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During the 1970s, renewed interest in plant
mechanical signaling led to the discovery that
plants subjected to mechanical stimulation
develop shorter and thicker axes than undisturbed
plants,a syndrome called thigmomorphogenesis.
Currently, mechanosensing is being intensively
studied because of its involvement in many phys-
iological processes in plants and particularly in
the control of plant morphogenesis.

From an ecological point of view, the shaping of
plant architecture has to be precisely organized in
space to ensure light capture as well as mechan-
ical stability. In natural environments terrestrial
plants are subjected to mechanical stimulation
mainly due to wind, but also due to precipitation,
while aquatic and marine plants are subjected
to current and wave energy. Plants acclimate to
mechanically challenging environments by sens-

Pine growing under prevailing wind. ing mechanical stimulations and modifying their
Reprint with courtesy of Catherine Lenne growth in length and diameter and their tissue
(umr PIAF, Clermont-Ferrand, France) properties to reduce potential for buckling or

breakage. From a morphogenetic point of view, both external and internal mechanical cues
play an important role in the control of cell division and meristem development likely by mod-
ulating microtubule orientation.

How mechanical stimulations are being sensed by plants is an area of intense research. Different
types of mechanosensors have been discovered or proposed, including ion channels gated by
membrane tension (stretch activation) and plasma membrane receptor-like kinases that monitor the

Frontiers in Plant Science 2 January 2017 | Mechanical Signaling in Plants


http://journal.frontiersin.org/researchtopic/1992/mechanical-signaling-in-plants-from-perception-to-consequences-for-growth-and-morphogenesis-thigmomo
http://journal.frontiersin.org/journal/plant-science

cell wall deformations. Electrophysiologists have measured the conductances of some stretch-ac-
tivated channels and have showed that SAC of different structures can exhibit different conduct-
ances. The role of these differences in conductance has not yet been established.

Once a mechanical stimulus has been perceived, it must be converted into a biological signal
that can lead to variations of plant phenotype. Calcium has been shown to function as an early
second messenger, tightly linked with changes in cytosolic and apoplastic pH. Transcriptional
analyses of the effect of mechanical stimulation have revealed a considerable number of differ-
entially expressed genes, some of which appear to be specific to mechanical signal transduction.
These genes can thus serve as markers of mechanosensing, for example, in studies attempting to
define signalling threshold, or variations of mechanosensitivity (accommodation). Quantitative
biomechanical studies have lead to a model of mechanoperception which links mechanical state
and plant responses, and provides an integrative tool to study the regulation of mechanosensing.
This model includes parameters (sensitivity and threshold) that can be estimated experimentally.
It has also been shown that plants are desensitized when exposed to multiple mechanical signals
as a function of their mechanical history. Finally, mechanosensing is also involved in osmoreg-
ulation or cell expansion. The links between these different processes involving mechanical
signalling need further investigation.

This frontier research topic provides an overview of the different aspects of mechanical sign-
aling in plants, spanning perception, effects on plant growth and morphogenesis, and broad
ecological significance.

Citation: Coutand, C., Mitchell, S.]., Puijalon, S., Monshausen, G., eds. (2017). Mechanical Signaling
inPlants: From Perception to Consequences for Growthand Morphogenesis (Thigmomorphogenesis)
and Ecological Significance. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-074-9
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The Editorial on the Research Topic

Mechanical Signaling in Plants: From Perception to Consequences for Growth and
Morphogenesis (Thigmomorphogenesis) and Ecological Significance

Plant morphogenesis and its regulation have fascinated researchers for more than two centuries.
Among determinants of morphogenesis mechanical signals appear as an important cue. The fact
that plants respond to mechanical stimuli was reported by Darwin in the 1850%. As described by
lida in this research topic, mechanical stimuli were used in traditional agriculture practices like
mugifumi. In the past 40 years, the study of mechanical signaling in plants has regained interest
because of its implication in fundamental processes of organo- and morphogenesis and their
potential as an innovative means of controlling plant growth. The focus of this research topic is the
quantification of mechanical signals and of their effects on plant growth, the ecological significance
of mechanoperception and thigmomorphogenesis, and the potential use of mechanical stimuli in
agriculture practices. The papers in this research topic summarize the current state of knowledge,
present new experimental results, identify areas where further investigation is warranted, and
propose investigative protocols.

Mechanical signals can come from internal forces due to turgor pressure or externally from
the environment. In natural conditions, aerial portions of plants experience mechanical stimuli
due to wind, snow and rain, while aquatic plants experience water flow, waves or tides. Plants
perceive, transduce respond physiologically to mechanical signals, collectively referred to as
thigmomorphogenesis. Thigmomorphogenesis has been described in herbaceous as well as woody
plant species. In growing shoots and roots, the first response observed after a mechanical signal
is perceived is a transitory growth cessation followed by a progressive recovery of elongation
rate and an increase of radial growth rate. When repeated mechanical signals are applied,
the classical thigmomorphogenetic growth response of aerial plants is a reduced elongation of
axes and, for plants which exhibit an active cambial growth, an increase of growth in girth.
Thigmomorphogenesis in aquatic plants has been less well examined.

This research topic includes two articles on mechanosensing in aquatic plants. Schoenlynck et
al. examine the response of the aquatic plant Egeria densa to hydrodynamic stress and describe
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Coutand and Mitchell

Mechanosensing and Thigmomorphgenesis in Plants

the wvariations of biogenic silicate, cellulose and lignin
content and resulting plant mechanical strength. Tesson
and Charrier review the role of mechanical signals in brown
algae morphogenesis and discuss the advantages of atomic
force microscopy to quantify the mechanical signals and the
resulting modifications of composition and strength of algal
filaments.

For the past 20 years, progress has been made in
understanding the mechanosensing signal perception from
two points of view: (i) by identifying the sensors; and,
(ii) by quantifying the mechanical signals and linking
them to responses. In this research topic Peyronnet et al.
focus on the role of mechanosensitive protein channels.
Moulia et al. review the quantification of mechanical signals
perceived by plants and explain how the S3m model of
mechanoperception quantifies the link between perception and
responses. They illustrate this approach with two examples,
the thigmomorphogenetic syndrome of plant shoots bending,
and the mechanosensitive control of shoot apical meristem
morphogenesis.

The transduction phase refers to the cascade of events within
the plants tissues that lead to responses. In Arabidopsis, the
expression of more than a thousand genes is modified after signal
perception. Among these mechanosensing actors, some are also
triggered by heat, salinity and drought. Other actors are far more
specific to mechanical stimuli, including touch-genes or the zinc-
finger transcription factor PtaZFP2 cloned in poplar. In their
review paper, Leblanc-Fournier et al. note that the expression of
PTaZFP2 is related to the number and intensity of strain signals,
making it an interesting marker in mechanosensing studies. It
also appears as a key factor in plant acclimation to recurrent
mechanical signals. Also in this research topic, Cazzonelli et al.
describe the role of the chromatin modifying enzyme SDGS,
which appears as a key enzyme in the mechanosensing process in
Arabidopsis by enabling the expression of many touch responsive
genes.

From an ecological point of view, thigmomorphogenesis can
be seen as a strategy for better resisting wind or water flow, as
discussed in the article by Schoenlynck et al.

Stems of aerial plants, especially those of trees which can
grow very tall, must combine mechanical stability and hydraulic
conductivity. These two functions have been often seen as
antagonistic, implying necessarily that trade-offs are made. There
is actually no means to predict the way a tree will acclimate or
will optimize the different functions of its wood by modifying
the wood structure. In this research topic Badel et al. review
acclimation of wood xylem anatomy, and its resulting mechanical
and hydraulic functions to recurrent mechanical strains generally
engendered by wind with a special focus on the construction costs
and possible trade-off.

The research topic concludes with an article by Lopez et
al. that explores the link between perception of mechanical
signals and perception of gravity, and proposes new protocols for
differentiating gravity-specific signal transduction and responses.
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Plant scientists are now aware that
mechanical stresses, such as touch-
ing, bending and treading, affect the
growth and development of trees and
grasses, including crops (Jaffe, 1973;
Mitchell and Myers, 1995; Telewski, 2006).
However, Japanese farmers have known
for centuries of the efficacy of applying
a mechanical stress—treading, tram-
pling, or stamping—to the seedlings of
autumn-sown wheat and barley, and call
this process “mugifumi” [mugifimi] in
Japanese. According to a comprehensive,
narrative guidebook written in the 17th
century, Japanese farmers enthusiastically
treaded seedlings in winter because they
empirically knew that treading prevented
spindly growth, strengthened the roots to
grow and spread, shortened plant height,
increased tillers and ear length, and even-
tually gave a good yield (Anonymous,
1680’s). Japanese researchers at agricul-
tural experiment stations have described
the methodology of treading and many
quantitative data on its remarkable effects
over the last several decades. However, the
information on this practice in English has
remained scarce, since it had been targeted
to local farmers and written in Japanese
only. I here attempted to provide an insight
into the significance of treading and advo-
cate the importance of further studies
with cutting-edge technology to promote
a better understanding of the molecular
mechanisms underlying mechanosensing
and mechanotransduction in crop plants.

WHAT IS MUGIFUMI?

Mugifumi is the combination of mugi
and fumi. Mugi is the general term
for wheat and barley and fumi means

treading. Therefore, mugifumi is the act
of treading wheat and barley plants, espe-
cially their seedlings. In relatively small
fields, farmers, their families, and some-
times neighbors tread the seedlings using
their feet (Figure 1A), while farmers use
an agricultural tractor equipped with a
treading roller to tread seedlings in large
fields (Figure 1B). Mugifumi is also called
“touatsu” [toudtsu], which is the combina-
tion of tou (treading) and atsu (pressure).
Mugifumi is more familiarly used than
touatsu.

Mugifumi is known to significantly
affect wheat and barley plants. Treated
plants have less spindly growth and lodg-
ings, more tillers, longer spikes, and higher
yields than untreated plants if farmers per-
form mugifumi properly.

The timing and number of times mugi-
fumi is performed are important to obtain
good results. Special care is needed when
performing mugifumi because the growth
of wheat and barley varies from year to
year and from region to region. This varia-
tion depends on wheat and barley varieties
and is influenced by yearly and weekly cli-
mate changes. If farmers miss the right
time and perform mugifumi an incorrect
number of times, they may damage the
seedlings and have a reduced grain yield.
The appropriate weight for mugifumi cor-
responds to the body weight per seedling.

Wheat and barley seeds are generally
sown in the period between November and
early December in Japan. Treading is typ-
ically started early in January when the
seedlings have three leaves, is then per-
formed several times almost every 10 days,
and is stopped before internodes start
to grow. The number of times treading

is performed varies depending on the
growth conditions. To avoid letting the soil
become too firm, it is important to tread
seedlings when the soil is dry. Another
beneficial effect of treading is that it per-
mits roots that have risen from the soil
due to the growth of frost columns to be
settled.

HOW EFFECTIVE IS MUGIFUMI?
Although many studies have been written
in Japanese on the effects of mugifumi on
the growth of wheat and barley plants and
the yield of gains, to the best of my knowl-
edge, none have been written in English.
Of those written in Japanese and available
online, a small section of the most com-
prehensive article written on mugifumi by
Ohtani (1950) has been described herein.
This article covered a wide range of effects
of mugifumi on wheat and barley, includ-
ing those on developmental, morpholog-
ical, and physiological traits. I focused
on some developmental traits of treaded
wheat plants, including grain yields.
Supplementary Table 1 shows the
effects of treading on the development
of wheat seedlings. In this experiment,
the seeds of wheat were sown in a field
in the middle of November; seedlings
were treaded with feet 32, 62, 73, and
84 days after sowing; and the effects
of treading were examined 101 days
after sowing. Treading clearly resulted in
favorable effects on seedling development
from an agricultural viewpoint. Regarding
the shoot, the numbers of stems and
leaves as well as the wet weight were
increased by treading by 74, 10, and 50%,
respectively. The length and number of
roots were also increased by 4 and 7%,
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Mugifumi, a beneficial mechanical stress
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FIGURE 1 | Scene of mugifumi. (A) Are they dancing in the wheat fields? No, they are not.
Farmers and their neighboring children tread wheat seedlings (in Fujisawa, Kanagawa Pref., Japan).
Courtesy of the Chiikimiryoku, a nonprofit organization. (B) Large-scale treading. Farmers use an
agricultural tractor equipped with a specifically designed treading roller to tread wheat seedlings (in
Kamishihoro, Hokkaido, Japan). Courtesy of Mr. Haruo Hoshino.

respectively. These findings indicate that
treading induces tillering and stimulates
the roots to grow and spread. These quan-
titative findings substantiate the accuracy
of the narrative guidebook for farmers
described over 300 years ago (Anonymous,
1680’s).

Supplementary Table 2 shows the
effects of wheat treading on grain yields.
In this experiment, seeds were sown on
seedbeds near the end of October and
the seedlings were transplanted to fields
42 days after sowing. Treading was per-
formed twice on seedlings with feet 151
and 156 days after sowing. This treading
led to good yields: the number of spikes
per plant, weight of whole plant, and grain
weight per plant were increased by 18, 41,
and 54%, respectively.

PERSPECTIVE
These two examples demonstrate that
mechanical stress, such as treading,

modifies the development and growth
of wheat, resulting in higher numbers
of stems, leaves, roots, and spikes, all of
which increase grain yields. Although data
was not shown here, a previous study
reported that wounds caused by tread-
ing facilitated the evaporation of water
and thus increased the osmolality of cells,
thereby conferring cold resistance on the
treaded seedlings (Ohtani, 1950). The
effects of treading were also investigated
extensively using botanical, biochemi-
cal, and physical approaches more than
60 years ago (Ohtani, 1950). However,
further studies are warranted to inves-
tigate the effects of treading wheat and
barley plants with modern technologies
not only from agricultural viewpoints,
but also from the aspect of basic
science.

Beneficial effects of mechanical stress
are not limited to wheat and barley.
There are many studies on the effect of

mechanical stress on vegetable plants (for
review, see Latimer, 1991). For example,
rubbed soybean plants exhibited reduc-
tion in stem elongation and frost resis-
tance (Jaffe and Biro, 1979). Mechanically
rubbed stems of common bean were hard-
ened because of an increase in flexibility
and acquired resistance to bending-caused
breaking (Jaffe et al., 1984). Wind-induced
mechanical stress increased resistance to
an arthropod herbivore and a fungal
pathogen in common bean (Cipollini,
1997).

Effects of mechanical stress on trees
have also been studied extensively (for
review, see Coutand, 2010). For instance,
mechanical bending of the stem increased
biomass allocation toward the root in wild
cherry tree seedlings, avoiding the forma-
tion of poor root systems and the reduc-
tion of diameter growth of the trunk
seen in mechanically untreated seedlings
(Coutand et al., 2008). Mechanical stress
given to the upper part of the order 1 axis
of young rose plants resulted in a reduc-
tion in axis length and an increase in the
number of branching, leading to the com-
pactness of the bush, a favorable horticul-
tural trait (Morel et al., 2012). Thus, it is
possible that chemical plant growth regu-
lators or chemical plant growth retardants,
which are frequently used in horticulture,
can be replaced by an appropriate mechan-
ical stress, that is an environment-friendly
treatment. As is the case for mugifumi,
however, careful application of mechan-
ical stress is needed in consideration of
degree of forces applied, the stage of plant
growth, soil conditions, weather, and so
on. It is worthwhile to note that those
favorable effects of mechanical stress on
vegetable plants and trees are similarly
seen on wheat and barely as described
above.

As for mugifumi, the following future
studies would be of interest: treading-
induced early signaling, gene expres-
sion, changes in the cytoskeleton and
cell wall, hormone synthesis and trans-
port, and changes in metabolism. These
researches should provide a novel insight
into mechanosensing and mechanotrans-
duction in plants, especially in monocots.
Such lines of study have recently been con-
ducted using a model dicot, Arabidopsis
thaliana. For example, by whole genome
microarray analysis, mechanical wounding
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of leaf tissues was shown to induce a num-
ber of rapid wound response genes that
overlaps with those induced by a wide
range of biotic and abiotic environmen-
tal stresses (Walley et al., 2007). Repetitive
touching enhanced resistance to fun-
gus (Botrytis cinerea) infection and cab-
bage looper (Trichoplusia ni) infestation
in a defense phytohormone jasmonate-
dependent manner (Chehab et al., 2012).
Gentle mechanical sweeping of leaf sur-
faces induced a rapid increase in cytosolic
Ca?™ concentration and a release of reac-
tive oxygen species, and then enhanced
resistance to B. cinerea in a jasmonate-
independent manner (Benikhlef et al,
2013). Technically and conceptually sim-
ilar studies on mugifumi-treated wheat
and barley should offer a clue to increase
the yield of grain and alleviate the short-
age of the food worldwide without using
a large amount of fertilizers, production
and use of which increase environmental
burdens.
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The response of aquatic plants to abiotic factors is a crucial study topic, because the
diversity of aquatic vegetation is strongly related to specific adaptations to a variety of
environments. This biodiversity ensures resilience of aquatic communities to new and
changing ecological conditions. In running water, hydrodynamic disturbance is one of
the key factors in this context. While plant adaptations to resource stress (nutrients,
light...) are well documented, adaptations to mechanical stress, particularly flow, are
largely unknown. The submerged species Egeria densa was used in an experiment
to detect whether the presence or absence of hydrodynamic stress causes plant
thignmomorphogenetic responses (i) in terms of plant biogenic silica (BSi), cellulose and
lignin concentrations, and (i) in terms of plant strength. Plant silica concentrations,
as well as lignin concentrations were significantly higher in presence of hydrodynamic
stress. These physiological changes are accompanied by some significant changes in
stem biomechanical traits: stem resistance to tensile forces (breaking force and breaking
strength) and stiffness were higher for plants exposed to hydrodynamic stress. We
conclude that the response of this aquatic plant species to mechanical stress is likely
the explaining factor for a higher capacity to tolerate stress through the production of
mechanically hardened shoots.

Keywords: silica, lignin, cellulose, Egeria densa, tensile strength, bending strength, Young’s modulus

INTRODUCTION

Aquatic plants can be exposed to important external mechanical
forces resulting from pressure exerted by water movement, partic-
ularly in flowing ecosystems such as rivers and streams (Puijalon
et al., 2011; Puijalon and Bornette, 2013). The consequences
for the plants depend on the magnitude of these hydrodynamic
forces and on the plants’ capacity to resist to the effect of
these forces (Schutten et al., 2005; Puijalon et al., 2011). Shoot
breakage occurs when the forces encountered by plants exceed
their capacity to resist breakage (i.e., breaking force; Vogel, 2003;
Schutten et al., 2005). Plants’ ability to tolerate water movement
without suffering mechanical damage relies either on minimizing
the hydrodynamic forces or maximizing its resistance to break-
age. When growing under permanent flow conditions, aquatic
plants may present important thigmomorphogenetic responses
(i.e., developmental responses to external mechanical stimulation;
Braam, 2005; Telewski, 2006), which can increase the plant capac-
ity to tolerate hydrodynamic forces. These thigmomorphogenetic
responses involve many morphological traits (e.g., reduced plant
mass and height, reduced leaf sizes, higher biomass allocation to
below-ground organs; Doyle, 2001; Strand and Weisner, 2001),
sometimes resulting in extremely modified morphologies such as
dwarfed individuals (Puijalon and Bornette, 2013). Studies have
demonstrated that these thigmomorphogenetic responses have an
adaptive value, reducing the hydrodynamic forces encountered

by aquatic plants (Puijalon et al., 2005, 2008), but consequences
of these responses for resistance to breakage have rarely been
assessed. The resistance to breakage of a plant stem depends on
its cross-sectional area and its material strength (Denny, 1988;
Niklas, 1992; Vogel, 2003), linked to the proportion of strengthen-
ing tissues (Ennos, 1997; Read and Stokes, 2006; Telewski, 2006).
Both stem cross-sectional area and proportion of strengthen-
ing tissues may be affected by thigmomorphogenetic responses
(Bociag et al., 2009), but the actual consequences for aquatic plant
resistance to breakage still needs to be investigated.

