrity during germination and elongation [12,139]. Indeed, eliminating MSL8 function
leads to higher rates of bursting of pollen upon hydration and germination, while its
overexpression inhibits pollen germination and prevents it from bursting [139]. Plants car-
rying loss-of-function (LOF) alleles in plasma membrane-localized MSLs have decidedly
more subtle phenotypes. While MS channel activity is compromised, more pronounced
phenotypes are not obvious even in quintuple mutants [140]. Some members of this class
of MSL proteins influence overall plant growth, pathogen responses, and reactive oxygen
species accumulation [141–144]. Determining the precise role of all these diverse proteins
awaits further investigation.

Functional complementation of the yeast Mid1 protein led to the identification of an
Arabidopsis counterpart, which, despite bearing little sequence or structural homology to
Mid1, can act on its own to complement not just the mid1 mutant, but also the cch1;mid1
double mutant [14]. The plant protein, named MID1-COMPLEMENTING ACTIVITY 1
(MCA1), is plasma membrane-localized like its yeast counterpart and, as well as promoting
calcium influx, mediates responses to mechanical and osmotic stimuli [14]. The second
protein, MCA2, shares greater than 70% amino acid sequence identity with MCA1 and has
similar structural features [145]. Both proteins are single-pass type I integral membrane
proteins with a small N-terminal ECD and a larger intracellular region harbouring an
EF hand-like region, a central coiled-coiled motif, and a C-terminal PLAC8 (placenta-
specific gene 8) motif [146]. Heterologous expression of MCA2 coupled with single particle
analysis of cryogenic electron microscopy confirms this conformation and indicates that
the protein forms a homotetramer [147]. Although it is expected that the EF hand is
regulated by cytoplasmic calcium, the function of the coiled-coil or PLAC8 motifs await
description. When MCA1 is expressed in frog oocytes, it imparts increased MS channel
activity, which can be triggered by either hypoosmotic shock or by membrane stretch
caused by pipette suction [148]. Loss-of-function mca1 and mca2 alleles change touch-
related root behaviours, indicating that the proteins are required for mechanosensation
in vivo [14]. In addition, LOF mutations in the two genes also lead to cold sensitivity,
lower cold-induced cytosolic calcium accumulation, and downregulation of cold-induced
genes, suggesting that the two MCAs are also required for cold tolerance responses [149].
Recent studies have also implicated MCA1 and MCA2 in the perception of gravity and their
role in relaying a biphasic increase in cytosolic calcium in response to gravity [150–152].
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Apart from MSLs and MCAs, calcium gating is also achieved by the mechanosensitive
channel proteins, REDUCED HYPEROSMOLARITY, INDUCED CALCIUM INCREASE
(OSCA) [16]. In Arabidopsis, there are 15 OSCA genes, and this class of channels is conserved
among eukaryotes [153]. Mutations in the OSCA1 gene cause impaired calcium signalling
in guard cells and root cells as well as reduced transpiration and root growth under osmotic
stress [16]. OSCA1 proteins form dimers and are structurally similar to mammalian trans-
membrane proteins 16, TMEM16, which are also calcium-activated chloride channels [154].
Although OSCA genes were originally identified based on hyperosmolarity responses,
when assayed using electrophysiology in mechanically-insensitive animal cell lines, five out
of the six OSCA proteins tested were shown to be mechanosensitive [153]. While many
OSCA proteins are important for mechanoperception, OSCA3 (EARLY-RESPONSIVE TO
DEHYDRATION 4, ERD4) was identified in screening aimed at isolating cDNAs that are up-
regulated in response to dehydration, suggesting a range of functions for the proteins [155].

Recently, it has been recognized that the DEFECTIVE KERNERL1 (DEK1) protein,
which is required for embryogenesis and other developmental processes [156], is also associ-
ated with rapid calcium-activated MS channel activity (RMA) in Arabidopsis protoplasts [17].
Since DEK1 has not been expressed in a heterologous system, it has not been confirmed
whether it encodes an MS channel or a regulator of a channel conferring RMA activity.
The single Arabidopsis DEK1 gene is predicted to encode a protein with 21 transmembrane
helices (TMs), a cytosolic linker region, and a carboxy-terminal calpain domain, which is
found in calcium-dependent cysteine proteases [157]. Indeed, the membrane-localized
DEK1 protein undergoes autolytic cleavage and the calpain domain is released into the cy-
tosol [158]. While DEK1 activity is associated with epidermal cell differentiation [159,160],
embryo development [161], and cell division patterns [162], DEK1 activity also affects cell
wall composition by primarily affecting cellulose and pectin deposition [163]. Surprisingly,
the calpain domain itself is sufficient to complement dek1 mutants [158]. In mammals,
calpains participate in a diversity of pathways required for cell motility and integrin
receptor-linked cell adhesion, to name just two [164,165]. It is worth noting that calpains
are downstream effectors of mechanosensitive channels like PIEZO [166], raising the ques-
tion of whether DEK1 has a combined PIEZO-like/calpain function.