The strengthening tissue in plants consists mainly of cellulose,
which is the majority of plant cell wall material. In the inter-
cellular space, lignin can be incorporated to provide additional
rigidity and compressive strength to cell walls. It also renders
the cell wall hydrophobic and impermeable to water (Turner
et al., 2001). Cellulose is a relatively pure compound of glucose
units (i.e., polysaccharides). Lignin, however, does not have a
unique chemical formula, but is a complex molecule composed
of repeating phenylpropane units composed of an aromatic ring
with three carbon side-chains. The phenolic groups vary between
plants, further confounding the definition of lignin (Palm and
Rowland, 1997). Fundamental physiological research on how
these components give strength to plants is mainly restricted to
(parts of) terrestrial vegetation. During tree growth, for example,
cellulose microfibrils give cell walls tensile strength (Sjostrom,
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1993), and lignin encasing the cellulose microfibrils imparts rigid-
ity to cell walls (Hu et al., 1999; Genet et al., 2005). For non-
woody species, Carpita et al. (2001) state that it is likely that
15% of the Arabidopsis genome is dedicated to cell wall biogenesis
and modification, which allows the cell to resist the gravitational
forces and/or tensile forces associated with the transpirational
pull on a column of water. Turner et al. (2001) showed that
mutation of Arabidopsis, rendering it incapable of secondary cell
wall synthesis, causes the cells to collapse. Additionally, cell wall
analysis in barley mutants revealed that the maximum bending
stress correlated significantly with the cellulose content but not
with lignin. Generally, according to Kaufman et al. (1999), the
use of lignin diminishes flexibility. The pathways for cellulose and
lignin biosynthesis must thus be regulated in a highly coordinated
manner, to achieve the proper deposition of these polymers dur-
ing secondary wall formation. How this co-ordination is achieved
remains largely unclear (Turner et al., 2001).

Apart from strength provided by lignin and cellulose, biogenic
silica (BSi) can also provide support to the shoot (Kaufman et al.,
1999) by giving structural rigidity to the cell wall (Green et al,,
1975) at a 10- to 20-fold lower cost (Raven, 1983). Silica is an
energetically cheap stiffening material, promoting upright stature
and resistance to lodging (flattening by wind or rain). A first
relation between silica, cellulose and lignin for aquatic vegetation
was shown by Schoelynck et al. (2010). These authors found inter-
specific relations between silica and cellulose and antagonistic
relations between silica and lignin. Relations could be positive
or negative, depending on the growth form of the species (sub-
merged versus emerged). Later, Schoelynck et al. (2012) showed
that these relations could hold up intraspecifically in the stems of
a single submerged aquatic species (Nuphar lutea L.): more silica
is associated with less cellulose and with more lignin. This study
also demonstrated that, in absence of hydrodynamic stress, Si in
the biomass of Egeria densa Planch. was positively logarithmically
related to increasing ambient Si concentrations, until apparent
saturation is reached, beyond which biomass Si concentration
stabilized. Next it was demonstrated that exposure to hydro-
dynamic stress could induce higher Si concentrations in stem
and leaf tissue of E. densa and Limnophila heterophylla (Roxb.)
Benth. under experimental conditions and in the tissue of N. lutea
under natural conditions. The authors however, demonstrated
neither the direct effect of hydrodynamic stress on cellulose and
lignin production nor the consequences of the changes in silica,
cellulose and lignin induced by hydrodynamic stress on the plants’
resistance to this stress (i.e., the plants’ strength).

In this study, we experimentally tested whether Si is involved in
plant thigmomorphogenetic adaptations to mechanical perturba-
tion, resulting in higher mechanical resistance. It is hypothesized
that in case of mechanical perturbation, the plants take up Si,
resulting in higher mechanical resistance due to the association
of Si with cellulose and lignin.

MATERIALS AND METHODS

EXPERIMENTAL SETUP

Two aquaria (110 L) were filled with tap water (nutrient
concentration: 3.65 4+ 0.25 mg L~!' NO;~ and 0.15 +
0.04 mg L~! PO,>~; pH: 8.4). Dissolved silicon concentration was

set at 5.0 & 0.4 mg Si L™! by adding silicic acid (SiO,*xH,0;
Merck, Darmstadt, Germany, DAB certificated). This concentra-
tion is on the lower end of what is commonly found in lowland
rivers and streams (Struyf et al., 2010). Silica concentrations were
carefully monitored by analysis on an ICP-OES spectrometer
(iCAP 6000 series, Thermo Scientific, Cambridge, UK) to main-
tain equal concentrations in both aquaria, with SiO; added when
necessary. Nutrient availability was regularly monitored by anal-
ysis on a colorimetric segmented flow analyzer (SAN**, Skalar,
Breda, Netherlands) but did not change significantly during the
course of the experiment. In the first aquarium, hydrodynamic
stress was created by installing a rotor (Turbelle Stream, Tunze,
Penzberg, Germany) in the top one-third of the water column.
This rotor created a highly turbulent flow regime with a top
speed of 0.5 & 0.1 m s~! around the plants. This pushed the
plants mainly in the downstream direction, but because of the
turbulence, they were moving constantly (as in a natural situa-
tion). The water was also aerated with a regular air stone. In the
second aquarium, the water was almost static as a regular air stone
created only little water movement, minimizing boundary layers
around the shoots. In each aquarium, 100 mature shoots of the
submerged macrophyte Egeria densa Planch. (non-commelinoid
monocots) were added in 10 groups of 10 individuals each. An
extra control group of 10 shoots was kept apart to determine
original stem morphological traits (length, diameter and fresh
mass) before the experiment. The plants were bought at a plant
nursery shop where they were grown in tap water under optimal
conditions. The experiment ran for 21 days in a climate chamber
at a constant temperature (20°C) and a day—night regime of 14 h
light (PAR: 50 umol m~2 s~ 1),

MEASUREMENTS OF BIOMECHANICAL TRAITS

All plants were entirely defoliated immediately after the experi-
ment. 30 stems were randomly picked per aquarium (three per
group), and total length, diameter, and fresh mass of the stems
was determined. The diameter was measured with a digital caliper
(£0.01 mm) at three different points along the 5 cm basal stem
part and averaged per sample. The differences between these data
and that of 10 original control stems give an indication of the
growth and performance of the plants over the course of the
experiment (21 days). Next, the biomechanical properties of this
subset of stems from the experiment were measured through (i)
bending and (ii) tensile tests using a universal testing machine
(Instron 5942, Canton, MA, USA).

Bending tests

As three-point bending tests could not be performed due to the
too high flexibility of the plant stems, the samples were tested
as cantilever beams using a one-fixed end bending test (Hamann
and Puijalon, 2013). The basal stem samples (5 cm long) were
clamped horizontally at their basal end while a force was applied
at their midpoint by lowering a probe at a constant rate of
10 mm min~!. We calculated the following biomechanical traits
related to bending:

— The bending Young’s modulus (E in Pa) quantifies the material
stiffness and is calculated as the slope of the stress-strain curve
in the elastic deformation region.
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— The second moment of area (I in m*) quantifies the distribu-
tion of material around the axis of bending, accounting for
the effect of the cross-sectional geometry of a structure on
its bending stress. As stem cross section was circular, I was
calculated as I = (mr*)/4, where r is the radius of stem cross
section (Niklas, 1992).

— The flexural stiffness (EI in N m?) quantifies the stiffness of
the stem fragment, i.e., the extent to which the segment resists
deformation in response to an applied force, and was calculated
by multiplying E and I.

Tensile tests

The stem fragments (approximately 8 cm long) were clamped
into the jaws of the testing machine and a constant extension rate
of 5 mm min~! was applied to the upper jaw until they broke.
We calculated the following biomechanical traits at the sample
breaking point:

— The breaking force (in N) is defined as the maximum force that
the sample can bear without suffering mechanical failure.

— The tensile strength (in N m~2) is calculated as the breaking
force per cross-sectional area and quantifies the maximum
force that the sample can bear corrected by its cross-sectional
area.

— The tensile Young’s modulus (E in Pa) is defined as the slope of
a sample’s stress—strain curve in the elastic deformation region
and quantifies the segment stiffness, i.e., the extent to which the
segment resists deformation in response to an applied force.

The diameter of all the stem fragments was measured using
a digital caliper (£0.02 mm) at three different points along the
sample.

CHEMICAL ANALYSES

After the strength measurements, the subset of basal stem parts
was rejoined with their respective upper parts and all entire 200
shoots were dried at 70°C for 48 h. Stems and leaves were kept
separated, but individuals were grouped together per original
set of ten shoot, resulting in 40 samples (10 leaf samples and
10 stem samples from the aquarium with hydrodynamic stress
and similar for the aquarium without stress). This was needed
to obtain sufficient dry matter to perform all chemical analyses.
Samples were grounded and homogenized with a mill. BSi was
then extracted from 25 mg of dry plant material by incubation in
a 0.1 M Na,CO3 mixture at 80°C during 5 h (DeMaster, 1981).
The extracted and dissolved silica was analyzed on a colorimetric
segmented flow analyser (SANTY, Skalar, Breda, The Nether-
lands). The extraction in 0.1 M Na,COj3 at 80° has been well
established and tested: it is capable of fully dissolving the BSi from
plant phytoliths at the solid—solution ratios and extraction time
we applied (Saccone et al., 2007). For lignin analysis, basically
two major techniques are often used: “Klason lignin” determina-
tion for forestry products (Effland, 1977) and “ADF-lignin” for
assessing animal forage quality (Van Soest, 1963). The latter is
often referred to as more precise and more reproducible (Ryan
et al., 1990; Rowland and Roberts, 1994). Moreover, the Van Soest
(1963) method also enables to determine a-cellulose separately
from hemicellulose, in contrast to the Effland (1977) method. We

used the Van Soest (1963) method to analyze the plant samples
for a-cellulose and ADF-lignin. In short, between 0.5 and 1 g of
dry plant material was treated with cetyl-trimethylammonium-
bromide to dissolve and remove proteins. The remaining material
was treated with a 72% sulphuric acid. After weighing and drying
(105°C), the a-cellulose content is calculated by subtracting the
mass before and after the sulphuric acid treatment and dividing
this value by the initial material mass. In a third step the remaining
material was ignited at 550°C: the ADF lignin content was then
calculated by subtracting the mass before and after ignition and
dividing it by the initial material mass. We will further refer to
ADF-lignin and a-cellulose as lignin and cellulose.

STATISTICS

Per aquarium, the 30 biomechanical traits analyses on stems and
20 chemical analyses on stems and leaves were averaged and
a standard deviation was calculated. We used a Shapiro—Wilk
normality test and a Bartlett test of homogeneity of variances
on all datasets. Depending whether the assumptions were met
or not, we used a t-test test or Kruskal-Wallis chi-squared test
respectively.

RESULTS

All plants survived both treatments and performed well (Table 1).
There was no significant difference in the length of the mature
shoots between the two treatments (¢504 = 0.73, p = 0.46, t-test)
and between the control and treatment plants (56 = —1.13,
p = 0.26, t-test control x stress and t79 = —1.62, p = 0.11,
t-test control x no stress). This implies no length growth (growth
rate = 0 cm day~!). The experimental stems did increase signif-
icantly in diameter as compared to the controls (t;3 = —8.29,
p < 0.001, t-test control x stress and t;9 = —9.67, p < 0.001,
t-test control X no stress), but did not differ significantly between
the two treatments (t33 = —3.38, p > 0.05, t-test). This implies
a diameter increase of 0.05 mm day~!. The experimental stems
did also increase significantly in fresh mass as compared to the
controls (f99 = —5.87, p < 0.001, t-test control x stress and
tog = —8.75, p < 0.001, t-test control x no stress), but did
not differ significantly between the two treatments (3 = —8.29,
p > 0.05, t-test). This implies a mass increase of 50 mg day~!.

CHEMICAL TRAITS

Silica concentration was always higher in leaves than in stems.
Individuals that were exposed to hydrodynamic stress had sig-
nificantly higher Si concentrations in both leaves and stems,
as compared to individuals not exposed to stress (Figure 1A;

Table 1 | Stem morphological traits (Ilength, diameter, and fresh
mass).

Control No stress Stress
Length (cm) 23.6 &+ 4.0 25.0 + 5.42 24.5 4 4.22
Diameter (mm) 1.05 + 0.23? 1.94 + 0.27° 1.72 £ 0.16°
Fresh mass (g) 2.06 + 0.59° 3.31 +1.04P 2.90 + 0.97°

Characters in superscript reflect the significant differences between treatments
(control, no stress, stress) for each morphological trait, p < 0.05.
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FIGURE 1 | Chemical properties of the leaves and shoots: (A) silica, (B)
cellulose, and (C) lignin. Data are averages with standard deviation
(n = 10). Character symbols reflect the significant differences between
treatments (stress, no stress) for each plant organ (leaves, stems) and
between each plant organ; p < 0.05.

¥%1 = 13.72, p < 0.001, Kruskal-Wallis test). Cellulose concen-
tration was always higher in stems than in leaves, but there was
no significant difference between the two treatments (Figure 1B;
t13 = 0.20, p = 0.84, t-test). There was no difference in lignin
concentration between stems and leaves, but the concentration
was always significantly higher under stressful conditions in both
organs (Figure 1C; x?; = 8.17, p < 0.01, Kruskal-Wallis test).

BIOMECHANICAL TRAITS

The three biomechanical traits measured through tensile tests
were significantly higher for plants exposed to hydrodynamic
stress (Figure 2): breaking force (y?, = 4.76, p = 0.03, Kruskal—
Wallis test), tensile strength ( Y21 = 4.26, p = 0.04, Kruskal-Wallis
test) and tensile Young’s modulus (%1 = 4.28, p = 0.04, Kruskal—
Wallis test).
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FIGURE 2 | Biomechanical properties of the stems measured through
tensile test: (A) breaking force, (B) tensile strength, and (C) tensile
Young'’s modulus. Data are averages with standard deviation (n = 30).
Character symbols reflect the significant differences between treatments
(stress, no stress); p < 0.05.
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FIGURE 3 | Biomechanical properties of the stems measured through
bending tests: (A) second moment of area, (B) bending Young’s
modulus, and (C) flexural stiffness. Data are averages with standard

deviation (n = 30). No significant differences were found; p > 0.05.

The three biomechanical traits measured through bending
tests did not differ significantly between plants from the two treat-
ments (Figure 3): second moment of area (¢55 = 1.76, p = 0.08,
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t-test), Young’s modulus (ts4 = —0.44, p = 0.66, t-test) and
flexural stiffness (x%; = 1.07, p = 0.30, Kruskal-Wallis test)

DISCUSSION

In accordance with our hypothesis, the results demonstrate that
some biomechanical traits of Egeria densa were significantly
affected by mechanical stimulation: exposure to hydrodynamic
stress led to higher resistance to tensile forces (higher breaking
force and tensile strength) and higher stiffness in tension, but
did not modify the biomechanical traits in bending. Due to their
high flexibility, the shoots of submerged aquatic plants exposed
to flow generally align in the flow direction, and are consequently
mostly subjected to tensile forces induced by hydrodynamic forces
(Usherwood et al., 1997; Schutten and Davy, 2000; Puijalon et al.,
2011). A high breaking force and tensile strength represents thus
an important adaptation to flowing waters, reducing the risk for
the plants to suffer mechanical failure of their shoots (Usher-
wood et al., 1997; Puijalon et al., 2011; Miler et al., 2012). The
thigmomorphogenetic response to hydrodynamic stress observed
in the present study may thus have an important adaptive value
in increasing the capacity of the plants to tolerate the stress
encountered through the production of a mechanically hardened
phenotype. The response time is also rather fast as the experiment
lasted for only 21 days. The present study demonstrates that
the aquatic plants can adapt relatively quick to longer periods
of hydrodynamic stress (order of weeks) not only through the
production of a phenotype reducing the hydrodynamic forces
(Puijalon et al., 2005, 2008), but also through the production
of phenotypes increasing the mechanical resistance (i.e., higher
resistance to breakage). Adaptation to mechanical stress through
production of morphologies mechanically more resistant has
been demonstrated for a long time on terrestrial plant species
exposed to wind (e.g., Jaffe et al., 1984; Telewski and Jaffe, 1986),
on marine algae exposed to waves (e.g., Biedka et al., 1987;
Anderson et al., 2006), but not on aquatic plants (Bociag et al.,
2009).

This research also confirms the earlier relation between lignin
and biogenic Si deposition observed in submerged macrophytes
(Schoelynck et al.,, 2010), and the observed silica uptake by
macrophytes in response to hydrodynamical stress (Schoelynck
et al., 2012). Emerging research links lignification and biogenic
Si metabolism (Ghasemi et al., 2013; Zhang et al., 2013). It has
been suggested that lignin can act as a precursor for biogenic
Si deposition (Zhang et al., 2013), but the actual physiological
mechanisms are currently not known. Although research is also
still limited, more evidence points towards silica deposition being
closely related to cellulose biosynthesis too. It was found that
silica is present in beech leaves as precipitates in the walls of the
epidermal and parenchymatous cells, either in the middle lamellae
or in the cells against the walls or in the cell intersections (Watteau
and Villemin, 2001). In this case, BSi and cellulose, hemicellu-
lose and pectic substances are closely associated (Watteau and
Villemin, 2001). Later, Shobbar et al. (2008) found that plants
have evolved a broad protective mechanism linking the health
and growth of the secondary cell wall with resistance to abiotic
and biotic stresses, and abscisic acid (ABA) is the mediator of
the mechanism. In times of stress, ABA induces transcripts that

encode for cellulose synthase and, at the same time, these tran-
scripts appear in so-called silica cells. These silica containing cells
are equally important for leaf strength as is the cell wall. In a recent
paper, Fraysse et al. (2010) support the hypothesis of the existence
of individual molecules H4SiO4 or small polymers (silica gel,
SiO,-nH,0) dispersed in the organic matrix of the cell wall.

The inclusion of Si uptake as a plant functional trait is
important to assess links between plant physiology, plant distri-
bution and plant tolerance to environmental changes, but also
to understand the role of vegetation on nutrient fluxes through
the watershed (Schoelynck et al., 2014b). There is a growing line
of evidence that Si uptake in wetland and aquatic macrophytes
has important implications for other biogeochemical cycles. In a
recent study, Si content of aquatic macrophytes increased decom-
position rate of the litter, even under low quality conditions with
a low C/N ratio (Schaller and Struyf, 2013). Interestingly, when
shredders were present, Si had an adverse impact on the decom-
position rate. Si uptake in aquatic macrophytes has further also
been linked to concentrations of both macro- and micronutrients
(Schaller et al., 2012; Schaller and Struyf, 2013), with, e.g., CNP
ratios altered by Si deposition and reduced uptake of metals.
If plants thus adapt to alterations in hydrological conditions,
e.g., induced by more frequent occurrence of peak floods after
drainage basin build-up or due to increased occurrence of storm
rains, this could alter their impact on other biogeochemical
cycles. Aquatic macrophytes are known to create biogeochemical
hotspots in their growth patches compared to adjacent non-
vegetated areas, with increased organic matter storage and nutri-
ent cycling observed in the patches (Sand-Jensen, 1998; Cotton
et al., 2006; Kleeberg et al., 2010; Schoelynck et al., 2014a).
Interestingly, the engineering capacity of macrophyte patches to
trap and store organic matter is itself to a great extent determined
by the rigidity of the stems (Gurnell, 2014).

CONCLUSION

We conclude that the presence of hydrodynamic stress triggers
the uptake of silica in Egeria densa, which is linked to changes in
the lignin concentration. These responses to mechanical stress are
likely the explaining factor for a higher capacity to tolerate this
stress through the production of mechanically hardened shoots.
These thigmomorphogenetic responses can help to improve the
survival chances of the species.
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Over the last few years, a growing interest has been directed toward the use
of macroalgae as a source of energy, food and molecules for the cosmetic
and pharmaceutical industries. Besides this, macroalgal development remains poorly
understood compared to other multicellular organisms. Brown algae (Phaeophyceae) form
a monophyletic lineage of usually large multicellular algae which evolved independently
from land plants. In their environment, they are subjected to strong mechanical forces
(current, waves, and tide), in response to which they modify rapidly and reversibly their
morphology. Because of their specific cellular features (cell wall composition, cytoskeleton
organization), deciphering how they cope with these forces might help discover new
control mechanisms of cell wall softening and cellulose synthesis. Despite the current
scarcity in knowledge on brown algal cell wall dynamics and protein composition, we will
illustrate, in the light of methods adapted to Ectocarpus siliculosus, to what extent atomic
force microscopy can contribute to advance this field of investigation.
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In addition to cell differentiation, the morphogenesis of mul-
ticellular organisms depends both on growth rates and growth
directions. As there are now several evidences indicating that
mechanical forces are important factors of cell growth and polar-
ity (Braam, 2005; Hamant, 2013), researchers recently started to
combine genetic information with biophysical measurements.