Mechanical resistance can also be caused by heterogeneous soil components which
can alter root extension and penetration into soil [167]. For example, a recent study has
shown that the Arabidopsis PIEZO protein (PZO1) is required for root penetration into
compacted soil [18]. The PZO1 protein improves mechanical pressure in columella cells
by transducing Ca2+ signals to the root elongation zone and/or by protecting cell wall
integrity [18]. These results suggest that PZO1 has a mechanosensory function and that
mechanotransduction is involved in root responses to mechanical stresses imposed on
them by the substrate in which they grow. Additional studies will likely elaborate how the
PZO1 protein is mechanistically controlled.

6. Candidate Cell Wall Receptors in Arabidopsis

Compared to mechanosensitive channels, the identification of cell surface receptors
that are linked to mechanoperception in Arabidopsis has been more elusive. Although con-
nections between the cell wall and the plasma membrane as evidenced by the formation
of Hechtian strands [168] (cytoplasmic threads formed during plasmolysis) have been
known for a long time, the nature of these connections remain unclear [169,170]. Inter-
estingly, a LOF mutation in the NON-RACE-SPECIFIC DISEASE RESISTANCE1 (NDR1)
gene, which has some homology to mammalian integrins, leads to the loss of plasma
membrane–cell wall adhesion [171]. Whether NDR1 fulfills a similar function to integrins
is, however, still speculative.

In the following section, we focused on cell surface proteins that have been implicated
in aspects of cell wall integrity signalling and in this sense are cell wall sensors. How-
ever, it has not been established whether any of these are mechanically sensitive in the
same way as the WSC/MID-type or integrins are in yeast and mammals. For example,
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both WSC/MID-type sensors and integrins are linked to the wall or the ECM and respond
to wall or ECM perturbations because their ECDs change conformationally [75,116]. In ad-
dition to triggering intracellular signalling, another shared feature is that the receptors are
linked to the cytoskeleton. In yeast, WSC1 clustering is mediated by the actin cytoskeleton,
while cell wall damage-induced actin depolymerization is mediated by WSC1 [172]. In a
similar way, in mammalian cells, integrin clustering is mediated by the actin cytoskeleton,
while integrin-mediated adhesion is influenced by actin dynamics [173]. In the case of
Arabidopsis, we do not yet know if any of the receptors that are discussed below share
these features. Nevertheless, the receptors are cell wall-associated, are structurally unique,
and possess activities that make them good candidates to have equivalent functions to
the yeast and mammalian counterparts. Determining if any of them can indeed respond
to mechanical stimuli is technically challenging, especially in the context of the cell wall;
however, continued efforts and new techniques will undoubtedly yield more insights into
how they operate mechanistically.

6.1. Wall-Associated Receptor Kinases

The existence of wall-associated receptor kinases (WAKs) has been known for at least
25 years [174]. Their tight connection with the cell wall based on immunocytochemistry
and their fractionation with insoluble materials makes them unique among receptor ki-
nases [174]. Structurally, they possess an ECD, which contains epidermal growth factor
(EGF)-like repeats and which is embedded in the wall, a TM region tethering them to
the PM, and a cytoplasmic domain kinase domain; making them well-suited to be wall
sensors [175]. In Arabidopsis, there are five highly similar genes, WAK1–5, which differ in
their tissue expression and in the structure of their ECDs, suggesting that they have varied
roles in plant development and physiology [176]. WAKs are among the few plant receptors
for which a cell wall binding ligand has been experimentally discovered. For example,
a peptide corresponding to the N-terminal portion of the ECD of WAK1 can bind purified
pectin via charged amino acid residues and charged oxygen groups in the pectin [19,177].
While the WAK1 ECD binds to homogalacturonan (HG), oligogalacturonides (OGs), and re-
lated alginates, it preferentially does so under cross-linking conditions brought about by
the addition of calcium to the pectins [177]. The ECD of WAK2 behaves in a similar way
but with less affinity than WAK1 for pectin, and neither has much binding affinity for
branched pectins like rhamnogalacturonan I or rhamnogalacturonan II [22].

The ability of WAK1 to bind OGs in vitro and its upregulation in response to OGs [178]
prompted Brutus et al. [20] to test whether it behaves as an OG receptor in vivo. Released
OGs from the cell wall are damage-associated molecular patterns (DAMPs) which activate
plant immune responses [178,179]. Since reverse genetic approaches, either because of
redundancy or lethal effects [180,181], limited the spectrum of available wak phenotypes,
the authors opted to create chimeric receptors to assess whether WAK1 perceives OGs as
signal ligands. The approach involved combining the WAK1 ECD with the intracellular
kinase domain of the EF-Tu receptor (EFR), a leucine-rich repeat receptor kinase for microbe-
associated molecular pattern recognition [20]. The chimeric receptor was capable of sensing
OGs in vivo and the WAK ECD could activate the EFR kinase domain, thereby eliciting
defence responses that are normally brought about by OGs. Regulation of the response to
OGs also involves WAK1 binding a glycine-rich extracellular protein, GRP3, and association
of WAK1–GRP3 with a kinase-associated protein phosphatase, KAPP [182]. While WAK1
functions to transduce the OG-triggered signalling, eliciting the expression of defense
genes, GRP3 and KAPP act to depress the signal to downregulate immune responses [21].
Whether WAKs are multifunctional, relaying information related to pathogen responses
as well as cell wall perturbations, is not known. In addition, whether post-translational
modifications [183] play a part in WAK protein functionality also needs to be determined.
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6.2. THESEUS (and Other Mythical Characters)

An important member of the cell wall sensor family is the receptor kinase THE-
SEUS1 (THE1) [24]. THE1 is one of the 17 receptor kinases belonging to the Catharanthus
roseus receptor-like kinase 1 (CrRLK1) subfamily of plasma membrane-bound receptor-
like kinases, which have ECDs that possess regions that are similar to animal malectin
domains [184]. The THE1 gene was identified as a suppressor of a cellulose synthase 6
(CESA6) mutation (cesa6prc1-1); an allele which causes plants to have shortened hypocotyls
in the dark, accumulate ectopic lignin and callose, and become hypersensitive to cellulose
biosynthesis inhibitors [124,185,186]. While the shortened hypocotyls and ectopic lignifica-
tion in cesa6prc1-1 plants are partly suppressed by LOF the1 alleles, cellulose deficiency is not,
implying that cellulose production is not an obligatory requirement for cell expansion [24].
Conversely, overexpression of a functional THE1–green fluorescent protein (GFP) fusion
exacerbates growth phenotypes and ectopic lignification in LOF cesa6 and cesa3 mutant
backgrounds [24]. More recently, a genetic study using loss- and gain-of-function alleles
of THE1 has confirmed that THE1 function is required for suppressing cell expansion
in response to cell wall damage; caused by either mutation or chemical inhibition [187].
Two other related CrRLK1s, HERCULES1 and 2 (HERK1 and HERK2), are likely to be
partly redundant with THE1, since combining the LOF mutations herk1 or herk2-1 with
LOF alleles of the1 leads to additive effects with respect to cell expansion, suggesting that
in this respect, they work in parallel pathways [26].

THE1 function is also more broadly required for pathogen responses as well as cell
wall damage-related responses. For example, THE1 interacts with a guanine exchange
factor (GEF4), operating in the same pathway regulating defense responses to the fun-
gus Botrytis cinerea [188]. It is also required for responses to cell wall damage induced
by cellulose biosynthesis inhibitors like isoxaben or cell wall-degrading enzymes like
Driselase, which both lead to the production of ectopic lignin, jasmonic acid, or salicylic
acid [23,188]. Importantly, THE1 is thought to act genetically upstream of MCA1 in re-
sponse to isoxaben-induced cell wall damage, suggesting that perception by THE1 and
MCA1 is cooperative [23]. Furthermore, a known ligand for THE1, rapid alkalinization
factor 34 (RAFL34), is a peptide which belongs to the family of signalling peptides that
have been implicated in a diversity of physiological responses in plants [25,189,190]. In Ara-
bidopsis, RALF genes include an excess of 30 members [191]. The RALFs that have been
tested in cell culture (including RALF34) show strong alkalizing activity (the exception is
the pollen-specific RALF4) [25,192]. Indeed, alkaline pH is required for RALF34 binding to
the ECD of THE1 as well as its alkalizing activity in the cell wall [25,192]. With respect to
monitoring cell wall perturbations, whether changes in the apoplastic context cause the
affinity for RALFs to switch from cell wall matrix components to cell surface receptors like
THE1 remains to be determined [189,193].