In plant organisms, two kinds of mechanical stimuli may
influence growth rates and directions. Environmental stimuli like
wind, current or rock, were known for a long time to influ-
ence plant growth. More recently, several evidences suggested that
internal mechanical forces as well, generated by the growth itself,
could be considered as morphogenetic factors, which control the
spatial organization of the organism like biochemical gradients do
(Monshausen and Gilroy, 2009; Hamant and Traas, 2010).

How external or internal mechanical forces impact on cell
growth in land plants will likely be covered in this special issue
by colleagues. We will present herein how external mechanical
factors also contribute to morphogenetic changes in brown algae
and we will introduce the method of investigation that we are cur-
rently deploying to identify the biophysical and molecular factors
at play in this process.

Abbreviations: AFM, Atomic Force Microscopy; MFE, Microfilament; MT,
Microtubule.

IMPACT OF MECHANICAL FORCES IN BROWN ALGAL
MORPHOGENESIS: THEMES AND VARIATIONS COMPARED
TO LAND PLANTS

Brown algae form a monophyletic group of multicellular organ-
isms, which is phylogenetically divergent from the other groups
of macroalgae (red and green) and other multicellular organisms
like land plants and metazoans. They also differ from land plants
in many ways, and particularly by their habitat and morphologies.
They are dominant in the highly variable coastal environment and
display very diverse body architectures, from microscopic species
to giant kelp of up to 50 m long. Brown algae and land plants live
in different environments, each presenting distinct physical con-
straints. In particular, gravity is less perceived in seawater which is
denser than air and provides support to organisms allowing more
flexible bodies.

IMPACT OF EXTERNAL FORCES

In the ocean, mechanical forces such as currents and tides con-
trol both shape and size of macroalgae. Their flexible bodies are
particularly suitable to adapt to such changing environments.
In particular, macroalgae are capable to rapidly change their
morphologies in a reversible way in response to environmen-
tal changes. This is actually a key factor for their survival and
propagation in the ocean (Koehl, 1984; Dudgeon and Johnson,
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1992; Blanchette, 1997). This ability might be attributable to their
low body complexity with only a few cells types, in addition to
a high responsiveness to external stimuli (Charrier et al., 2012).
Adaptation is achieved by a phenomenon called flexible recon-
figuration which allows the organisms to reduce drag. Flexible
reconfiguration involves shape change and size reduction (Boller
and Carrington, 2006; Martone et al., 2012).

On rocky shores water velocity induced by waves ranges from
2 to 25 m.s~! with acceleration exceeding 400 m.s~2 (Friedland
and Denny, 1995). These speeds could seem rather low compared
to the wind but it is without accounting for the density which is
about 1000 times higher for water compared to air. Force resulting
from a 2 m.s~! current would correspond to a 208 km.h~! wind
(Denny and Gaylord, 2002). These particularly turbulent condi-
tions require macroalgae to be flexible and to adapt by changing
their morphology if they are to survive. An intrinsic adaptation of
algae to mechanical forces is their simple body architecture allow-
ing a very large diversity of shapes and their flexible body. This
flexibility is due to material constituting algal cell wall which is
characterized by a low stiffness and a high extensibility. Stiffness
of algal material is in the range of 1-100 MPa, i.e., about 1000
times softer compared to land plants (Denny and Gaylord, 2002).
Adaptation of macroalgae to wave swept environments usually
involves narrow, thick, and flat blades while the counterpart
in sheltered habitats display wide, thin, and undulated blades.
Undulation has been shown to result from differential growth
in the center and at the periphery of the blades. Higher longi-
tudinal growth at the periphery than in the center of the blade
produces ruffles on the edges due to elastic buckling (Koehl et al.,
2008). Undulated, wide blades found in low flow regime increase
drag and light interception while the inverse is observed for flat
and narrow blades from wave exposed sites (Koehl et al., 2008).
Buoyancy is also affected by mechanical stress. Within the same
species, and in protected areas, algae develop a specific cell type
called “pneumatocysts” increasing buoyancy, while in exposed
areas, pneumatocysts are either very small or absent (Stewart,
2006). These morphological variations are due to the plasticity
of macroalgae and not only to genetic traits, as algae are able
to rapidly change their morphology in response to flow regime
changes (Fowler-Walker et al., 2006).

POTENTIAL INTERNAL MECHANICAL FORCES INVOLVED IN CELL
GROWTH AND CELLULAR RESPONSES

Tip-growing brown algae, such as Sphacelaria (Order
Sphacelariales) and Ectocarpus (Ectocarpales) are particu-
larly suitable models to study the role of mechanical forces on
cell growth rate and direction. As in the other tip-growing cells,
the cylindrical shape of the apical cells results in a stress in the
circumferential direction twice as large as in the axial direction
(Castle, 1937). Cell wall of tip-growing cells of Sphacelaria
rigidula consists of four layers: (i) an external thin amorphous
layer, (ii) a layer consisting of fibrillar materials embedded in an
amorphous matrix, (iii) a layer made of transversally oriented
cellulose fibers and (iv) a layer of longitudinally oriented cellulose
fibers (Karyophyllis et al., 2000). The external amorphous layer
likely consists of amorphous alginates mainly, while the more
internal layers are enriched in cellulose. Interestingly, the cell wall

was found to be thinner at the tip, consisting only of the first
two layers, likely making the wall softer in this region. Moreover,
transversal orientation of cellulose fibers at the flank provides
resistance to deformation in this direction. To promote tip
growth, cells need to modulate the mechanical properties of their
cell wall. Two mechanisms are possible: 1- softening of the cell
wall at the tip and/or 2- anisotropic organization of the cellulose
fibers to resist transversal deformation and favor tip elongation
(Mirabet et al., 2011).

Softening of the cell wall at the tip

In pollen tube, tip-growth is mediated by secretion of methyl-
esterified pectin at the tip and gradual stiffening is achieved by
de-esterification of pectin and calcium mediated cross-linking of
the carboxyl groups (Rounds and Bezanilla, 2013). No pectin was
reported to be present in brown algal cell walls. However, other
compounds could fulfill the same role. Brown algal cell wall is
composed principally of alginates, sulfated fucans and of a rel-
atively low amount of cellulose (Kloareg and Quatrano, 1988).
Alginates are polymers of mannuronic and guluronic acids in
various amounts. Interestingly, their properties depends on the
relative amount of manuronnans and guluronans, as stiffness
increases with increasing guluronan content, the latter form-
ing binding sites for calcium ions, thereby inducing gelation
(Draget and Taylor, 2011). Secretion of alginates composed of
manuronans at the tip and subsequent epimerization of man-
nuronans into guluronans by the mannuronan C5 epimerase
(MC5E) (Michel et al., 2010) would lead to a softer wall at
the tip compared to shank. In addition, recent chemical analy-
ses of brown algal cell walls (Order Fucales) showed that algi-
nates were linked to most phenolic compounds present in the
cell wall (Deniaud-Bouét et al., 2014). The progressive link-
age of apical newly-deposited alginates to phenolic compounds
mediated by the activity of extracellular haloperoxidases could
increase stiffness in the flanks of the cell during tip-growth.
Noteworthily, fucose-containing sulfated polysaccharides (FCSP)
were also shown to be tightly linked to cellulose and cell wall pro-
teins, but these would be more involved in the regulation of water
retention at the cell surface than to cell wall mechanical resistance
(Deniaud-Bouét et al., 2014).

Actin-mediated cellulose orientation

At the cellular level, localization of actin microfilaments (MF) and
microtubules (MT) as well as the use of cytoskeleton inhibitors on
the brown algae Sphacelaria rigidula revealed major differences
with land plants and some similarities with diatoms, which are
the closest relative to brown algae (Katsaros et al., 2006). Indeed,
like in diatoms and animal cells, cytokinesis requires the forma-
tion of an actin plate, and, in contrast with land plants, cellulose
microfibril deposition seems to be under the control of actin MF
and not of MT (Katsaros et al., 2006; De Martino et al., 2009).
Localization of actin MFs in Sphacelaria apical cells showed that
they are oriented in the longitudinal direction except at the base
of the apex, where actin is organized as a ring in the transverse
section, and at the tip of the apex itself, where MFs are randomly
oriented. Orientation of MFs corresponds to the orientation of
the cellulose fibers in the inner layer of the cell wall. Furthermore,
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treatment with cytochalasin D, an inhibitor of actin polymeriza-
tion induced tip growth arrest and altered orientation of newly
deposited cellulose fibrils (Karyophyllis et al., 2000; Katsaros et al.,
2003).

Altogether, both local biochemical modifications of amor-
phous cell wall materials and actin-mediated cellulose microfibril
orientation could control cell wall stiffness and promote the
anisotropic growth of tip-growing cells in brown algae.

MEASURING MECHANICAL FORCES EXPERIENCED
BY BROWN ALGAL CELLS
AVAILABLE TECHNICAL TOOLS AND APPLICATION TO PLANT CELLS
Several tools allowing the measurement of cell mechanical prop-
erties have been developed including single cell compression,
ball tonometry, microindentation, Cellular Force Microscopy
(CFM), Nanoscale Dynamic Mechanical Analysis (NanoDMA),
and Atomic Force Microscopy (AFM). One of the differences
between these tools is the size of the probe which is an impor-
tant parameter for the study of microorganisms. Ball sizes in the
ball tonometry method range from 300 to 5000 j.m and microin-
dentation and CFM probes are 2—-11 pm. NanoDMA and AFM
have a wider range of probes from 10 nm (pyramidal tip) to sev-
eral microns (spherical probes). For more advanced reviews see
Milani et al. (2013) and Routier-Kierzkowska and Smith (2013).

Recently, properties of land plant cell walls were monitored
using AFM (Milani et al., 2011; Fernandes et al., 2012) and
changes in mechanical properties were correlated with growth
and activity of cell wall enzymes (Milani et al., 2011; Peaucelle
etal., 2011).

Cell wall is not homogeneous. Depending on the size of the
probes, of the indentation depth, and of the turgor pressure,

the contribution of underlying materials might influence the
measured stiffness. On the one hand, by dividing force inden-
tion curves into segments, Roduit et al. (2009) developed “AFM
tomography” and used it to differentiate layers with distinct
mechanical properties within the cell wall of Arabidopsis cell
suspension (Radoti¢ et al., 2012).

On the other hand, nanoindentation and CFM combined
with finite element modeling were recently used to measure tur-
gor pressure in plant cells, and allowed to complement data
obtained using pressure probes or the plasmolysis limit method.
Indentations were realized at various depths and in different con-
ditions of turgor pressure to isolate cell wall properties per se
from turgor pressure (Forouzesh et al, 2013; Vogler et al,
2013).

Simple indentation shows the instantaneous elastic behavior.
However, the cell wall is a more complex material with viscoelastic
properties, meaning that deformation is time dependent. Elastic
behavior is associated with the stretching of bonds while viscos-
ity is associated with the diffusion of molecules in amorphous
polymers. Various methods can be used to determine viscoelastic
properties including Dynamic Mechanical Analysis (DMA), stress
relaxation, and creep. Determination of viscoelastic properties of
plant cell walls revealed distinct properties in mutants, ecotypes,
and at different maturity stages (Hayot et al., 2012; Forouzesh
et al., 2013).

AFM TO STUDY MECHANICAL FORCES IN THE BROWN ALGA
ECTOCARPUS

In order to start studying the role of physical forces in brown
algal cell growth and morphogenesis, we are currently investi-
gating the mechanical properties of the tip-growing filamentous

A Quise  Photodiodefl 9

Cantilever

E. siliculosus

FIGURE 1 | Atomic force microscopy. (A) Schematic representation of the
AFM setting. (B) Optical micrograph of the AFM cantilever located at the
surface of a round cell of E. siliculosus filament. (C) Example of force curve, x

4.0 MPa

0.0

Force in nN

Z innm

axis represents the z motion of the cantilever and y axis represents the force
applied at the surface of the cell. (D) Elasticity map of a 1 um? area
consisting of an array of 16 by 16 force curves.
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alga Ectocarpus siliculosus. Given the size of Ectocarpus cells,
nanoindentation tools such as AFM are better suited.

AFM principle and applications

AFM is a surface scanning technique. Originally it was mainly
used to image the surface of samples but it evolved into a ver-
satile tool with a wide range of applications (Muller and Dufrene,
2011). Principle is based on the scanning of a surface with a probe
consisting in a tip located at the end of a cantilever (Figure 1A).
Compared to the other techniques, AFM displays the advantage
of allowing surface imaging with a very high resolution in native
(hydrated) conditions. Tip sizes can vary from a few nanometers
to few tens of nanometers and bead sizes from 100 nm to 20 pm.
The coupling to an inverted microscope allows highly resolutive
localization and observation of the sample prior to analysis with
the AFM, which is a prerequisite for the study of microorganisms.
In order to measure cell mechanical properties, force deforma-
tion curves are acquired by pushing on the cell surface. From this
curve, elastic modulus (E) is determined by fitting the curve using
mechanical models for elastic materials. The most well-known
is the Hertz model which was developed for spherical indenters
implying that the deformation depth is much smaller than the
indenter radius (Hertz, 1882). The Hertz model was modified
by Sneddon to be adapted to conical indenters implying that the
indentation depth is greater than the tip radius of the indenter

(Sneddon, 1965). Viscoelastic properties can be determined using
AFM by performing relaxation or creep tests. Resulting curves are
then fitted with a model consisting in various arrangements of
springs and dash pots representing elastic and viscous behavior
respectively.

Two main limitations are inherent to the use of AFM: (i) the
sample should adhere to a substrate and (ii) be accessible to
the tip. Hence, in plants, AFM was particularly adapted to
study the cell wall of the moss Physcomitrella filaments (Wyatt
et al., 2008), the angiosperm pollen tubes (Wu et al., 2008) and
hypocotyls (Marga et al., 2005). In addition, as AFM can be car-
ried out in liquid medium, it is particularly suitable for algae, and
was used in diatoms, both at the surface of live cells (Francius
etal., 2008) and from extracted cell walls (Tesson and Hildebrand,
2010a,b, 2013).

Application of AFM to Ectocarpus filaments

Ectocarpus is a filamentous brown algae growing attached to a
substrate (a Petri dish in laboratory conditions) which makes cells
easily accessible to experimentation. However, at late stages (2-3
weeks after spore germination), secondary filaments grow in the
“z” direction, which makes the primary filaments less accessi-
ble (Figure 2A). For this reason AFM analysis in Ectocarpus was
so far only carried out at early stages when the body was two-
dimensional (Figures 1B, 2B). E. siliculosus differentiates two cell

FIGURE 2 | Developmental pattern of E. siliculosus. (A) Top (left) and
side (right) views of an Ectocarpus sporophyte grown in laboratory
condition for 1 month in sea water. For the side view, the algal body
was taken off from the bottom of the Petri dish with pliers. (B)
Ectocarpus sporophyte is formed of branched uniseriate filaments. In
the early stages, the sporophyte differentiates only two cell types:
round cells localized in the center of the filament and elongated cells
at the apices. Initially, mito-spores attach to the substrate and divide by

successive uniaxial mitoses to form the young sporophyte filament (top
left). Young sporophytes grow apically by both elongation and division
of the apical elongated cells, which eventually differentiate into round
cells. Branching takes place by emergence of secondary filaments
preferentially on round cells in the center of the filament (Le Bail

et al., 2008) (bottom left). Re-iteration of this process on each newly
formed filament gives rise to a highly branched organism (bottom right
and Panel A).
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types, which are differentially located along the filament (Le Bail
et al., 2008), we used an AFM coupled to an inverted microscope
(Bioscope catalyst, Bruker) to precisely localize the AFM tip over
the filament.

In details, E. siliculosus samples were prepared from spore
release in small Petri dishes (60 mm diameter, fitting on the
microscope stage) in the presence of 10 mL sea water (for detailed
description, see Le Bail and Charrier, 2013). Filaments adhered
and grew to the bottom of the Petri dish until the stage of inter-
est was reached. Force indentation curves were acquired using
ScanAsyst fluid cantilevers (Bruker) with a spring constant of
approximately 1.5 N/m. Cantilever was calibrated by measuring
deflexion sensitivity and spring constant. The deflexion sensitiv-
ity was determined by recording a force curve on a hard surface
in seawater. The spring constant was then measured using the
thermal tune method in air, which consists in the determina-
tion of the resonance frequency of the cantilever. A maximum
load of 60 nN was used leading to deformations between 100 and
300 nm (depending on cells) which was below cell wall thickness

(approximately 400 nm) (Figure 1C). Cartographies of elastic-
ity were obtained by fitting the curves with the Sneddon model
(Figure 1D). So far, measurements on several filaments from
different Petri dishes allowed to obtain reproducible and consis-
tent data on different Ectocarpus cell types (Tesson and Charrier,
in prep), showing the suitability of this technique to this alga.
Further experiments will be necessary to obtain a full description
of the mechanical landscape in Ectocarpus filament.

PERSPECTIVES

Characterization of the mechanical properties of cells along the
filament will allow to determine the role of mechanical con-
straints in cell growth and differentiation. This information will
be then correlated with biochemical and genetic data. Beside the
description of the physical properties of the brown algal cell wall
using AFM as a technical tool, the molecular factors involved in
the mechanosensitive pathways should be investigated (Figure 3).
By looking at sequence similarities between the genome of
E. siliculosus (Cock et al., 2010) with land plants, bacteria, and

Mechanical forces
~ 100 x higher
than in land

~ 1000 x higher
than air density

\/

Cell wall biosynthesis
and remodelling

FIGURE 3 | Schematic representation of cell responses to mechanical
signals. The specific environmental and cellular features of marine brown
algae likely make molecular responses to mechanical signals different
from land plants. In addition to the higher external osmotic pressures,
mechanical forces and density and to the lower gravity perception, brown
algal cell wall composition, structure, and physical properties differ from
land plants. Nevertheless, similarly to land plants, primary molecular
factors involved in perception and response to mechanical signals likely
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include transmembrane mechanoreceptors and signaling pathway factors.
Resulting activation of the nuclear (mitosis and gene expression) and cell
wall (biosynthesis and remodeling) machineries will allow relevant
physiological and mechanical adjustment to the external mechanical
constraints. Modification of the spatial and biophysical extracellular
conditions due to the growth within the algal thallus will also likely
generate mechanical signals perceived by similar or distinct
mechanosensors.
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animal proteins, putative genes involved in mechanosensing were
identified (Charrier et al., 2012). These candidate genes include
transmembrane receptor-like kinase (RLK), mechanosensitive
channels (MscS), and transmembrane proteins showing simi-
larities with alpha integrins. Alpha integrins are usually found
only in metazoans. Additionally, in a study of auxin signaling in
E. siliculosus, the gene EsGRP1 was shown to be over-expressed
in the presence of exogenous auxin and differentially expressed
in morphogenetic mutants. Interestingly, this protein contains
extensin-like domains with RGD motifs and glycine-rich regions
(Le Bail et al., 2010). Extensins are plant cell wall proteins involved
in cell wall formation (Lamport et al., 2011), and a glycine-rich
protein (AtGRP3) was shown to bind and regulate the wall asso-
ciated kinase WAK1 (Park et al., 2001). RGD motifs are known
to be involved in interaction with integrins (Takada et al., 2007),
and despite the absence of true integrin homologs, the RGD pep-
tide was shown to interfere with several developmental events in
plants (Jaffe et al., 2002).