Another member of the CrRLK1 family, FERONIA (FER), has been implicated in
an even greater diversity of processes; like tip growth and cell wall integrity in pollen
tubes [194,195] and root hairs [196,197], pathogen responses [198–200], salt tolerance [27,201],
and cell expansion [30,193,202], to name just a few (see [6,203] for review). In the context
of mechanical stimulation, LOF fer alleles exhibit impaired calcium signalling in response
to touch or bending stimulation as well as a decrease in the expression of touch-responsive
genes [28]. In addition, mutant plants have root skewing and growth phenotypes such
as the inability to penetrate hard agar or bending around obstacles, consistent with a
dysfunction in mechanical responses. The ECD of FER, like that of WAK1, has been shown
to bind pectin in vitro, which would provide a direct link to the cell wall if the same in-
teraction is true in vivo [27]. Like THE1, FER is also a RALF receptor, with the specificity
RALF-binding being dependent on the physiological context [193,204,205]. For example,
binding of RALF23 to a complex consisting of FER and a glycosylphosphatidylinositol-
anchored protein (GPI-AP), LORELEI-like GPI-AP1 (LLG1), inhibits the EF-Tu receptor
(EFR)/FLAGELLIN SENSING2 (FLG2)/BRI1-associated kinase1 (BAK1) complex, which is
activated by the flagellin epitope (flg22) to elicit immune responses [204,206]. Binding of
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FER to RALF1 is instead associated with growth, stress and salinity responses, and stom-
atal signalling [207–211]. The pleiotropic effects of FER mutations indicate that it is a
multifunctional protein, which seems to be a hallmark of cell wall-interacting receptors.

Still other members of the CrRLK1 family like ANXUR receptor kinases (ANX1 and
ANX2) have been implicated in cell wall integrity maintenance. Like other CrRLK1 family
receptors, these are associated with responses related to resistance to pathogens as well as
pollen tube integrity [29,212]. In the context of pollen tube wall integrity, ANX receptors
are thought to act upstream of membrane-bound NADPH oxidases, which produce reac-
tive oxygen species (ROS) [29]. Disruption of ANX or NADPH oxidase function leads to
NADPH oxidase-dependent ROS production, Ca2+ channel opening, and irregular exocy-
tosis of the wall material. The outcome of this disruption, if not stabilized by compensatory
mechanisms, is a reduction in cell wall thickness, which decreases to a point where turgor
pressure leads to pollen tube rupture [29]. In this context, ANXUR receptors thus act as cell
wall sensors required for cell wall integrity maintenance.

6.3. Leucine-Rich Repeat Extensin Proteins

Another important connection of FER to the cell wall might be through its interaction
with leucine-rich repeat extensin (LRX) proteins [31]. These proteins have an N-terminal
signal peptide followed by a leucine-rich repeat (LRR) domain, a cysteine-rich domain,
and a carboxy-terminal extensin domain [31,213]. Extensins are a group of proteins with a
signature Ser-Hypn motif that have been associated with increasing the tensile strength
of the wall. They are differentially post-translationally modified so that their physical
properties affect how they are cross-linked to other cell wall matrix components [214].
Classic extensins become insolubilized in the cell wall matrix through the action of per-
oxidases and the establishment of intra- and intermolecular crosslinks, involving mainly
tyrosine residues [215]. In contrast, the extensin motif in LRXs is variable, and tyrosine
residues are required for LRX function but not for LRX insolubilization in the cell wall [216].
Although the exact nature of the extensin domain in LRXs is not fully understood, its ex-
istence implies that it serves to anchor the protein to the cell wall. Arabidopsis encodes
eleven LRX genes (LRX1–LRX11) which are differentially expressed in either vegetative
tissues (LRX1–LRX7) or in pollen (LRX8–LRX11) [213]. The LRR domain of LRX4 has been
shown to interact with the ECD of FER, thus providing a connection between the plasma
membrane and the cell wall through the extensin domain [30]. Based on yeast two-hybrid
or immunoprecipitation experiments, the LRR domains of other vegetative LRXs (LRX2,
LRX3, and LRX5) also interact with FER [32]. These interactions are supported genetically
by the similarity in phenotypes of LOF fer-4 and an lrx12345 quintuple mutant [32].