However, these are only candidates based on sequence sim-
ilarities, and mechanosensors specific for brown algae will be
identified more likely by functional studies. A bank of morpho-
genetic mutants grown in standard conditions was generated in
Ectocarpus (Le Bail and Charrier, 2013). Several mutants, for
which altered physical properties of the cell wall could easily
account for their phenotypes, include those displaying irregular
cell contours or cell bursting. The identification of the mutated
genes responsible for these phenotypes together with the detailed
study of the cell wall structure and of its mechanical properties
by AFM will allow to establish for the first time a functional
link between genes and the overall composition and organiza-
tion of the cell wall in brown algae and its function in cell
shape. In parallel to studying morphological mutants growing
in standard conditions, mutants subjected to mechanical stress
should be investigated. Morphological responses of Ectocarpus to
artificial sea currents mimicked by rotational shear stresses gener-
ated by an orbital shaker (Yun et al., 2002; Dardik et al., 2005;
Sumpio et al., 2005) should be screened in order to select for
mechanically hypo- or hyper-sensitive mutants. Whether these
mechanosensors share similarities with land plant or even meta-
zoan counterparts, or are specific to brown algae, will then be
determined.
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Plants, like other organisms, are facing multiple mechanical constraints generated both
in their tissues and by the surrounding environments. They need to sense and adapt to
these forces throughout their lifetimes. To do so, different mechanisms devoted to force
transduction have emerged. Here we focus on fascinating proteins: the mechanosensitive
(MS) channels. Mechanosensing in plants has been described for centuries but the
molecular identification of MS channels occurred only recently. This review is aimed at
plant biologists and plant biomechanists who want to be introduced to MS channel identity,
how they work and what they might do in planta? In this review, electrophysiological
properties, regulations, and functions of well-characterized MS channels belonging to
bacteria and animals are compared with those of plants. Common and specific properties
are discussed. We deduce which tools and concepts from animal and bacterial fields could
be helpful for improving our understanding of plant mechanotransduction. MS channels
embedded in their plasma membrane are sandwiched between the cell wall and the
cytoskeleton. The consequences of this peculiar situation are analyzed and discussed. We
also stress how important it is to probe mechanical forces at cellular and subcellular levels
in planta in order to reveal the intimate relationship linking the membrane with MS channel
activity. Finally we will propose new tracks to help to reveal their physiological functions at
tissue and plant levels.

Keywords: stretch-activated channels, mechanotransduction, mechanobiology, cytoskeleton, plant, MSL, MscS,

membrane tension

INTRODUCTION

All organisms, from bacteria to mammals and plants, experience
mechanical forces. These forces are ubiquitous and very diverse
coming from both the internal and the external environment. One
of the most common external sources of stimulation sensed by
both plants and animals is touch (pressure, shear stress). Like ani-
mals, plants are sensitive to gravity which guides their growth with
respect to the gravity vector. Cells also generate their own intra-
cellular forces as is obvious during cell division, cell elongation,
or adjustment after osmotic challenge. While animals have to deal
with circulating liquids (blood and urinary) and gases (lungs)
as well as contractile elements (muscles), plant cells with their
high turgor pressure represent very peculiar and interesting living
systems from a mechanical point of view.

Over the last few years, it has become apparent that the ability
of cells to sense and adapt to these forces is crucial for a wide range
of biological processes. After two decades, during which the vast
majority of studies were devoted to the dissection of gene regu-
latory pathways, mechanics is now being progressively integrated
into the network, both as output (the impact of genes on cell
mechanics) and input (the impact of mechanical signals on gene
activity; Figure 1). Emerging techniques and tools now enable the
measurement and manipulation of mechanical forces in vitro and
progressively in vivo. This has led to an ongoing renaissance in
studying mechanics.

Cells not only survive mechanical stimulation but also use it
as a driving force to design their own architecture and to serve
biological functions. This explains why cells and organisms have
established mechanosensors. Three groups of proteins can fulfill
this function: linkage proteins, structural elements, and MS ion
channels.

Amongst the most well-known linkage proteins are integrins.
These proteins are embedded in the plasma membrane and allow
a mechanical coupling between the extra cellular matrix and the
actin cytoskeleton. They are well described in the animal field and
integrin-like proteins are reported in plants. NDR1 (Non-race-
specific Disease Resistancel) for example is suggested to play a
role in plasma membrane-cell wall adhesion and is required dur-
ing plant-pathogen interaction (Knepper etal., 2011). In plants,
serine-threonine protein kinases associated with the cell wall are
good candidates to transduce mechanical forces. Among them are
WAKs and THESEUS receptor-like kinase (RLKs; Monshausen
and Gilroy, 2009) and other members of the large family of
membrane-localized RLKs (Monshausen and Haswell, 2013). The
cytoskeleton can be involved in several steps during mechan-
otransduction processes as demonstrated extensively in the animal
field. It can directly transmit mechanical forces across the cell
(Hayakawa et al., 2012) and also greatly control membrane tension
(Gauthier etal., 2012) and organization (Jagaman and Grinstein,
2012).
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MECHANICS

In this review we will focus on the most well-known
mechanosensors: the MS channels.

MS CHANNELS: A COMMON FEATURE OF LIVING
ORGANISMS FROM BACTERIA TO MAMMALS
Mechanosensitive channels are fascinating proteins, being able to
serve both as sensors and effectors. Embedded in membranes, they
convert mechanical stimuli such as in-plane membrane tension
and curvature into electrical or biochemical signals, leading to reg-
ulation of a wide repertoire of cellular processes allowing adaptive
response. Directly gated by the mechanical stimulus, MS channels
convert (within milliseconds) a mechanical force into electrical
trans-membrane potential variation. Therefore MS channels are
(with phototransduction) the most rapid transducers known to
date in biological systems.

Mechanosensitive channels were discovered in embryonic chick
skeletal myocytes by Guharay and Sachs (1984) using the patch-
clamp technique (Hamill etal.,, 1981). Then, in 1987 the first
recordings were obtained on bacteria (Martinac etal., 1987)
and were followed one year later by the first recordings on
plants (Falke etal., 1988). It was at this time that the hunt
for molecular candidates began. The first MS channel to be
cloned was the MscL (MS channel Large conductance) from
Escherichia coli in 1994 (Sukharev etal., 1994b) and a sec-
ond important step was the cloning of the first mammalian
MS channel in 1998 (Patel etal., 1998). Since then, deci-
phering organism genomes has provided several protein candi-
dates for mechanosensing. Numerous other MS channels have
been identified but it is only recently (20 years after the first
recording of a plant MS channel) that MS channels belonging
to two different families were identified in plants (Nakagawa
etal.,, 2007; Haswell etal., 2008). Mid1-Complementing Activ-
ity (MCA) exhibiting 10% identity to yeast Midl (Nakagawa
etal., 2007) and correlated to Ca’* influx for MCAI together
with MSL (MscS-Like), homologs of the weakly selective bacte-
rial stretch-activated MscS channels, have opened a new field of
investigation.

The combination of genomics, molecular, and electrophysio-
logical approaches is starting to provide exciting information on
the role of MS channels from mechanical perception to organism
behavior.

In this review, rather than listing channel candidates
characterized within several organisms, we will present some
emblematic channels in bacterial and plant systems. We chose
to present only well-electrophysiologically characterized channels
whose membrane stretching represents a major regulation factor.
Exhaustive overviews of the different MS channels characterized
can be found notably in (Arnadottir and Chalfie, 2010; Martinac,
2011; Nilius and Honore, 2012; Kurusu et al., 2013; Monshausen
and Haswell, 2013; Wilson et al., 2013).

MscL AND MscS: THE BACTERIAL SAFETY-VALVES

Mechanical senses originated in unicellular organisms. In evo-
lution, the first to appear was osmosensing, which allows a cell
to maintain membrane integrity when confronted with varying
aqueous environments. In fact, the most extensively character-
ized MS channels are the MscL (MS channel Large conductance)
and MscS (Small conductance; Sukharev etal., 1994a; Levina
etal., 1999) which were discovered 25 years ago in bacteria E. coli
(Martinac etal., 1987) then cloned in 1994 and 1999 (Sukharev
etal., 1994b; Levina etal., 1999) and crystallized in 1998 and 2002
(Chang etal., 1998; Bass etal., 2002). Both have very large con-
ductances, or pore sizes, relative to eukaryotic channels, which
are usually on the order of a few 10s of picosiemens; MscL,
at about three nanosiemens, meaning a flux of 3 billion ions
per second (at a membrane potential of 150 mV) is the largest
gated channel, while MscS conductance is about one nanosiemens
(Table 1). These two channels reflect distinct families of proteins.
The MscS family, found in several species belonging to bacte-
ria, archaea, algae, fungi, and plants, is quite diverse and a single
organism may encode multiple members in its genome. For exam-
ple, the genome of the model plant Arabidopsis encodes for 10
MscS-like (Haswell and Meyerowitz, 2006). The MscL channel is
highly conserved, with only a single copy of the gene found in
fungal and bacterial organisms. Unlike most of channels, Msc S
and L have a lack of ionic specificity and are permeable to any
charged molecule smaller than 1,000 molecular weight includ-
ing proline, potassium glutamate, trehalose, and ATP (Hamill
and Martinac, 2001). In respect to small ions, MscL is non-
selective for both anions and cations (Martinac etal., 2008),
whereas MscS exhibits a slight preference for chloride over potas-
sium with a permeability ratio PCL:PK in the range of 1.5-3
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Table 1 | Characteristics and functions of the four MS channels, MscL, MscS, TREK-1, and Piezo involved in mechanosensation in bacteria and

mammals.

Channel MscL MscS TREK-1 Piezo

Cloned from (organism) E. coli E. coli Mouse Mouse

Homologs in other Bacteria, archeabacteria, Bacteria, algae, fungi, Mammals Mammals, plant, protozoa,

organisms fungi archaebacteria, plant invertebrates

Conductance ~3000 pS [a, b] ~ 1000 pS [a, b] ~50 pS [c] ~25-70 pS [d, n, k]

Selectivity not-selective [b, el weak: CI~ > KT > metabolites K+ [cl cation non-selective [d][f]

[b, el

Activation T1/2: ~12 mN.m~" [g] T1/2: ~6 mN.m~" [h] P1/2: =20 to =60 mm Hg P1/2: 25 to -48 mm Hg
[c, i, j] [d, k, 1]

Inactivation No Yes (spheroplast) Yes, T ~46 ms [c] Yes, T ~ 45 ms [n]

la, m]

Activation factors Membrane tension

Membrane curvature [o]
Functions “Emergency release valve”

valve”

Membrane tension

Membrane curvature [p]

“Non-emergency release

Membrane tension, unknown
Membrane curvature [q]
heat, acdic pH, depol,, ......
Pain perception, ischemia, Red blood cell volume touch

vasodilatation. .. and pain perception

Internal crowding sensor

a: Perozo and Rees (2003), b: Sukharev etal. (1997), c: Honore etal. (2006), d: Coste etal. (2010):, e: Martinac etal. (2008), f: Bae etal. (2013), g: Sukharev (1999), h:
Sukharev (2002), i: Patel etal. (1998), j: Bang etal. (2000), k: Bae etal. (2011), I: Peyronnet etal. (2012), m: Sotomayor etal. (2007), n: Gottlieb etal. (2012), o: Mukherjee

etal. (2014), p: Vasquez etal. (2008), q: Maingret etal. (2000).

(Martinac etal., 2008). Each Msc (S or L) in E. coli exhibits a
unique threshold tension for activation of ~6.0 and ~12.0 mN/m
respectively, (Sukharev etal., 1999; Sukharev, 2002; Nomura et al.,
2012). Biophysical approaches on MscS and MscL as well as studies
performed on purified MscL, show that the protein alone recon-
stituted into liposomes retained mechanosensitivity, indicating
that both channels directly sense membrane tension developed
in the lipid bilayer alone (Sukharev etal., 2001; Perozo etal.,
2002).

Bacteria are well documented for their ability to survive and
grow in conditions of changing osmolarity. When they face a
sudden hypoosmotic shock (which may take place, for instance,
in gastrointestinal bacteria exposed to food processing, marine
bacteria suddenly exposed to fresh water or soil bacteria trapped
in rain water), a rapid influx of water will occur. Consequently,
the mechanical membrane tension will rapidly rise. This should
not exceed around 15 mN.m~! (Evans and Ludwig, 2000; Boer
etal, 2011). Above this level the rupture of the membrane will
produce lysis of the cell. In order to avoid this situation, exces-
sive membrane tension should be rapidly relieved. Based on
experiments performed on knock-out (KO) bacteria, it was pro-
posed by Levina etal. (Levina etal., 1999) that MscS and MscL
represent two efficient “valves” acting synergistically allowing
osmolyte efflux after swelling. MscS is the non-emergency “valve”
while MscL represents the ultimate “valve” before membrane
rupture.

Combining electrophysiological analyses of EcMscS mutants
with modeling, Rowe etal. (2014) provided an exciting new
perspective on MscS function. The authors addressed the question

of macromolecular crowding (Ellis, 2001), which reduces the
intracellular volume of solvent available for other molecules,
upon MscS functioning. They show that besides its role as
an efflux valve, MscS is also one of the sensors of internal
crowding of large-molecular-weight compounds. They argue
for a function of MscS in turgid walled-cells on the main-
tenance of their volume, shape, and mechanical strength by
avoiding excessive draining. Considering the thinness of the
cytosol compartment (2-10% of the plant cell volume), which
is probably highly crowded, this provides an interesting new
function to look for in the MscS-like channels of plant plasma
membranes.

TREK-1: A POLYMODAL CHANNEL

Mechanosensitive channels can be modulated by numerous stim-
uli other than mechanical ones and TREK channels which are well
described in mammals constitute a good example. TREK means
TWIK-related potassium channel, TWIK standing for “Tandem
of two-pore Kt domains in a weak inwardly rectifying K*." In
mammals, TREK belongs to the two-pore domain potassium
channel (K3p) family and, as a potassium channel, is responsi-
ble for cell repolarization, thus controlling both the resting and
the dynamic electrical activity of cells. TREK-1, TREK-2, and
TRAAK are the only members being mechanogated and TRAAK
is the only eukaryotic MS channel for which crystal structures
have been determined (Brohawn etal., 2012, 2013), with the
bacterial MscS and MscL being the only other MS channels crys-
tallized so far. TREK-1 together with TRAAK, as bacterial MS
channels, retain their mechanosensitivity when reconstituted into
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liposomes (Brohawn etal., 2014) indicating that they are sensi-
tive to stretch without the need for a second messenger or any
form of tethering from the cytoskeleton or the extracellular matrix.
This common behavior of MscL, MscS, TREK-1, TRAAK shows
that the force from lipid (FFL) principle, first proposed for E.
coli MS channels of spheroplast by Martinac etal. (1987), can
be generalized to structurally unrelated eukaryotic channels. The
FFL is a fundamental physicochemical principle based on the
fact that the self-assembled bilayer necessitates inherent forces
that are large and anisotropic. Then, proteins embedded in the
bilayer are subjected to these push and pull forces. The prin-
ciple of FFL and its relevance to MS channels in biophysical
and physiological contexts was recently illustrated by Teng etal.
(2014).

Several structure function studies also provided crucial infor-
mation for a better understanding of the gating of these channels
and together these approaches contribute to make TREK, one
of the most studied MS channels with the bacterial MscS and
MscL. Apart from the bilayer itself, TREK-1 activity is regulated
by a plethora of stimuli (Table 1). Its activity is up-modulated
by heat, intracellular acidosis, depolarization, volatile anes-
thetics and down-modulated by extracellular activation of PKA
and PKC phosphorylation pathways. In addition, stimulation
of Gq-coupled receptors, including metabotropic mGluR1, and
mGluR5 receptors, inhibits TREK-1 activity (see Dedman etal.,
2009; Noel etal., 2011 for review). More directly related to
mechanical stimulation, TREK-1 is modulated by heat, lipids
(lysophospholipids and polyunsaturated fatty acids) and also
by the cytoskeleton acting as a tonic repressor (Lauritzen etal.,
2005; Peyronnet etal., 2012). Aside from these regulations, TREK
channels are characterized by the existence of several variants
produced by alternative splicing and alternative translation ini-
tiation also contributing to the diversity of TREK functions.
To date, no TREK analog has been found in sequenced plant
genomes.

In mammals (humans/mice) TREK-1 has a wide tissue dis-
tribution and with its complex gating regulation is involved in
diverse biological processes. It plays a central role in ischaemic and
epileptic neuroprotection, vasodilatation, depression (Heurteaux
etal., 2006), general anesthesia (Heurteaux etal., 2004) and pain
perception (Alloui etal., 2006).

PIEZO: A LARGE CHANNEL WITH A ROLE IN MECHANOPERCEPTION
Piezo protein (from the Greek “piesi” meaning pressure) dis-
covered by Coste etal. (2010) was shown to be an essential
component of a cationic non-selective MS channel from mouse
neuroblastoma cells (Table 1). The protein is approximately
2500 amino acids long with 24-36 predicted trans-membrane
domains showing no homology to other already known MS or
voltage sensitive channels. In the membrane, Piezol proteins are
found to be organized in a gigantic homotetrameric structure but
the experiment did not show that the pore-forming unit was a
tetramer.

Coste etal. also cloned a homologous gene called Piezo2 from
mouse dorsal root ganglion cells with similar electrophysiological
properties. After expression, purification, and reconstitution in
artificial lipid bilayers, Piezol was shown to be the pore-forming

subunit (Coste et al., 2012). Piezol mutations were associated with
autosomal dominant hemolytic anemia (Zarychanski etal., 2012).
Patapoutian’s group also demonstrated that Piezo2 is expressed
in a mechanoreceptor complex in mouse skin and is required
for gentle touch perception (Woo etal., 2014). In the same way,
Piezo proteins in Drosophila larvae have been shown to be cru-
cial for responses to noxious mechanical stimuli (Coste etal,
2012).

Piezos are fascinating proteins (see Gottlieb and Sachs, 2012;
Nilius and Honore, 2012 for reviews) and it is still unclear why
these proteins are so big. It is tempting to hypothesize that the
large number of transmembrane domains along with the proteins’
large size could constitute an effective sensor for membrane curva-
ture. In any case, this unusual structure for a mechanotransducer
is likely to suggest other functions. Piezo, an evolutionarily con-
served protein, presents a single homolog in the genome of the
model plant Arabidopsis, providing an interesting new candidate
for plant mechanosensors.

ACCESSING MS ACTIVITY AT CELLULAR LEVEL

PATCH-CLAMP COMBINED WITH HIGH SPEED PRESSURE-CLAMP
REVEALS INTIMATE PROPERTIES OF MECHANOSENSITIVE CHANNELS
Patch clamp is a powerful technique that allows the recording of
channel activity with a high resolution in terms of time (ms) as
well as ion flux (pA). Figure 2A is a summary of the different
configurations that can be achieved in patch clamp. The use of
whole cell configuration allows the recording of channel popu-
lation activity present on a membrane while the other possible
patch configurations select a small number of channels at the
tip of the pipette, enabling resolution of single channel activity.
These latter configurations are reached through a cell attached
configuration that maintains intracellular integrity, thus com-
plying with the transduction pathways, or through an excised
patch allowing a better characterization through which the ionic
environment on both sides of the membrane is fully controlled.
Excised patch configurations also allow us to test the role of the
cytoskeleton. It has been shown that cytoskeleton elements are
strongly destabilized in this configuration in comparison with
cell attached mode (Lauritzen et al., 2005; Peyronnet etal., 2012).
Only excised and cell attached patches allow application of a large
range of pressures and therefore, the highlighting of the relation-
ship between open probability and membrane tension of a single
channel. The development of the pressure clamp system in the
nineties (McBride and Hamill, 1992; Hurwitz and Segal, 2001) has
become a key tool for applying fast pressure steps to membrane
patches (Figure 2B). The ability to measure channel relaxations
following step changes in positive/negative pressure in combina-
tion with patch clamp techniques has launched many studies on
the analysis of the time, voltage and pressure dependence of the
opening and closing of MS channels from different organisms,
exemplified in Figure 2B with the Arabidopsis mechanosensitve
MSL10 channel. Thus the relationship between open probabil-
ity/pressure fits a sigmoid curve called a Boltzmann function,
indicating the threshold and maximum (saturation) tension val-
ues of the channel. The slope of the sigmoid depicts the strength
of the channel dependence toward membrane tension. The most
artificial, but best controlled situation, is encountered when the
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MS channel is reconstituted in an artificial membrane bilayer of
a spherical shaped proteoliposome (Figure 2C). Here, not only is
the ionic environment well controlled, but the lipid composition
of the membrane is also mastered. The absence of cytoskele-
ton elements is also a strong advantage allowing direct access to
membrane mechanical properties without the cytoskeleton inter-
fering with either the channel or the membrane itself. In these
different configurations, applying a positive or negative pres-
sure will allow delivery of controlled tension to the membrane
if curvature of the patch is measured (Suchyna etal., 2004). Fol-
lowing this, single MS channels can be characterized with a very
good time resolution (milliseconds) either in native or artificial
membranes.