Monitoring of cell wall status by FER and LRXs has been demonstrated by inhibiting
pectin methyl esterases (PMEs), which are thought to cause cell wall rigidification [30,217].
For example, the application of epigallocatechin gallate (EGCG), an inhibitor of PMEs,
interferes with vacuole expansion in growing cells, and this effect is diminished in fer or lrx
mutants [30]. While the membrane association of LRX4 depends on the LRR domain, it does
not necessarily require to be associated with FER since LRX4 lacking the extensin domain
is still localized to the plasma membrane even in an fer-4 background [32]. Given that it is
unlikely that the LRR domain is sufficient for membrane localization, this aspect of LRX4
suggests that its membrane association might involve proteins other than FER. In addition,
the LRR domain mediates the dimerization of LRXs and is functionally required both
in vitro and in vivo [218]. Another layer of regulatory complexity is the ability of LRXs to
differentially bind RALFs, an aspect of their regulation which is also true for THE1 and
FER [30,201]. For example, RALF1 can bind LRX1, LRX4, and LRX5; the same RALF that is
also differentially bound by FER [32]. At least for LRX1–FER, RALF1 does not interfere
with FER interaction with LRX1 [32]. The relationships between these various components
imply that a certain level of combinatorial control is at play, which requires additional
experimentation to fully work out.
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A far less well-characterized class of related proteins are PROLINE-RICH EXTENSIN-
LIKE RECEPTOR KINASES or PERKs. By virtue of their ECDs, which contain extensin-like
and arabinogalactan-like motifs, this small group of receptors might also act as cell wall sen-
sors [219,220]. Mutational analysis of a number of PERKs indicates that they are involved in
floral organ development [33], root growth [34], and root hair growth [221]. Possible PERK
downstream signalling components include KCBP-INTERACTING PROTEIN KINASE1
(KIPK1) and KIPK2 and kinesin-line calmodulin-binding protein (KCBP) [34], which play
a role in cell shape determination [222]. Although PERKs have so far not been shown to
act as cell wall sensors, their structure warrants that they be given a closer look.

6.4. Leucine-Rich Repeat Receptor Kinases

Another important class of receptors related to cell wall signalling are the leucine-rich
repeat RLKs, FEI1 and FEI2 [36,223,224]. Indeed, double fei1;fei2 mutants are impaired in
cellulose biosynthesis, which is phenotypically observable as root swelling and is enhanced
by supplementing growth media with sucrose or isoxaben [36]. Similar conditional phe-
notypes are observed in other mutants affecting cellulose biosynthesis like cesa6prc1 [124],
cesa1/rsw1 [225], cobra (cob) [226], and salt-overly sensitive5 (sos5)/fasciclin-like arabinogalactan
protein4 (fla4) [37]. While fei1;fei2 triple-mutant combinations with cesa6prc1, rsw1, cob are
additive, suggesting that they work in parallel pathways, the fei1;fei2;fla4 triple mutant is
nonadditive, suggesting that FEI1/2 and FLA4 work in the same pathway [37]. The in-
volvement of FLA4–FEI in cellulose biosynthesis is not limited to roots but also to cellulosic
rays in the seed coat of Arabidopsis [227], indicating that the complex has a broad effect on
cellulose biosynthesis. Interestingly, the fei1;fei2 phenotypes are suppressed by inhibition
of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid or by mutations affecting
auxin biosynthesis, which incidentally also supress cellulose deficiency phenotypes in
cesa6prc1, cob, and sos5/fla4 [36,228], linking cellulose synthesis with ethylene and auxin
signalling. In the case of FLA4, excess abscisic acid (ABA) or increased ABA signalling
suppresses the root phenotypes of fla4, while inhibition of ABA synthesis phenocopies
the salt-sensitivity phenotype of fla4, thereby also linking FLA4–FEI signalling with ABA-
related responses [38].

The link between the FLA4–FEI pathway and its possible role in cell wall integrity
has been recognized by phenotypic analysis based on responses to isoxaben and/or Drise-
lase [23]. The output from either treatment is similar: accumulation of JA, SA, and lignin.
On the basis of these outputs, fei2 plants are impaired in their response to isoxaben treat-
ment, with lower accumulation of JA, SA, and lignin compared to the wild type, indicating
that FEI2 is involved in cell wall damage perception [23]. Similar reductions in responses
to isoxaben are also observed in LOF the1-1 (as noted earlier) and mca1 plants. When these
mutations are combined to generate mca1;fei2, the1-1;mca1, or the1-1;fei2 double-mutant
plants, none of them have additive phenotypes. The mca1;fei2 plants are identical to fei2
with respect to JA, SA, and lignin accumulation, while the the1-1;mca1 and the1-1;fei2 combi-
nations accumulate levels of JA, SA, and lignin similar to the the1-1 plants [23]. To establish
epistatic relationships, mca1 and fei2 alleles were combined with the gain-of-function the1-4
allele [187], which causes plants to accumulate JA, SA, and lignin to a greater extent than
the wild type. In both cases, JA and SA levels in the double mutants (mac1;the1-4 or fei2;the1-
4) were comparable to the wild-type levels, which suggests that THE1 might act upstream
of both MCA1 and FEI2. It is not clear, however, why double-mutant combinations with
the1-4 do not have JA/SA levels that are more similar to those of single mca1 or fei2 plants.
The the1-4 allele is a T-DNA mutant harbouring a predicted truncated version of the THE1
protein, which is missing the intracellular kinase domain but which retains the extracellular
and transmembrane domains. These modifications lead to enhanced responses comparable
to full-length THE1 overexpression lines [187]. Whether the THE1 ECD is promiscuous and
interacts with other receptor ECDs remains to be determined. Regardless, these findings
open many interesting possibilities about how THE1 is regulated and how it participates
in cell wall sensing.
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Another mutant allele tested by Engelsdorf et al. [23] that showed an attenuated
response to isoxaben treatment was mik2-1. The MIK2/LRR-KISS (LRR-RK MALE DISCOV-
ERER 1-INTERACTING RECEPTOR-LIKE KINASE 2/LEUCINE-RICH REPEAT KINASE
FAMILY PROTEIN INDUCED BY SALT STRESS), or, more simply MIK2, had already been
known to influence cell wall damage response signalling [39]. A double-mutant combi-
nation of mik2-1;the1-1 LOF alleles causes a reduction in JA/SA in response to isoxaben
treatment similar to the1-1, suggesting that the two genes might function in the same
pathway. In addition, mik2-1 plants exhibit changes in root skewing which are dependent
on functional THE1 and cellulose synthase activity [39]. MIK2 activity is also required for
salt stress tolerance, and this, again, requires functional THE1 [39]. These observations
suggest that THE1 and MIK2 have distinct, but also intersecting functions. The exact nature
of the mechanisms underlying these functions awaits further elucidation.

Another receptor that plays a part in isoxaben-induced cell wall damage responses
is LRR-RK STRUBBELIG (SUB)/SCRAMBLED (SCM) [40]. It was previously shown that
SUB is required for developmental programs like floral morphogenesis [229], leaf de-
velopment [230], root hair patterning [231] (see [232] for review). Like THE1 and MIK2,
SUB function is also required for lignin accumulation in response to isoxaben treatment [40].
However, unlike MIK2 and THE1, SUB function is not required for isoxaben-induced JA
accumulation. Interestingly, SUB activity is required for cell size and shape maintenance
and recovery of root growth following isoxaben exposure, a feature that is not attributed
to THE1 function. Based on these and other observations, SUB plays a role in cell wall
damage signalling in parallel with THE1 and MIK2 to activate some common downstream
compensatory responses [40].

7. Conclusions

Different mechanisms have evolved to perceive mechanical stimuli in different phyla.
The anatomy of plant cells compared to animal and fungal cells certainly plays a part
in these differences. Plant cells also experience much higher levels of turgor pressure
compared to animal cells, which influences how mechanical stimuli are perceived [233].
Cell walls of plants are also attached to each other, forming a cell wall continuum, which in-
fluences perception in whole tissues. Whether perception of external mechanical signals is
predominantly the domain of mechanosensitive channels and cell wall-associated receptors
act downstream remains to be seen. However, for now, there seems to be a considerable
overlap between the two as well as an overlap between the functions of different putative
cell wall sensors. Cell wall-embedded proteins, which we largely ignored in this review,
are also important in how plant cells are able to perceive cell wall perturbations. A growing
number of candidate mechanosensitive channels and receptors exist, and these will need
to be further tested to determine exactly how mechanical signals are interpreted.
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