Careful and detailed analysis of physical phenomena that are
generated on the patch of membrane sealed at the pipette tip have
led authors to underline the limit of the patch-pressure clamp
technique. Although the pressure in the pipette can be controlled
precisely, its conversion into local tension, the parameter that acti-
vates MS channels, is not straightforward. In his paper, Sachs
(2010) discusses the different components involved in the genera-
tion of local mechanical stress: far-field tension, phase separation,
the cytoskeleton, and the adhesion energy between the membrane
and the patch pipette. The pressure-clamp technique is currently
one of the easiest ways to mechanically activate and record sin-
gle channels, but various methods of mechanical stimulation have
been developed to stimulate and record channels at the whole cell
level.

OTHER TECHNIQUES TO ACTIVATE MS CHANNELS

The advantages and limitations of these techniques are a matter
of active discussion (Kamkin and Kiseleva, 2008). In Figure 2D
two of these techniques are illustrated. The poking technique is
commonly used to apply mechanical stimulation to single cells.
While recording in whole cell configuration, the stimulation is
generally achieved using a fire-polished glass pipette (tip diameter
3-5 pm). Controlled downward movements of this probe press
the cell against its support, thus activating MS channels. This
technique notably led to the discovery of Piezo channels (Coste
etal., 2010).

The carbon fiber technique allows a controlled axial stretch
of the cell and was first developed on cardiomyocytes (Le Guen-
nec etal., 1990). Carbon fibers are attached to the cell membrane
via electrostatic forces (the same forces that seal the patch-clamp
pipette to the membrane). Carbon fiber bending is converted into
forces generated by the cell (such as in response to an osmotic
shock) while a microelectrode records the current flowing through
MS channels (Figure 2D). Instead of using carbon fiber, it is also
possible to use glass capillaries coated with glue. These capillar-
ies are attached to a force transducer allowing a direct recording
of the force generated by the cell while stretching. These tech-
niques are also used to test mechanical properties of tissues such
as stiffness. Regarding the poking technique, the amplitude of the
downward movement compared to the cell diameter might, in
some experiments, produce excessive deformation. This prompts
a use of this technique with stimuli generating cell strain phys-
iologically relevant. Until now these techniques have exclusively
been developed on animal cells. Their adaptation to plant cells is

of major interest in order to develop our knowledge of plant MS
channels.

Both in-plane membrane tension and membrane curva-
ture have been shown to activate MS channels. This can
be achieved by asymmetric incorporation of cone-shaped
amphipaths (Martinac etal., 1990). These molecules, able to insert
selectively in one membrane leaflet (Sheetz and Singer, 1974), cre-
ate positive or negative curvature. The activation by amphipaths
differs from in-plane membrane tension because it implies local
membrane curvature as the activation factor (Table 1; Yoo and
Cui, 2009). MscL and MscS are activated, even in the absence of
applied pressure, when cone-shaped lysophosphatidylcholine is
inserted into the membrane (Vasquez et al., 2008; Mukherjee et al.,
2014). This activation property is also shared by the eukaryotic
channel. TREK-1 for example, is opened by crenators, while it is
closed by cup-formers. (Patel etal., 1998; Maingret etal., 2000).

MS CHANNELS ARE FAST TRANSDUCERS OF MEMBRANE
TENSION CHANGES

The ability to precisely control mechanical stimulation with the
fast pressure clamp system has provided valuable kinetics infor-
mation on the activation, inactivation, and deactivation of MS
channels from different organisms. The MscS, acting as a tension-
driven osmolyte release valve in bacteria, exhibits rapid activation
in the 10 ms time range (Boer etal., 2011). In response to sustained
and moderate stimulus EcMscS exhibits complex desensitization
kinetics that is composite of both channel adaptation that is likely
linked to membrane mechanics and inactivation of the chan-
nel (Belyy etal., 2010; Boer etal., 2011; Kamaraju etal., 2011;
Cox etal., 2014). In Figure 3A, the current decay of the MscS
population is represented in the case of a sub-saturating ten-
sion applied to the membrane. In such conditions, the fraction
of decrease due to inactivation is dominant over the fraction
due to adaptation. However, using a specific pressure protocol
(not presented in Figure 3), combining prolonged condition-
ing steps interspersed with short saturating pulses (Akitake etal.,
2007; Kamaraju etal., 2011) allowed for distinction between these
two interrelated processes and led Rowe etal. to show that inac-
tivation is increased in the presence of crowding agents (Rowe
etal., 2014). The potential physiological relevance proposed as a
result of this channel adaptation and this inactivation crowded
dependent is to link sensitivity to both membrane tension and
crowding pressure in order to limit the dissipation of the vital gra-
dient and to maintain cell strength and turgor during hypoosmotic
shock.

Several eukaryotic MS channels also exhibit complex kinetics,
with TREK and Piezo being well-known examples. They both
activate in a very short period of time, in the range of a few
milliseconds, and then inactivate under sustained membrane ten-
sion (Figure 3B). TREK desensitization was reported as weakly
or not at all dependent on the cytoskeleton and the voltage in
mammalian cells (Honore etal., 2006) and this was recently con-
firmed in artificial lipid bilayers where TREK and TRAAK were
still inactivated (Brohawn et al., 2014). Piezol inactivation is abol-
ished when Zn?™ instead of Mg?* is perfused on the intracellular
face and no other regulators have been described until now (Got-
tlieb etal., 2012). Mechanisms modulating desensitization of MS
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FIGURE 3 | Most MS channels exhibit fast activation followed by a
slower inactivation or desensitization kinetics in response to pressure
stimulation. Schematic representations showing that activation inactivation
and desensitization kinetics occurred in the time range of ms to s depending
on the channel (A) Escherichia coli MscS linspired from Boer etal. (2011)], (B)

A MscS B Piezol c MscS-like10
(E. coli) (mouse) (Arabidopsis)
Act. Desens. Inact. Inact.?
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=

Piezo mouse channels [inspired from Coste etal. (2012)], and (C) Arabidopsis
MscS-like 10 channel [inspired from Maksaev and Haswell (2012)]. For
MscS-like 10, the presence or absence of inactivation not being definitively
settled, the two possibilities are mentioned. Channels are elicited by a step of
sub-saturating pressure applied to the membrane.

channels are far from being fully understood and deserve further
study as they constitute a major characteristic of ion channel
activity.

From a functional perspective, inactivation can have differ-
ent roles. One role of inactivation could be to protect the cell
against nonspecific responses. Indeed, inactivation guarantees that
if the channel should open it cannot stay open for a long period
of time. Inactivation also means that channels become desensi-
tized to the stimulation, so if the stimulation occurs at a high
frequency, the first stimulus will activate channels but not the fol-
lowing stimuli, and in this case the channel can act as a frequency
filter.

Concerning MS channels in plants, very little electrophysiolog-
ical data has been available to date. The recent discovery of anion
permeable MscS-like and cation permeable MCA channels in
Arabidopsis has not yet given the authors the opportunity to deliver
a complete kinetics characterization. However, a recent electro-
physiological study of AtMscS-like10 expressed in Xenopus oocytes
(Maksaev and Haswell, 2012) indicates slow opening and closing
kinetics of the channel in response to sharp steps of tension applied
to the membrane. Unlike EcMscS, but like many other prokary-
otic MscS-like channels (MscSP, MscCG, MscK) (Nakayama etal.,
2013; Petrov etal., 2013), no inactivation of the plant homol-
ogous under sustained tension was detected (for a review see
Cox etal., 2014). The authors of the present paper also found
activation and deactivation kinetics, in the 0.1 s range, when over-
expressing AtMscS-likel0 in a homologous system (Figure 3C).
The existence or not of an inactivation process of the plant MscS-
like10 channel is still under investigation and might depend on
the expression system used (Xenopus oocyte/plant protoplast).
Such an inactivation process would mean accommodation of the
cell under a sustained mechanical stimulation as occurred in E.
coli for its MscS counterpart. Further exploration is needed in

plants in order to obtain a complete picture of plant MS channel
function.

PLANT MS CHANNELS

PLANT CELLS PROVIDE A PECULIAR “MECHANICAL ENVIRONMENT"
FOR MS CHANNELS

Plant and animal cells have developed their own intracellular and
extracellular matrices which differ in organization and structural
composition. Plant cells exhibit very stiff pecto-cellulosic walls,
notably because of the presence of cellulose microfibrils which
has stiffness comparable to that of steel. Conversely, animals have
wall-less cells in which the mechanical properties of the mem-
brane are heavily dependent on the cytoskeleton network. In
plants, microtubules form a dense cortical network and actin cre-
ates a slight internal network while in animal cells the situation
is inverted. In the latter, cell mechanics are highly relayed to an
actin contractile cytoskeleton and membrane whereas in plants,
the presence of a stiff extracellular matrix is designed to moderate
the contribution of the cytoskeleton. In animals, there is increas-
ing evidence of a significant role for actin as a relay in MS channel
activation (Lauritzen etal., 2005; Peyronnet et al., 2012). In plants,
only one study performed on MS guard cell channels (combining
electrophysiology and pharmacology) indicates channel activation
when actin filaments are disrupted and channel inhibition with
stabilization of actin (Zhang et al., 2007). Microtubules which rep-
resent the major mechanical component of the plant cytoskeleton
(Nick, 2013) have not yet been investigated for their role in MS
channel activation.

Looking deeper into the structure of the plant wall-membrane-
cytoskeleton continuum, it is worth considering the contact points
connecting these compartments. For the membrane-cytoskeleton,
this is exemplified by a plethora of microtubule-associated pro-
teins identified by the recently sequenced genomes of model plants
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(Gardiner, 2013). Cytoplasmic linker associated protein (CLASP)
represents one example of these recently identified anchorage
proteins although the intimate mechanism still needs to be inves-
tigated (Brandizzi and Wasteneys, 2013). The abnormal root cell
swelling and increased microtubule ordering of clasp-1 mutants
(Ambrose etal., 2007) stresses the importance of this linkage-
protein in cell shaping and suggests a role in force cortex sensing.
Another indication of the link between cell wall and microtubule
networks is the parallel patterning of cellulose microfibrils with
microtubules (Szymanski and Cosgrove, 2009). Furthermore, live
cell imaging experiments in hypocotyl provide evidence that the
cortical cytoskeleton guides the movement of cellulose synthase
complexes (Paredez etal., 2006; Chan etal., 2011). The physi-
cal and biophysical significances of these tight contacts in terms
of stress information is well discussed by Szymanski and Cos-
grove (2009) and Cosgrove and Jarvis (2012) but little investigated
by the scientific community. In addition to the contribution of
their structural elements, the mechanical properties of cells largely
depend on osmotic pressure commonly in the range of 2,300—
6,800 mm Hg (0.3-0.9 MPa) in growing cells (Cosgrove, 1993)
and estimated at up to 75,000-375,000 mm Hg (10-50 MPa)
for wall tensile stresses. To bring these values into context and
help realize how peculiar the mechanical environment is in plants,
we have illustrated some pressures recorded in plant cells with
regard to some milestones and pressures used in electrophysi-
ology to activate MS channels. As tension rather than pressure
activates MS channels, we have also illustrated tensions even
if very little data has been available in the literature until now
(Figure 4).

While turgor pressure is uniform and isotropic within the cell,
wall stresses are not generally uniform, but depend on cell geome-
try, cell wall thickness, and wall mechanical properties. In the case
of a growing cell (often encountered in plants) physical proper-
ties are dynamic, with wall extensibility varying within minutes or
even seconds (Wolf etal., 2012).

All the points mentioned require integration into a biophysical
vision of the plant cell. Combining molecular physics and mod-
eling approaches will lead to drawing a map of forces within the
cell, allowing crucial questions to be answered such as; what is
the mechanical contribution of the cell wall? Does it absorb most
of the tension applied to the cell or does the plasma membrane
beneath behave as the element under tension? Are the linkage
points hot spots for stress? Then, MS channels characterized by
the patch clamp technique (in simplified environments: bilayer,
proteoliposome, protoplast) could be mapped with the cellular
strain distribution in order to understand where and when they
are physiologically relevant.

PROBING MECHANICAL FORCES IN PLANT. A GREAT JOB TO DO IN THE
NEAR FUTURE!

A crucial step in understanding the role of mechanosensors
is to know where and when mechanical forces occur within
cells and tissues and to be able to quantify them. Mem-
brane curvature as well as membrane and cytoskeleton tension,
which are essential MS channel modulators, have been poorly
described until now. The main reason is that until recently, there
were no techniques to study these forces in vivo. Fortunately,

today this important area controlling many biological processes
is regaining a lot of interest due to the emergence of new
tools.

It has become better and better established that the cytoskele-
ton is a powerful regulator of membrane tension, shape and
organization in animal cells (Ofer etal., 2011; Saravanan etal,
2013; Al-Rekabi etal., 2014). In plant cells, for which its role is
less established, probing its mechanical state will be very help-
ful to better understand its effect on MS channels. Fluorescent
probes based on the Forster resonance energy transfer (FRET)
technique were recently engineered to sense tension variations
within the cytoskeleton (Meng and Sachs, 2011; Guo etal., 2013)
with single piconewton sensitivity (Grashoff et al., 2010). Adapta-
tion of these sensors to plant cells represents an exciting challenge
and will allow mechanical forces within the plant body to be
mapped.

To complete this “strain mapping” in planta, the use of fluores-
cent probes sensitive to curvature (asymmetry in lipid packing)
will enable the drawing of the membrane micro curvature map,
another important MS channel regulator. Genetically encoded
fluorescent probes already exist in animals like the BAR domain
proteins (Binl-Amphiphysin-Rvs167; Peter etal., 2004; Ren etal.,
2006) which have homolog in plants (Zhuang and Jiang, 2014)
and a-Synuclein (Pranke etal., 2011). Interestingly, these cur-
vature sensors have been shown to be efficient in different
organisms (Pranke etal., 2011), making the translation to plants
realistic.

Promising probes for sensing changes in the membrane
mechanical state are MS channels themselves. Very recently, Wang
etal. (Wang etal., 2014) revealed MscL’s conformational changes
using single molecule FRET. Using engineered MS channels with
a FRET sensor and a known activation threshold allowed direct
probing of mechanical changes. Other techniques with non-
genetic probes are also being developed. For example, based on
oil droplet deformations, Campas etal. (2014) describe mechani-
cal forces within living embryonic tissues. Deformable microchips
also exist to monitor tissue deformations (Kim etal., 2012). Bio-
imaging approaches combining the use of such tension/curvature
probes with the subcellular localization of pre-labeled (with fluo-
rescent protein) MS channels will allow the correlation of tension
distribution with the presence of the channel. Such probes would
help further understanding of whether MS channels are prefer-
entially localized in the area of a curved membrane, close to
cytoskeleton structures, or areas of membrane under tension, lead-
ing to the elucidation of the regulation and the role of MS channels
in vivo.

GENETIC APPROACH

Several genetic strategies exist to highlight the roles of MS chan-
nels at the whole organism level. KO mutants have been extensively
used to reveal MS channel functions. Bacterial Msc S and L chan-
nels (Levina et al., 1999), mammalian TREK-1 (Alloui et al., 2006;
Heurteaux etal., 2006), and Piezos (Kim etal., 2012; Woo etal.,
2014) are some successful examples illustrating this strategy. For
plant MS channels the KO mutant approach is only in its infancy.
Referring to TREK and TRAAK MS channels candidates men-
tioned in the first section of this review, no homologs of these
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mammalian proteins were found in currently sequenced plant
genomes. By contrast, Piezo, an evolutionarily conserved protein,
is expressed in invertebrates, plants, and protozoa. In plants, Piezo
has only one homolog making this putative plant mechanosen-
sor even more interesting, which urges experimenters to apply
the KO strategy for this gene. In the same way, considering the
prokaryotic MscS channels, homolog are present in plants but
not in mammals. AtMSL 2 and 3, the closest Arabidopsis mem-
ber of E. coli, were shown by Haswell and Meyerowitz (2006) and
Wilson etal. (2011) to be involved in chloroplast shaping and Z-
ring elaboration. Although AtMSL9 and AtMSL10 were proved
to be channels activated by membrane stretching in Arabidopsis
(Haswell et al., 2008; Peyronnet et al., 2008; Maksaev and Haswell,
2012) the KO strategy applied to these genes and related AtMSLA4,
AtMSL5, AtMSL6 members did not reveal phenotypes. A comple-
mentary approach to develop in this situation is the generation of
gain of function (GOF) mutants. Indeed, MS channels must be
closed in resting conditions in order to avoid unsuitable elicita-
tion and unnecessary ion gradient dissipation. Hence, finding the
“window of activation” is mandatory in order to obtain a pheno-
type. The use of conditional GOF, either in channels constitutively
open or with a lowered activation threshold, can considerably
enlarge this window and help reveal functions. This strategy was
applied notably for Piezo2 and might be insightful for MSL in
plants.

COUPLING CHANNEL ACTIVATION TO SECONDARY MESSENGERS?

The immediacy of the MS channel activation and the earliness of
cellular ion fluxes and ROS variations (Monshausen etal., 2009;
Coutand, 2010) in response to membrane stretching raises the
question of the nature of the coupling between the channel and
secondary messengers. Two types of situations might be consid-
ered. First, the simplest is due to the high capacity of the MS
channel to efflux ions. As a consequence, an activation of the
channel will lead to a loss of osmolyte occurring in a few min-
utes. This situation will lead to rapid protection of the cell against
damage from hypoosmotic shock, as it does in E. coli upon activa-
tion of MscS and MscL channels. In the latter case, no immediate
coupling with a second messenger is required since the predomi-
nant effect is a massive efflux of ions passively moving down the
electrochemical gradient. Secondly, in less severe situations, the
way in which the coupling occurs between MS channel activa-
tion and early Ca, pH, and ROS variation is still unknown. In
response to either mechanical curvature of the plant root (Mon-
shausen and Gilroy, 2009) or the oscillatory cell wall deformation
occurring during hypocotyl cell elongation (Wolf etal., 2012), the
earliest response is a rise in cytosolic calcium. In their attempt to
connect plasma membrane stretching with Ca?* influx, authors
almost always, speculate about the intervention of a MS Ca chan-
nel. Until now, the only proposed MS channel suspected to be
Ca permeable has been MCA1, which generates cation currents
upon membrane stretching when expressed in Xenopus oocytes
(Furuichi etal., 2012). Then, calcium influx would be amplified by
a Ca-induced Ca-released mechanism requiring intracellular cal-
cium stores. Another way to effectively link MS channels with Ca
variation would be through an electrical coupling. Indeed, voltage
dependent channels selective for calcium have been described on

the plasma membrane (Miedema etal., 2008). These channels are
activated by plasma membrane depolarization. Now, let us con-
sider a membrane in which a MS AtMSL10 channel and a calcium
voltage dependent channel coexist. Stretching this membrane will
activate the AtMSL10 anion permeable channel (Haswell etal.,
2008; Maksaev and Haswell, 2012) which will bring the mem-
brane potential toward an equilibrium potential for anions (Cl~
and NO3 ™), meaning a large depolarization. In turn, a Ca voltage
dependent channel will be activated by electrocoupling (Action
Potential is an example of electrocoupling between Na™ and
K" channels in animals) producing an inward Ca current. In
order to check this scenario it is of major interest to compare,
in the near future, the Ca signature of mechanically stimulated
wild type versus KO plants for MS genes such as MSL, MCA, or
Piezo.

THE PECULIAR STATUS OF TONOPLAST MS CHANNELS

Over the past 20 years, distinct MS channel activities have been
characterized using the patch clamp method (for review see
Haswell, 2007). The majority of them were described on the
plasma membrane which was easily amenable to the patch clamp
technique. The few studies performed on mechanogated chan-
nels on plant tonoplast did not allow for molecular identification.
However, it is in 2003, in yeast (Zhou etal., 2003), that the first
vacuolar membrane MS channel belonging to the TRP family
was characterized. Channels of the TRP superfamily are asso-
ciated with sensations of force, temperature, and chemicals in
animals. These channels are formed of tetramer subunits selec-
tive for small cations. To date, no homologous has been found in
plant (Kung etal., 20105 Eijkelkamp etal., 2013). The yeast TRP1,
like other TRP, is polymodal, responding to voltage, membrane
stretch force, and cytosolic Ca?>*t concentration. In plant, only
three studies (Alexandre and Lassalles, 1991; Badot etal., 1992;
Maathuis, 2011) report the presence of mechanogated channels
in the tonoplast membrane. The most meticulous characteriza-
tion concerns a beetroot (Beta vulgaris) MS non-selective channel
activated by hydrostatic and osmotic pressure but inhibited by the
MS channel blocker gadolinium (Alexandre and Lassalles, 1991).
It was recently shown by Maathuis (2011) that vacuolar channels
from the two pores K family (TPKs) from the three species Ara-
bidopsis, rice, and barley were stretch sensitive. The dependence
of these channels on membrane stretching and osmotic gradi-
ents led the author to propose a role for intracellular osmosensors
for TPKs contributing to K*-released induced by hypo-osmotic
shock. Considering the large size of the vacuole (the largest cell
compartment being up to 90% of the cell volume) and the presence
of MS activities in its membrane, it remains crucial to further study
tonoplast mechanosensitivity. It is noteworthy that the physical
forces applied to this membrane and its links with the cytoskeleton
should be rather distinct to those of the plasma membrane. In con-
clusion, the molecular identification of tonoplast MS channels and
the understanding of the role of the vacuole in mechanoperception
are part of the next exciting challenges.

OUTLOOK
Despite many structural and mechanical differences, MS chan-
nels were conserved in plant and animal cells with similar
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characteristics. Considering the great difference in their life style,
animal channels are presumably devoted to different functions to
those of their plant counterparts. Therefore, it is of interest to
predict in which function plant MS channels might be involved in
order to design experimental conditions to reveal their role. If the
ancestral role of the bacterial MscS channel is conserved, some MS
channels might be involved in osmoregulation. Thus, looking at
the kinetics of either cell swelling (root hair cell) or root ionic flux
under different osmotic conditions will give an indication of this
function. The root network also has to face obstacles and adapt to
the hardness of the substrate during its anchorage role. Consid-
ering that MSLs are well expressed in root tissues (Haswell etal.,
2008; Peyronnet et al., 2008), it is of interest to develop experimen-
tal devices in order to thoroughly study the root growth in relation
to MS channel activity. Movement, although less spectacular than
in animals, is ubiquitous in plants. It might be rapid, such as the
closure of the Venus fly trap or leaflets of Mimosa pudica, or slow
as occurs in flowers and leaves during nastic movements. All plants
are also able to sense both gravity and their own shape in order
to grow straight. In animals this property is called propriocep-
tion (Bastien etal., 2013). All of these reorientation movements
involve osmotic pressure as well as cell curvature and are likely to
require MS channels. Designing screens based on imaging to cap-
ture movement would help in deciphering the MS channel role in
plants.
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INTRODUCTION

As land plants grow and develop, they encounter complex mechanical challenges,
especially from winds and turgor pressure. Mechanosensitive control over growth and
morphogenesis is an adaptive trait, reducing the risks of breakage or explosion. This
control has been mostly studied through experiments with artificial mechanical loads,
often focusing on cellular or molecular mechanotransduction pathway. However, some
important aspects of mechanosensing are often neglected. (i) What are the mechanical
characteristics of different loads and how are loads distributed within different organs? {ii)
What is the relevant mechanical stimulus in the cell? Is it stress, strain, or energy? (iii)
How do mechanosensing cells signal to meristematic cells? Without answers to these
questions we cannot make progress analyzing the mechanobiological effects of plant size,
plant shape, tissue distribution and stiffness, or the magnitude of stimuli. This situation
is rapidly changing however, as systems mechanobiology is being developed, using
specific biomechanical and/or mechanobiological models. These models are instrumental
in comparing loads and responses between experiments and make it possible to
quantitatively test biological hypotheses describing the mechanotransduction networks.
This review is designed for a general plant science audience and aims to help biologists
master the models they need for mechanobiological studies. Analysis and modeling is
broken down into four steps looking at how the structure bears the load, how the
distributed load is sensed, how the mechanical signal is transduced, and then how the
plant responds through growth. Throughout, two examples of adaptive responses are
used to illustrate this approach: the thigmorphogenetic syndrome of plant shoots bending
and the mechanosensitive control of shoot apical meristem (SAM) morphogenesis. Overall
this should provide a generic understanding of systems mechanobiology at work.

Keywords: mechanobiology, biomechanics, thigmomorphogenesis, wind, curvature,

mechanotransduction, stress

turgor pressure,

control of the magnitude and direction of growth is required

Land plants continuously encounter mechanical challenges from
without and within. External mechanical loads are imposed
by the wind, rain, neighboring plants or solid substrates. The
external bending loads imposed by winds induce a syndrome
of mechanosensitive growth responses in the aerial stems of
plants known as thigmomorphogenesis. The activity of their
meristems is modulated to stunt vertical growth and stimulate
an increase in girth, thereby making the plant more wind-
resistant (see Telewski, 2006; Coutand, 2010; Monshausen and
Haswell, 2013 for reviews). Internal loads may be imposed by
the plant’s own weight, inertial forces and the large hydro-
static turgor pressure in cells. Even meristems, although pro-
tected from many external mechanical loads by young leaves
in the shoot apical bud or by the bark in the lateral cam-
bium, are under considerable direct mechanical stress due to
the inner turgor pressure and the mechanical barriers imposed
by neighboring organs or tissues (e.g., Couturier et al.,, 2012;
Baskin and Jensen, 2013). Therefore, precise mechanosensitive

so that the size, shape, and edges of the growing organs and
tissues are produced in a regular and stable way (Hamant,
2013). It follows that acclimation responses of growth and
morphogenesis have been naturally selected to reduce the risk
of breakage or explosion of plant parts during growth and
development.

These two adaptive responses, stem thigmomorphogenesis
and meristem growth, ultimately rely on mechanosensing of the
internal mechanical state of the living cells of the plant as a
cue for the regulation of growth and morphogenesis (Coutand,
2010; Moulia et al.,, 2011; Hamant, 2013; Monshausen and
Haswell, 2013). Mechanosensing occurs at the cell level, yet
mechanical stimulation involves loads that act on the whole
organ, either at its boundaries (e.g., for wind-drag) or across
its full volume (e.g., weight, inertial forces or turgor pressure).
Therefore, changes in the mechanical state of tissues and cells that
trigger cell mechanosensing depend on the load, on the mechani-
cal structure of the organ, and on the mechanosensitive structure.
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The mechanosensitive structure is defined as the location and
amount of mechanosensitive tissues involved in a response. Some
mechanosensed modulations of growth and morphogenesis are
triggered through long-distance internal signaling so the connec-
tion between the mechanosensitive structure and the responding
structure also needs to be borne in mind (Coutand, 2010; Moulia
etal., 2011).

Analyzing and modeling the biology of mechanosensing and
of mechanosensitive growth responses thus involves three phases
(Moulia et al., 2011). (i) Biomechanical analysis reveals how
mechanical loads are distributed over the constitutive plant tis-
sues and cells. (ii) The local mechanosensitive pathways are
analyzed in the sensing cells. (iii) Mechanobiological integra-
tion combines the models describing how the plant’s local
mechanosensing relates to global growth responses. Other com-
prehensive reviews have focused on the local analysis of the
mechanosensitive pathway or on the global responses of growth
and morphogenesis (e.g., Braam, 2005; Telewski, 2006; Coutand,
2010; Monshausen and Haswell, 2013 to cite just a few). Our
purpose instead is to review the integrative aspects, tracing
them down the scale from the effect of the load on the plant
to the effects on tissue elements and cells, and then up the
scale from mechanosensitive gene expression to the growth and
morphogenetic responses of the organ. Two mechanosensitive
growth responses have been particularly extensively studied in
the last two decades: thigmomorphogenesis of stems respond-
ing to external bending loads, and growth and morphogenesis
of the shoot apical meristem (SAM). In particular, we aim to
illustrate how integrative models combining structural mechanics
with mechanosensory biology have been instrumental in under-
standing how mechanical loads are distributed within the plant,
defining the heterogeneous stress and strain fields. We explain
how the models become key experimental tools to qualitatively
and quantitatively assess hypotheses about sensory mechanisms
(e.g., does sensing occur through stretch-activated channels or
wall-associated transmembrane proteins? Is strain sensed or is
stress sensed or both?) or the influence of organ geometry
and tissue distribution on the magnitude of mechanosensitive
responses. This review is designed for a general biologist audi-
ence and aims to help biologists master the mechanical models
they need for mechanobiological studies. There is no need for
an advanced background in mechanics, mathematics or modeling
as the crucial equations are introduced both verbally and graphi-
cally. The list of the models and of their acronyms can be found in
Table 1.

MECHANICAL CHARACTERISTICS OF LOADS AND THEIR
HETEROGENEOUS DISTRIBUTION WITHIN THE PLANT

Some central concepts are introduced briefly here that are essen-
tial when taking a mechanical view of plant structure. More
complete primers in plant mechanics, including lists of defini-
tions, are available (Boudaoud, 2010; Moulia et al., 2011; Moulia,
2013).

CRUCIAL MECHANICAL CONCEPTS
Mechanical loads may involve the action of localized forces
(e.g., intermittent contact with a neighboring stone or organ) or

Table 1 | List of models with their acronyms and references.

Acronym of  Full name References

the model

CBmS Composite beam Moulia and Fournier, 1997;
model of the Stem Gibson et al., 1988; Coutand and
(in flexion) Moulia, 2000

PVm Pressurized vessel Hamant et al., 2008; Traas and
model of the SAM Hamant, 2009

FEm Finite elements Hamant et al., 2008
model of two
patches of the L1 +
L2 tissues

2D SFm Two-dimensional Hamant et al., 2008
cellular stress
feedback model

Sm Sum of Coutand and Moulia, 2000;
strain-sensing model Coutand et al., 2009; Moulia

etal., 2011

SAM SFm Integrative SAM Hamant et al., 2008
stress feedback
model ()

GSFm Growth-strain see replies to Hamant et al., 2008

feedback model by Schopfer and Meyerowitz in

Science e-letters

distributed loads (e.g., external drag by wind flow, self-weight or
the internal turgor pressure of the living cells). Some loads are
static or quasi-static (their rate of change is slow), whereas others
are dynamic so inertial forces due to the acceleration of mass need
to be considered (e.g., wind-induced oscillations) (Rodriguez
et al., 2008; Pivato et al., 2014).

Under the action of internal and/or external load(s) a solid
body such as a plant organ can be globally displaced. This dis-
placement involves a translation of the center of mass of the body
and the body might rotate around the center of mass, described
in terms of velocity. In addition, parts of the body may be dis-
placed relative to one another, resulting in a change of shape,
called deformation. These deformations are measured locally by
strains, written as e. Strains may be linear or shear (angular) and
are measured in relative units (i.e., strains are dimensionless).
Straining stretches bonds and causes slide/shear of internal ele-
ments, thereby allowing internal reaction forces to build up. In
this way the mechanical load is distributed through the material
with the storage of elastic strain energy across the deformed body
until an internal and external mechanical equilibrium is achieved,
i.e., all the forces and moments acting on the body are balanced.
The density of the resulting internal forces, i.e., the internal forces
per unit of area, is called stress, written as ¢ and measured in
Pascal (Pa) which is equivalent to N.m™2, Strains and stresses can
be very heterogeneous across the body. Deformation is charac-
terized by the strain and stress fields, i.e., the amount of strain
and stress at every location of the body at a given time. The
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strain and stress fields in a given load situation therefore, mea-
sure the mechanical state of a body like a cell, an organ or a
plant.

The amount of stress produced by straining is linked to the
rheological properties of the material. Rheology can be modeled
in a so-called constitutive equation. If the stress increases lin-
early with increasing strain and linearly reverts during unloading,
the material behaves as a linear elastic material. The slope of the
stress-strain curve is called the Young’s modulus, such that a stiff,
rigid material has a high Young’s modulus. Over a certain thresh-
old, some materials may yield plastically (irreversibly). From this
point, in pure plastic materials, stress does not increase further
with strain, but in visco-plastic materials it varies depending on
the strain rate. The growing cell wall has a visco-plastic rheol-
ogy (called the Bingham flow model, see Dumais, 2013 for more
details). Finally, when internal forces overcome the strength of the
material, fracture occurs.

POSING THE PROBLEM: EXPERIMENTAL SETUPS
Thigmomorphogenetic experiments are generally conducted in
the lab by subjecting single plant stems to static bending. Typically
a stem is bent by moving the top of the stem laterally while
the base is anchored immobile in the soil (Telewski and Pruyn,
1998). Alternatively, the stem is first clamped in a vertical posi-
tion with the roots bathed in a liquid medium, then the basal
part of the stem is displaced (Figure 1). The latter setup decou-
ples the effects of stem bending from tilting the apical growth
zone (Coutand et al, 2000). Dynamic loading can also be
imposed by vibrating the plant, for example (Der Loughian et al.,
2014).

For most SAM experiments, the meristem is cut from the
stem and the surrounding young leaves are removed (Figure 2).
The isolated SAM is then cultured on a growth medium. Three
types of mechanical perturbations have been used on excised
SAM. The osmotic potential of the bathing solution can be
changed to transiently manipulate the inner turgor pressure of
the cells (Peaucelle et al., 2011). External loads, such as lateral
compression of the whole meristem, can be applied mechan-
ically (Hamant et al., 2008). Alternatively, outer cells can be
ablated to create holes, thereby modifying the mechanical struc-
ture and state of the SAM (Hamant et al., 2008). To our knowl-
edge, the mechanical states of intact SAM have not been studied
so far.

In both experimental systems, the next step is to estimate
the amount and spatial distribution of the changes in mechan-
ical state (stress and strains). This can be done as (i) the
external mechanical load and the mechanical structure of the
organ are known, and (ii) the changes imposed by the exper-
imenter or by the environmental conditions are measured.
However, to estimate changes that occur at very different scales,
we need to consider how a change in a unit of the cell wall
or tissue affects the whole organ (and vice versa). For this,
a mechanical model needs to be developed, using a scien-
tific method originating from mechanical engineering called
integrative structural mechanics (ISM) modeling. More com-
plete coverage of ISM modeling can be found in Moulia et al.
(2011).

0 1 2 3 4 5 6

T8 9 10

- Distance from the stem base (em)
F

FIGURE 1 | Morphological and anatomical structure of a stem submitted
to an external bending load from Coutand and Moulia (2000), Journal of
Experimental Botany, by permission of the Society for Experimental
Biology. (A) Side view of the basal part of the stem base before the
application of bending. The stem is grown in hydroponics, and clamped below
the primary growth zone, so that bending does not affect its position (Cl,
metal clamp; IN 1-3, internodes; Hyp, hypocotyl; Cot, cotyledons. (B)
|dealized geometrical scheme (A) as a cantilever beam. (C) Negative
photograph of a cross-section (note the quasi-circular shape and the
concentric layers of tissues (E, epidermis; Co, collenchyma; Pa, parenchyma;
Ph.2, metaphloem; Ca, cambium; Xyl.2, metaxylem; Xyl.1, protoxylem; Ph.i,
internal phloem). (D) Changes in the external diameter (e) and of the diameter
of the pith (M) along the basal part of the stem.

INTEGRATIVE MODELS IN MECHANICS

The general structure of an ISM model is shown in Figure 3, using
schematic graphical conventions that will be used throughout this
review. The major aspects of the models can be understood inde-
pendently of the detailed model equations. First, the constitutive
materials of the structure, the elementary “bricks” or units, are
defined and the rheological properties of these elements specified.
Do they behave elastic or do they undergo viscoplastic defor-
mations? Are they isotropic, displaying the same properties in
all directions? If they are anisotropic, in which direction is the
anisotropy? (Coutand and Moulia, 2000; Hamant et al., 2008;
Baskin and Jensen, 2013). It is very important to know the shape
of these elements at rest (without a load) and whether the shape is
dependent on other physical variables such as temperature, water
status or time (e.g., Moulia, 2000; Hamant et al., 2008). The size
of these elements is not prescribed as the mechanical structure
of plants is multiscale and the scale at which to work is mostly a
matter of informed choice (Boudaoud, 2010; Niklas and Spatz,
2012; Gibson, 2013). Next, the structure is defined by specify-
ing how the elements are assembled (topology) and displayed
geometrically. Note that to model heterogeneous organs, several
materials may need to be considered (e.g., Moulia and Fournier,
1997; Coutand and Moulia, 2000; Routier-Kierzkowska et al.,
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C Structures in D  Domains of the E Layers of the
shoot apex shoot apical meristem shoot apical meristem
P L1
M gg L2
] -

FIGURE 2 | Structure of the shoot apical meristem (SAM). (A) View of
an Arabidopsis thaliana SAM from above Hamant et al. (2008), reprinted
with permission from AAAS. (B) Side view of a tomato SAM (Robinson

et al., 2013). (C-E) Generalized schematic representations of a typical
dome-shaped shoot apex bearing a cylindrical young primordium. (C) Major
structures. M, shoot apical meristem; P, organ primordium; B, boundary
between the meristem and the primordium. (D) Morphological domains of
the SAM. CZ, central zone, PZ, peripheral zone where new organs are
generated. (E) Internal organization of the SAM. L1, presumed epidermis,
L1 and L2, tunica layers, L3, corpus from Robinson et al. (2013), Journal of
Experimental Botany, by permission of the Society for Experimental
Biology.

2012). Finally, the mechanical loading applied to the structure
is defined, as well as including any boundary conditions, which
are displacement or force constraints at the boundaries of the
structure.

With these three steps the model is now fully defined. When
input values are known like the load applied or the structural
change (e.g., making a hole in the structure), the state of the
structure in the loaded state can be computed because mechanical
laws specify(i) the conditions for equilibrium (static or dynamic),
and (ii) the compatibility of strains between adjacent material
elements or boundaries. Depending on the structure’s geometry,
some simplifying hypotheses can be used for calculations, e.g.,
beam or shell theories. In some cases the problem can even be
solved analytically (e.g., Hamant et al., 2008). Mostly, however,
numerical methods are required for computations. The outputs
of such models can be multiple: knowledge of strain and stress
fields, the velocity of the top of a plant, or bending rigidity, etc.

Plants are open systems. If cells grow or differentiate the
amount and/or rheology of constitutive materials may change
(e.g., cell wall maturation) and will need to be accounted for
in a model. This has important implications in formulating the
mechanical problems that are specific to biomechanical models
(Moulia and Fournier, 2009). For example, for the tree gravit-
ropic reaction, the problem can be solved by using beam theory
hypotheses but requires an incremental formulation of the prob-
lem (e.g., Fournier et al., 1994; Fourcaud et al., 2008; Coutand
et al.,, 2011) to take into account the growth and shrinkage of
the cell wall rest-length during wood maturation (Coutand et al.,
2011; Pot et al., 2014).

LOAD DISTRIBUTION FROM THE PLANT TO MECHANOSENSITIVE
CELLS

Two examples of analyzing load distribution from the scale of the
whole plant down to the scale of mechanosensitive cells will be
presented.

COMPOSITE BEAM MODEL OF THE STEM SUBJECTED TO BENDING
The dicot stem is composed of several tissues of very variable
stiffness, e.g., epidermis, parenchyma, sclerenchyma, and wood.
Growth activity is concentrated in (i) the primary growth zone
just below the SAM and (ii) the cambial zone, a thin shell of 1-20
layers of meristematic cells near the lateral surface of the stem,
just beneath the bark. The primary growth zone is responsible
for longitudinal growth, and the cambial zone for most radial
expansion.

As the stem is generally a slender structure (the diame-
ter:length ratio is less than 1/20) (see Figure 1) and its constitutive
tissues are in transverse layers, the mechanical analysis can be
simplified using the theory of heterogeneous composite beams or
rods (Gibson et al., 1988; Moulia and Fournier, 1997), reframed
in a mechanobiological context (Coutand and Moulia, 2000), and
called the the Composite Beam model of the Stem (CBmS) in the
following.

This mechanical modeling is detailed step by step in Figure 4.
Only longitudinal strains and stresses will be considered, noted
by the subscript LL, as transverse shearing can be neglected when
analyzing slender structures, which exhibit pure bending. The
material element in the CBmS is a small volume of tissue. Two
types of tissues, broadly organized into three concentric rings,
were defined. Tissues such as parenchyma or phloem were treated
as compliant materials, and tissues like wood as stiff materials.
These elements are assumed to behave in the linear elastic range as
has been confirmed experimentally (Coutand et al., 2000). These
tissue elements are then assembled into infinitesimal slices of dS
thickness according to the known anatomy of the stems. Finally,
the stem can be viewed as a pile of infinitesimal slices, glued one
next to another along an imaginary line inside the stem, called the
neutral line.

During bending experiments one end of the stem is fixed and
one end is free to move. The stem therefore, operates mechani-
cally as a cantilever subjected to a local force F transverse to the
stem. The action of F depends on the amount of the force F and
on the lever arm L, i.e., the distance from the application point of
the force to a given slice. This mechanical amplification effect can

be modeled using a quantity called the bending moment M, the
magnitude of which isM = EL (Equation 1).

A central property of beam bending is that each cross sec-
tion remains flat and orthogonal to the neutral line all along

the deformed beam. A change in M will thus induce a relative
rotation (through an angle df) of two successive stem slice cross-
sections. The effect of the rotation is an increment of length di
on the tensed side and a decrement of dl on the compressed side.

The ratio C = % (Equation 2) is called the curvature. It mea-

sures the spatial density (rate) of bending rotation and g1 = %

(Equation 3) measures the longitudinal strain. The strain at any
point located at a distance y from the cross-section center can
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FIGURE 3 | Structure of an integrative structural mechanics (ISM)
model from Moulia et al. (2011), by permission of
Springer-Verlag Berlin Heidelberg. The structure of an ISM model
for use in plant biomechanics. ISM models consider (at least) two
scales in the system: a scale of phenomenological empiricism called
the material scale, and a scale of mechanistic spatial integration,
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the mechanical structure. The internal and boundary loads (inputs)
result in a change in mechanical state that can be calculated using
mechanical principles and robust simplifying theories. ISM models
can produce various outputs characterizing mechanical state or
dynamics, such as strain (¢) and stress (o) fields, vibration modes,
or rupture risk factors.

be computed as the product of the change in curvature and the
distance y to the central line of the stem, e17, =y - (C— Cp)
(Equation 4), where Cy is the initial stem curvature before the
load (if the initial configuration of the stem is straight). The value
of the longitudinal strain thus varies with the position along the
beam, being maximal at the beam periphery (y = R) along a
radius aligned with E.

Straining allows internal reaction forces to build up to balance
the effect of the external load. For elastic constitutive materials,
the stress is calculated as the strain multiplied by the appropriate
Young’s modulus: 071 xy.; = €11 x,yErr i (Equation 5) where Eyy ;
is the longitudinal elastic modulus of the i material and x, y are
the spatial coordinates within the cross section.

The amount and distribution of stresses and strains can
then be calculated so that they balance out M (as detailed
in supplemental data). This vyields e =y(C—Cp) =
My/ (Esoﬁh + Egiplh + Esaftlg) and oy = Eierp, (Equation
6). E; is the Young’s modulus of the ith tissue slice. I; measures
the effect of all the internal lever arms of the resisting stresses in

4 4
Outi ~Rini

a given tissue and works outas I[; = w where R, ; and
Rip ; are the outer and inner radii of the jth annulus of tissue.
These formula specify the consequences of loading (F), stem

geometry and anatomy (L, Ij), and material stiffness (E;) on

the stress and strain fields. Note that if strains increase linearly
from the center to the periphery, stress may be distributed
non-continuously. Another striking property of beam bending
apparent in the previous equation is that changes in cross-
sectional geometry have much more effect on stresses and strains
than changes in material stiffness. For example, for a given load
E doubling the elastic stiffness of all the tissues halves the longi-
tudinal strain without changing longitudinal stress. Doubling the
stem radius however (keeping the same proportion of concentric
tissues) reduces both strains and stresses at the stem periphery
8-fold. This is another example of mechanical amplification by
lever arms. We will see that this has profound consequences on
the mechanical stability and the mechanosensitivity of a given
stem. Finally, stresses and strains are highly anisotropic, with
their principal component lying longitudinally along the length
of the stem.

Shell model of the SAM under internal pressure load

The SAM, a group of continuously growing and dividing cells,
is a dome-shaped structure (Figure2) composed of two outer
layers, named L1 (the outer epidermis) and L2, and an inner
bulk of cells named L3. Future definite lateral organs, like leaves,
sepals, or petals, are initiated as primordia, bulges at the periphery
(see reviews by Kwiatkowska, 2008; Burian et al., 2013; Robinson
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FIGURE 4 | The ISM beam model of pure bending of a stem. ISM model
used to analyze stem bending experiments, using the theory of composite
heterogeneous beams in a cantilever setting. (A) Unloaded beam. The beam
is composed of a pile of (virtual) slices of infinitesimal thickness delimited by
(virtual) successive cross-sections, along a central line. (B) Loaded beam.
Under bending moment /Q (¢), the beam curves. Each cross-section rotates
by a small angle do(¢), with ¢ being the position along the stem and x, y the
coordinates within the current cross-section of the stem. (C-E) Detailed side
(C,D) and top (E) views of a bent slice in a homogeneous stem. (F-H)
Detailed side (FG) and top (H) views of a bent slice in a heterogeneous stem
made of one stiff (dark gray) and two compliant (light gray) concentric annuli
of tissues. (C,F) Strain distribution across the cross-section. Note that the
cross-section remains flat during the bending and only rotates respective to
the previous cross-section at the bottom of the slice by an angle do,
irrespective of the anatomy of the stem. The spatial rate of change in angle of
the successive cross-sections is the stem curvature C = %. Accordingly, the
stem is elongated on the convex side by di(x, y) > 0 and shortened on the

concave side by dl,,) < 0, with no change on the central (neutral) line. The
longitudinal strain ¢;; = % is thus maximal at the periphery on the sides of
the slice that face downwards and away from the orientation of the bending
force. The heterogeneous anatomy of the stem has no effect on the relative
distribution of strain across the cross-section, which remains linear and is
givenbye;, =y- (C - Co). Straining allows for internal reaction forces,
which density is measured by stresses, to build up balancing the effect of the
external load. Therefore, the amount of change in stem curvature (and hence
the global amount of straining) only depends on the amount of external
bending moment and on the overall bending stiffness of the stem. (E,F)
Stress distribution in the cross-section. For elastic constituents, the stress is
equal to the strain multiplied by the Young's modulus: oy x,y.i = e11,x,yELL,i
where E; ; is the longitudinal elastic modulus of material i. In homogeneous
stems stresses parallel strains. However, on a stem with a heterogeneous
anatomy (F) the stresses also depend on the local stiffness of the tissue and
they de-correlated with strains across the cross-section (with maximal
stresses possibly occurring inside the stem).

et al.,, 2013). Between the primordium and the apical dome,
a saddle-shaped boundary forms which later becomes a sharp
crease that separates the growing primordium from the SAM. The
thin-walled fully turgid cells in the SAM are under considerable
mechanical load from turgor pressure and cell-to-cell mechanical
interactions known as “tissue tensions.”

The mechanical analysis of the meristematic dome has been
performed by Hamant et al. (2008) and Traas and Hamant (2009),
first giving rise to the Pressurized Vessel model (PVm). The meris-
tematic zone is modeled as a vessel according to thin-shell theory.
The vessel “wall” corresponds to the outer wall of the L1 layer,
which is thicker than the other walls and likely to bear much of

the load due to the turgor pressure of inner cells. The modeled
vessel wall is built of thin shell elements of infinitesimal dimen-
sions ds and dr and of thickness t. Their material properties are
considered to be homogeneous across the SAM (for discussion
see Baluska et al., 2003). Hamant et al. (2008) proposed that
the elements should be linear elastic, but this is not necessary as
the material could equally well be viscoelastic. The only restric-
tion is that the material element should not show pure plastic
properties as this would induce loss of rheological homogene-
ity during loading. These shell elements are smoothly assembled
(i.e., essentially they are virtually “glued” together along their
sides) into a typical SAM structure, modeled geometrically by
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B Stress

FIGURE 5 | The thin-walled pressurized vessel model of the shoot
apical meristem. Integrative structural mechanics (ISM) model used to
analyze the loading of the SAM by internal turgor pressure, using very thin
shell theory (Hamant et al., 2008), reprinted with permission from AAAS.
(A) The SAM modeled as a pressurized vessel. Each point has a coordinate
in the orthoradial (r) and meridional (s) direction and P is pressure. (B) At
the top of the apical dome, represented as a spherical dome, the stress is
isotropic. If the flanks of the meristem are represented as a cylinder, the
stress is greater in the circumferential (orthoradial) direction than along the
meridian and strongly anisotropic stresses occurrs on the flanks of the
meristem. Maximal stress anisotropy occurs at the saddle-shaped
boundary between the primordium and the central dome.

combining three simple adjoining structures (Figure 5). (i) The
apical dome is represented as a spherical dome of radius R. (ii)
The flanks of the meristem are represented by a cylinder of radius
R. (iii) Where relevant an incipient primordium is represented
by a smaller lateral dome. Each point of the vessel “wall” is
characterized by its coordinates in orthoradial (r) and merid-
ional (s) directions (Figure 5A). The difference between a beam
slice and a shell element is that each shell element can display
curvatures in two directions (i.e., C;, along an orthoradial line,
Css along a meridian) and may also display a twist (Cs). Note
that in the central or primordial domes, Cs and C,, have the
same sign, the concave surface faces into the meristem and C,; =
0), whereas in the boundary, Cs and C,, have opposite signs.
Importantly, this geometry is assumed to be under static equi-
librium, so that the model only aims at calculating the stresses
required to achieve this static equilibrium in the specified geo-
metrical configuration and strains are unknown. The load is
considered to be a uniform and constant inner pressure P. The
effect of this internal load in the model can be described verbally
as follows. Each shell element builds up stresses in three direc-
tions, and its stress state is thus represented by a stress tensor (os;,
Oyr, Ors), with o and oy, being tensions in the meridional and
orthoradial directions, and o, is a shear stress within the ves-
sel wall (a kind of internal friction stress). The values of each
stress component can be fully estimated using the conditions of
static equilibrium, and depends on the curvatures in each zone of
the SAM. This was solved analytically at specific points of local
symmetry.

In the central dome, equilibrium yields o = oy = %, Ops =
0 (Equation 7). The tensile stresses are isotropic as they have same
value in the s and r directions. In the flanks of the meristem
cylinder, o, = PR, 05s = % (Equation 8), so the stress is highly

anisotropic, being twice as high in the circumferential direction
as in the longitudinal direction.

In the saddle-shaped boundary between the apex and a pri-
mordium, one may assume that the orthoradial curvature is
approximately the curvature of the dome Crr = % whereas the
meridional curvature Cg is much higher (in absolute terms).
The stresses matching static equilibrium are therefore: oy, ~ %:5’
O A % ~ ?, |or| > |0ss| (Equation 9). The outer wall of
the SAM is under tension across the crease, but in compression
along the crease. The amount of the stress depends on P and
on one of the two curvatures C,, and Cs, with higher curva-
ture inducing lower stresses for a given P. The absolute amount of
stress is much higher across the crease, and the stress distribution
is highly anisotropic.

This model of the SAM as a thin-walled pressurized vessel was
very instructive. However, it did not provide detailed insights into
how stress is distributed in the cell walls of a given SAM zone. It
was therefore, complemented by a second “zoom-in” model at the
scale of a small patch of tissue in the L1 and L2 layers (Figure 6).
This model is a Finite Elements model (FEm) of two patches of
the L1 + L2 tissues, one in the primordium-boundary zone and
one at the top of the dome. Detailed specification of the geom-
etry of the cell walls of this patch was achieved by experimental
measurements. Elements were meshed piecewise to form plates
of finite size. Just as for the PVm, the material was assumed to be
homogeneous, but also linear elastic (with no plastic deformation
or growth) and the load resulted from a uniform internal pressure
putting the L1 layer into a curved configuration. No internal pres-
sure within the cells of the L1 and L2 layers was considered as the
effect of uniform pressure among the neighboring cells cancels
out within a cell layer. The boundaries of the patch were given
the proper saddle shape of the primordial boundary or the hemi-
spherical shape of the dome. The mechanical equilibrium state
was then computed numerically. This was done both for the intact
patch, and for a patch in which one or two cells were ablated
(i.e., their outer walls were deleted from the model). Making one
hole in the patch redirects the orientation of the main stresses to
surround the hole, and increases the magnitude of these stresses.
When holes are made in two adjacent elements, highly anisotropic
stresses are induced between the two holes, even if they are posi-
tioned at the tip of the dome where stresses are normally isotropic.
Note that as the elastic rheology of the cell wall was specified, the
FEm could be used to estimate not only the stress distribution
within the cell walls, but also the elastic strains of the walls (this
was not possible using the PVm).

MECHANOSENSING AND MECHANOTRANSDUCTION

Now that we have tracked the distribution of stresses and strains
within the two types of organs and the two types of loads, we can
study how the cells sense their local mechanical state. Models can
be helpful tools at this stage too to define quantitative behaviors
and to deduce which variable is sensed.

STRAIN-SENSING OR STRESS-SENSING? DOES IT MATTER?

Mechanobiologists have paid relatively little attention to the issue
of whether plant cells sense stress or strain, implicitly assuming
that mechanical “stress” is the variable of interest perhaps due
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FIGURE 6 | Finite elements model (FEm) of a patch of the L1 + L2 layer
of the SAM. ISM model for the numerical mechanical analysis of a small
patch of the SAM with full cellular resolution. The example here displays
the model (and the numerical simulation of its stress-field output) of a patch
at the boundary between the primordium and the central dome, with the
ablation of one L1 cell from Hamant et al. (2008), reprinted with permission
from AAAS. (A) General view of the FEm of the patch in the primordium
boundary zone from above indicating the simulated pattern of principal
stress directions (red lines) on the outer surface of meristem tissue. Colors
indicate relative values of stress (blue, low; green, medium; red, high). (B)
Side view of the outermost cell layers L1 and L2. (C) Detail of the stress
pattern around one hole due to cell ablation.

to semantic confusion with physiological “stress” (Moulia et al.,
2011). However, it is important to remember that stresses and
strains do not parallel in heterogeneous constitutive materials
(e.g., stems) or in materials behaving in the plastic range (e.g.,
during growth). Thus, a strain-sensing mechanism would not
give the same output as a stress-sensing mechanism. Recently a
“stress-sensing vs. strain-sensing controversy” has been stirred up
[see replies to Hamant et al. (2008) by Schopfer and Meyerowitz
in science e-letters, and (Moulia et al., 2011) and (Hamant,
2013)]. Addressing this issue requires a further step in the
modeling.

FROM CELLULAR MECHANISMS TO QUANTITATIVE LOCAL
MECHANOSENSING

Local mechanosensing of external loads: the “strain-sensing
model”

Among the mechanisms involved in mechanosensing,
mechanosensitive ionic channels, often known as stretch-
activated channels (SAC) have been the subject of detailed
quantitative studies using the patch-voltage-pressure-clamp
technique on protoplasts, cells enzymatically stripped of their
walls (e.g., Ding and Pickard, 1993; Haswell et al., 2008). Altering
the turgor pressure induces strains and tensional stresses in the
plasma membrane and in the channel. The ionic current passing
through the channels can be monitored after clamping the
voltage, thus quantifying their mechanosensitive responses. The
general shape of these response curves is sigmoidal, and can easily
be linearized in the range of small strains (Figure 7A). Based
on these results, we assumed that the local mechanosensitive
function of a tissue element can be approximated through a
linear function over a threshold (Coutand and Moulia, 2000;
Moulia et al., 2011):

dS; = ks - (¢ — gg) .dV if & > g, else dS; =0 (10)

where dS; is the local signal in the cell (in Figure 7A, dS; = dI,
where I is the ionic current), k, is a mechanosensitivity factor
(ks = 0 defines an insensitive tissue, while higher k; values equate
to greater sensitivity), ¢ is the local mechanical strain of the tis-
sue element, gy is a possible strain threshold or minimal effective
strain (g9 > 0) (see Moulia et al., 2006 for a review), and dV is the
volume of the tissue element.

Equation (10) assumes that only tensile strains are sensed
(¢ > &0 > 0), but it can be extended straightforwardly to the case
where both tensile and compressive strains are sensed in propor-
tion to their absolute value, as is observed in animal bone tissues
(Schriefer et al., 2005).

Equation (10) was assessed experimentally in Populus trem-
ula x alba (Pta) (Coutand et al., 2009) by measuring the expres-
sion of the primary mechanosensitive gene ZFP2. ZFP2 codes for
a zinc finger protein that is transiently over-expressed as early
as 5min after straining in the strained tissues, probably in a
cell-autonomous manner (Leblanc-Fournier et al., 2008; Martin
et al., 2009, 2010) The response of the cell mechanotransduction
pathway—from the initial reaction in the cytoplasm to primary
gene expression in the nucleus—could thus be assessed by mea-
suring Qy, the relative abundance of ZFP2 transcripts in small
slices of the stem using quantitative real-time PCR (Coutand
et al., 2009). The bending stresses and strains are highly hetero-
geneous across a stem element. An integrative model was thus
necessary to express the prediction of Equation (10) at the level
of a stem segment and to assess it experimentally. Combining
Equation (10) with the strain field equation in bending (Equation
4), it was possible to derive

ks.kgs
Co

_ ks.k,
Qrorgan = cE€— (s_ds

< 'éo—l>=k,-é—(kr~éo—1)(11)

where Q); is the ratio between the abundances of Pta ZFP2 tran-
scripts in the strained tissue elements and those in the unstrained
control), kg; is the sensitivity of the pathway downstream of the
primary sensory reaction, Cy is the baseline transcript concentra-
tion in the unstrained control, k, =k, kg, / Cp is the apparent sen-
sitivity of relative gene expression, and & is the volume-averaged
tensile strain (see Moulia et al., 2011 for details).

Our local mechanosensing model (Equation 11) thus pre-
dicts a linear increase in the relative expression of ZFP2 with
an increase in the mean strain &, a prediction that can be tested
experimentally. Indeed, the experimental relationship between
measured Q, and volume-averaged strain £ was found to be linear
(Figure 7B), with Equation (11) explaining 77% of the 1:500 vari-
ation in Q,. This validates the hypothetical strain-sensing model
stated in Equation (10) and gives the first in planta measurement
of the mechanosensitivity of the mechanotransduction pathway.
Under the conditions of this experiment, a 1% strain induces a
transient 200-fold increment in transcription of Pta-ZFP2. It was
surprising that the strain range in which this linear mechanosens-
ing model holds true goes up to at least 5%, i.e., well beyond the
range of elastic strains in cell walls. Cell internal components are
likely to undergo a much larger range of elastic deformation than
the cell wall alone, explaining the proportional sensing of strain
even when wall stresses eventually plateau (see Sato et al., 2005).
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FIGURE 7 | Local mechanosensing of external loads. (A) Probability of
mechanosensitive channel (MsC) opening and mean patch conductance as
a function of patch depression (and hence membrane tension and MsC
strain). Open and filled circles, two replicates. Dashed dotted line, linear
fit. Modified from Ding and Pickard (1993), Copyright# 1993, The Plant
Journal, John Wiley and Sons. (B) Relationship between the relative
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transcript abundance Qr of the primary mechanosensitive gene Pta ZFP2
(measured by Q-RT-PCR) and predictions from the Strain-Sensing model
through the volume-averaged strain in the bent stem segment &, (i.e., Sum
of the Strain-Sensing normalized to the volume of the bent tissue;
Coutand et al.,, 2009, Journal of Experimental Botany, by permission of the
Society for Experimental Biology).

Local mechanosensing of internal loads: cellular stress-feedback
model

The mechanisms underlying the responses to internal loads have
been investigated much less than those involved in sensing exter-
nal loads. Mechanical signals control (i) the amount and distribu-
tion of the active PIN1 auxin transporters, possibly though Ca?*
influx acting on PINOID proteins via TOUCHS3 proteins (Heisler
and Lam, 2010; Nakayama et al., 2012), and (ii) the alignments of
cortical microtubules (CMT) and the orientation of cell division
planes. The calculated stress pattern in the SAM outer L1 layer,
and the CMT distribution determined experimentally (Hamant
etal., 2008) were very similar (Figure 8A).

However, this observation is only correlative. A step forward
was made when it was confirmed that the distribution of micro-
tubules changed to match the redistribution of the wall stresses
as predicted by the local FEm when the meristematic dome
was compressed or when two holes were made in the L1 layer,
(Figures 8B,C). However, this still did not provide a mechanistic
link. A putative sensing mechanism may involve wall-associated
protein complexes linking the cell wall to CMT that would then
be directly subject to cell wall stresses, but there is no direct exper-
imental evidence for this at the subcellular level (see Baluska et al.,
2003; Landrein and Hamant, 2013 for discussion).

In order to assess this mechanism of microtubule alignment
by wall stresses with respect to the data on SAM dynamics, a
new model was needed. Microtubule reorientation takes 4-12h,
long enough for growth to occur. Thus, a model was required
that included cell geometry, growth, mechanosensing of load dis-
tribution, and microtubule orientation. This model was called
the Two-Dimensional Cellular Stress Feedback model (2D SFm,
Figure 9; Supplemental Material SM2).

Mechanical structure. The material element of this model is a
piece of cell wall, assumed to display linear elastic properties,
i.e., its stresses are proportional to its strains. The coefficient of
proportionality is the stiffness of the wall material E,,, its Young’s

Microtubules

-

Stress

FIGURE 8 | Mechanosensing of internal loads in the SAM and
microtubule re-orientation from Hamant et al. (2008), reprinted with
permission from AAAS. (A) Schematic representation of stress directions
and microtubule orientations in the different parts of an SAM bearing a
cylindrical primordium. (B) Principal stress pattern at the outer surface of
the meristem simulated in an FEm of a patch of SAM at the top of the
dome with a two-cell ablation. The stress pattern is circumferential to each
of the ablated regions and stress alignment is enhanced in the cell
between the two ablated cells. (C) Cortical microtubule distribution in the
L1 layer in the central zone after a two-cell ablation as visualized by the
expression of a construct fusing the Green Fluorescent Protein and the
Microtubule Binding Domain (GFP-MBD), Scalebar, 5 um.

modulus. Only one-dimensional (1D) stretching of the wall is
considered. E,, is under biological control, modeled as depending
on the auxin concentrations in adjoining cells on both sides of the
wall (see Supplemental data), and on microtubule orientation in
the same cells (61 and 0,,), according to:

(12)

cos? (8;) + cos? (92)>
2

Ew = Emin + Emax (
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E.in is the elastic stiffness of the isotropic cell wall matrix, and

2 2
Epax (M) is a stiffening term related to the direc-

tional angle ® of CMTs (and hence microfibrils) relative to the
wall direction on both sides of the cell wall. This cos?(®) angular
dependency simply specifies mathematically the idea that parallel
and antiparallel orientations both lead to the maximal longitu-
dinal stiffening, whereas perpendicular orientation leads to no
stiffening.

Interphasic expansion growth of the walls of meristematic cells
is modeled by increasing the resting length of walls 1, at an abso-
lute rate that is proportional to the amount of elastic strain of
the wall above a yield threshold. Cell wall synthesis is assumed to
follow wall extension (and cell division). The wall elements are
assembled into a two-dimensional tissue model representing the
cells of the L1 layer as hexagonal boxes, only considering the lat-
eral walls of L1 cells. Each wall is considered to act as a 1D spring
carrying a force F,,. The cell corners are assumed to behave like
ball-joints in that there is no stiffness when the angle is changed.
Finally, cell division is assumed to occur when cells reach a thresh-
old size, and the new wall runs through the barycenter of the
original cell and parallel to the direction of microtubules.

Load modeling mechanical equilibrium. Just as in the PVm,
the load comes from the turgor pressure of the inner cells and
is assumed to be homogeneous. This puts the L1 layer under
2D stress and the curved configuration allows local curvature to
balance the inner force and the tensile reaction within the L1 wall.

Mechanosensing and feed-back mechanisms. The mechanosen-
sitive reorientation of CMTs is modeled assuming that ®,, the
CMT direction for a cell, is sensitive to wall stresses. The model
does not address the stress distribution within the wall-associated
proteins and the cytoskeleton though. It is only assumed that the
mean CMT orientation somehow follows the orientation of the
net force resulting from the tensions in all the side walls:

0. =6_.
> Fw

(13)

This alignment response is not instantaneous but occurs at a
constant rate. This is the only mechanosensitive step in the model.

The feedback mechanism then comes from the following
assumptions. The current mean CMT orientation is supposed
to alter the elastic stiffness of each cell wall by modifying the
direction of the cellulose microfibrils in the wall and hence the
anisotropy of cell wall stiffness. This modifies the amount of
growth in the different cell walls and the direction in which the
new cell wall is laid down when a cell divides.

The inputs of the model are the turgor pressure, the shape of
the L1 cells, and possibly the distribution of auxin. It predicts
the elastic stresses and strains in the walls, the expansion growth,
the mean orientation of CMT, and the orientation of phragmo-
plasts. These outputs depend on seven parameters (E;in, Enaxs
plastic growth extensibility, yield strain threshold for growth, the
two parameters of auxin sensitivity, and rate of mechanosensi-
tive reorientation of CMT, see Supplemental material for more
details).

An important feature of this model is that different rates
of expansion originate from the applied forces (pressure and

wall-wall interactions), and the dynamics of the cell wall elastic
stiffness. Hence, there is no explicit relationship between maximal
stress and maximal growth direction in the model. Depending on
the stress patterns, the model can predict maximal growth along
the maximal stress direction and perpendicular to it.

The validity of this model could not be assessed experimen-
tally at the local level, but it was included in a model of the
mechanosensitive behavior of the whole SAM (Section Whole-
organ integration and experimental assessment).

WHOLE-ORGAN INTEGRATION AND EXPERIMENTAL
ASSESSMENT

THE SUM OF STRAIN-SENSING MODEL, S2M

Quantifying global thigmomorphogenetic responses

To properly lay out the problem of integrated mechanosensing
at this point, we need to consider the global growth responses
of the plant to external bending loads in more detail. This has
been made possible by using a quantitatively-controlled bend-
ing device while continuously monitoring primary elongation or
secondary thickening using linear voltage displacement transduc-
ers (Coutand et al., 2000). It was found that elastic bending at
the base of the stem induced a thigmomorphogenetic response
in the distal primary growth zone, implying that a long-range
internal secondary signal S; ; traveled from the bent tissues to the
responding primary tissues (Coutand et al., 2000; also Brenner
et al., 2006). The propagation of this signal to the apex is much
faster than the typical reaction time of growth responses, and
there is no obvious damping over longer distances (Moulia et al.,
2011). The nature of the carrier of this long-distance signal is
currently being investigated. Given its velocity it could be either
an electric signal in the phloem, or more likely a pressure pulse
in the xylem (Lopez-Rodriguez et al., 2014; Tixier et al., 2014).
In contrast, the secondary growth response seems local to the
bent zone (Mattheck and Bethge, 1998; Coutand et al., 2009).
For both primary and secondary growth responses, the initially
growth stops for one to a few hours, then growth restarts and
eventually the growth rate returns to that of unstimulated con-
trols. For primary growth, the recovery time is highly dependent
on the amount of bending strain applied, typically ranging from
100 to 1000 min. No compensatory growth is observed so at the
end of the experiment bent plants are shorter than control plants
(e.g., 2mm shorter per bending stimulus in the experiment by
Coutand et al., 2000). Secondary growth though shows clear and
long-lasting growth stimulation after the initial inhibition, with
growth rate increasing over 3 days then decreasing to the con-
trol rate over the next 3—4 days. The effect of this stimulation of
secondary growth (40.35 mm per bending stimulus) was approx-
imately 30 times higher than the effect of the initial inhibition,
resulting in an overall stimulation of radial growth. Unlike pri-
mary growth, the timing of the response was much less dependent
on the amount of bending strain than on the peak (and total)
increment in growth rate (Coutand et al., 2009, 2010).

Integrating local mechanotransduction into plant mechanosensing

Why do stems of different shape and structure respond differently
to the same external load? We aimed to assess whether the strain-
sensing hypothesis, combined with structural and geometrical
effects on load distribution across the stem structure, can explain
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FIGURE 9 | Schematic representation of the SAM Stress Feedback
model (SAM SFm). The SAM SFm (Hamant et al., 2008) incorporates an
ISM biomechanical model of the mechanical load-bearing structure of the
SAM, and a mechanobiological model of the responses to the mechanical
state of a cell in terms of (i) cell-wall stress sensing by CMTs and (i) the
consequences on the longitudinal elastic stiffness of the cell wall due to the
direction of the laying down of cellulose microfibrils with respect to the
longitudinal direction of the cell wall. The elemental brick of the
biomechanical model is a piece of cell wall @ (called the cell-wall element)
which displays two rheological behaviors: (i) elastic straining and (ii)
expansion growth changing the rest length I, o of the element at a rate that
is proportional to its elastic strain over a certain threshold. Cell wall growth is
therefore analogous to visco-plastic creep. The transverse height (d) and
thickness (t) of the wall element are assumed to be constant. Two levels of
structure can then be assembled. At the first level, ® the side walls of a
single hexagonal cell are assembled The model can be run at this level, giving
rise to the cell-level formulation of the SFm. Otherwise the cells can be
assembled to form a surface mesh with typical SAM geometry®, in the
SAM-level formulation of the SFm. The load is the turgor pressure of inner
tissues considered to be fully borne by the L1 cell(s) @. This ISM
biomechanical module outputs the (elastic) wall-stress field oS, at every
position X on the different cell-wall elements composing the mechanical
structure, at a given time, as well as the changes in rest-lengths of all the
cell-wall elements due to expansion growth. This updates the geometry of
the cellular structure for the next step and the outputs are transmitted to the

mechanobiological module. In the mechanobiological module of the SAM
SFm, the mechanosensitive step occurs at the level of the cell @, as it is an
intrinsic cellular process. The central hypothesis of the module is that CMTs
are re-aligned to the current direction of the direction of the resulting stress
fc, but this occurs at a constant pace with only some of the overall CMT
population (ncnew) being reoriented during each step (the rate is assumed to
be independent of the mechanical state). The current mean orientations of
CMTs in two cells sharing a given cell-wall (61 (t), 8, (t)) determines the
longitudinal elastic stiffness of the side cell wall E,, presumably through the
orientation of the laying down of the new cellulose microfibrils with respect
to the existing wall, changing the anisotropy of the cell wall elastic rigidity and
hence its longitudinal stiffness (here assumed to be instantaneous) ® (note
that (01 (t), 62(t)) may differ from the targeted orientations (6¢c, 6cy) specified
by the stress-feedback as CMT reorientation takes time). The latter process
occurs at the level of each cell-wall element so different walls of the same
cell differ in the amount of elastic stiffening they undergo. The new value of
wall elastic stiffness Ey is the output of the mechanosensitive module and is
transferred to the mechanical module, in which the elastic stiffness is
updated, immediately changing the constitutive law of the cell walls, and thus
giving rise to a new mechanical equilibrium at the next step. This change in
wall elastic rigidity is the way the current wall-stress state feeds back on the
growth of the meristematic cells. Note that cell division may occur (not
shown). A phragmoplast (new cell wall) is laid down parallel to the current
CMT direction 81 whenever the size of the stem passes a certain size
threshold thereby changing the structure of the L1 cell wall “mesh.”

the variability in plant responses (Coutand and Moulia, 2000;
Coutand et al., 2000, 2009). For this, we set out to build a min-
imal model of mechanosensing integration, from the level of the
strained tissue element up to the thigmomorphogenetic growth
responses in the entire stem. This model has been called the
Sum of Strain-Sensing model (S*m). Its development involved
several steps (Coutand and Moulia, 2000; Coutand et al., 2009)
and it was only completely assembled a few years ago (Moulia

et al., 2011). This model is designed to chart the effects on the
global thigmomorphogenetic responses of both the mechanical
and the mechanoperceptive structures of the organ. The model
was made with the purpose of competitively assessing two pos-
sible candidate mechanisms for the mechanosensing of external
loads, strain-sensing vs. stress-sensing. Building the model was
analogous with the process of integrative modeling in structural
mechanics as illustrated in Figure 10 (presented in detail in the
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FIGURE 10 | Schematic representation of thigmomorphogenetic model
including the ISM beam model and the S3m. The ISM model of the
mechanical load-bearing structure (left) is the CBmS designed by Coutand
and Moulia (2000) to analyze stem bending experiments (see Figure 3). It is
based on a validated composite-beam model of plant organ flexion (Moulia
and Fournier, 1997). In its most simple configuration its inputs are the
curvature field C(¢) and the bending moment M(¢) along the stem (measured
as in Moulia et al., 1994). Its parameters are: (i) length, L, and diameters along
the stem, D(¢); (ii) estimates of tissue stiffness (longitudinal Young's moduli
Coutand and Moulia, 2000); and (iii) the anatomical cross-sectional images
processed using the model by Moulia and Fournier (1997). The elementary
unit is a piece of tissue assumed to behave in the linear elastic range. Like all
models based on beam-theory, this model defines two integration levels: the
cross-section (which can be heterogeneous) and the stem. From the
curvature field, it computes the strain field, e(x, y, ¢, t) (and the stress field

olx,y, ¢, t)if required) with ¢ being the position along the stem and x,y the
coordinates within the current cross-section of the stem, and t the time. The
mechanosensitive model is the S3m model (Moulia et al.,, 2011). Its inputs are
the strain fields ¢(x, y, ¢, t) in each stem, and the stem geometry factors L
and D(¢), (all these data are received from the ISM beam model). S3m then
generates the local sensing in a tissue element, and, if needed, the predicted
amount of transcription Qr of a primary mechanosensitive gene. Then the
integrated secondary signals S; jand S; 5 reaching the primary and secondary
meristems, respectively, are computed. These signals are inputs of a module
of thigmomorphogenetic growth responses (Coutand and Moulia, 2000;
Coutand et al., 2009) outputting logarithmic dose-response modulations of
primary and secondary growth. In a fully-coupled dynamic model of
thigmomorphogenesis, the outputs of the thigmomorphogenetic growth
response module can be used to update the size and geometry of the stem
at the next step, so time integration can be simulated.

supplemental data), but extended it to include purely biological
Sensory responses.

The starting point was the local strain-sensing model
(Equation 10) which states that the secondary signal output of
each cell, dS,, is proportional to the mechanotransduced signal in
the mechanostimulated cell, and hence to dS; (hypothesis H1).

The long-distance signal propagation was very fast compared
with the growth response and was not damped down, so it
could be neglected. The simplest model for the integration of
the mechanical sensing is that the output signals, dS,, of all the
mechanosensitive cells simply sum up into a global secondary
internal signal S; (hypothesis H2). In short, for a given strain
amplitude, the more cells that are strained, the higher the S; is.

Subapical primary growth responds to distant sensing
throughout the stem volume Vs. The internal signal propagated
axially along the whole stem and controlling the response of pri-
mary growth S;; can then be written as the sum total of all the

local signal outputs from the strained cells across the stem volume
Vs (Coutand and Moulia, 2000):

Site = H f Koteray - (8(9%2) B 80) AV
v

where ¢ is the distance from the apex and (3, z) describes the posi-
tion of the tissue elements across the cross-section of the stem and
the triple sign means the sum along the three dimensions of the
stem volume.

By analogy the thigmomorphogenetical signal controlling sec-
ondary growth S; ;, can be computed as the sum of the elementary
signals dS, on a one-cell thick cross-section (see Figure 10).

As can be seen in Equation (14) the mechanosensitive struc-
ture of the plant (at a particular time) is given by the spatial dis-
tribution of mechanosensitivity k,(. , ;) and thresholde

(14)

o(s.y.2)*
However, comparative tests of the $3m have shown that the most
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determinant factor was the geometry of the stem. For simplicity,
more recent studies took mechanosensitivity to be homogeneous
over all tissues (e.g., Coutand et al., 2909). .If ko(g,y,z) fmd‘ Eo(s.7.2)
are constant, then they can be factorized in the spatial integrals,
so that the model for the control of primary growth becomes

Site, = ko jvjfs(w,z).dv — ko80-Ve = koSistrains — Zo (15)

where Sstrains 1S the integrated stimulus summing all the strains
of the cells and X is the integrated minimal effective strain. The
same expression can be used for secondary growth.

This model thus predicts that the integrated signals reach-
ing the two meristems are linearly dependent on integrals of
the strain field over the domains of mechanosensitive integra-
tion for primary and secondary growth (Sigtrains and Sastrainss
respectively).

This prediction was tested quantitatively against the corre-
sponding growth responses described earlier. Compared with
what we studied for the local mechanosensitive gene expression
(Equation 11 and Figure 7B),the prediction of $°m is no longer
that the growth response should be linear with S; srains but that
the growth responds in a dose-dependent manner to the sum
of strains S; strains. Another way of thinking about this is that
collecting more cells in the strained tissues for the analysis nec-
essarily entails adding RNA to the sample (linearity), but the
biological thigmomorphogenetic response of growing tissues to
the supposed integrated signal S; may not be additive.

As shown in Figure 114, a tight logarithmic relation was found
between the primary growth response (recovery time 7;) and
Sistrains Which explains 75% of the 1:10 variation in the response
(Coutand and Moulia, 2000).

Si.
strains
S for Slstrains > Solstmm (16)

01strains

Trecovery = A1- In (

where a; is the global thigmomorphogenetic sensitivity of a plant
(including both the initial sensitivity of the mechanoperceptive
structure of the plant k(. , ) and the responsiveness of the
meristem to a long distance signal S; ;) and Solstrains is the thresh-
old over which meristematic cells perceive the global systemic
signal reaching the growth zone. (Note that Sp,,_,  is not the same
as the integrated minimal effective strain threshold X presented
earlier).

Similarly, a relationship was found between Sjgrainsand the
radial growth response, which again explains 75% of the 1:5 vari-
ation generated by varying stem bending with different stem sizes
(Coutand et al., 2009). An initial experiment on poplar suggested
that a linear relationship between the radial growth response and
Sastrains Was statistically slightly more significant than a logarith-
mic relationship. However, analysis of a set of dicot tree species
(Coutand et al., 2010) showed that the logarithmic relationship is
more generic (also see Telewski, 2006).

It should be noted that using S’m the global thigmomorpho-
genetic sensitivity of a plant can be described quantitatively using
just two parameters for the primary growth response (ai, So, ;i)
(Coutand and Moulia, 2000) and two for the secondary response

(ap, Sozmim ) (Coutand et al., 2010). Varying the load and/or plant
size and anatomy affects the Sisirains value along the x-axis in
Figure 9, and thus the value of the response, but the relationship
expressed in Equation (16) (and the corresponding log response
curve) are invariant. This relationship and the a; parameter in
Equation (16) are thus independent of both load intensity and
plant size/structure.

Equation (15) involves an explicit integration of the effect of
the mechanical and perceptive structures of the plant through the
S3m model, a model that has been validated experimentally. This
is not the same as a purely correlative dose-response curves with
an “arbitrarily chosen” measure of the stimulus (e.g., force Jaffe,
1980a).

Finally, and very interestingly, we modified the local sensing
equation so that local stress was the sensed variable instead of
local strain. In this Sum of Stress-Sensing model, the 1:10 vari-
ation in the response was no longer explained, clearly disproving
the stress-mechanosensing hypothesis for the control of growth
by external mechanical loads (Figure 11B).

INTEGRATIVE STRESS-SENSING MODEL IN SAM SUBJECT TO
INTERNAL LOADS

The SFm of a cell has been assembled into a cellular net-
work encompassing a realistic SAM shape to simulate the entire
dynamics of meristematic growth and morphogenesis, including
primordial bulging, phyllotactic patterning, and distribution of
CMT orientation. This integrative SAM Stress Feedback model
(SAM SFm) was derived from an existing model relating auxin
transport to phyllotactic dynamics (Jonsson et al., 2006). To
account for a realistic distribution of growth rate across the meris-
tem an ad-hoc dependency of the growth extensibility parameter
k, on distance to the center of the SAM was included (thereby
introducing an 8th parameter, while artificially constraining the
possible dynamics of the model).

The overall dynamics of the model was qualitatively satis-
factory. Moreover, as shown in Figure 12 the predicted CMT
orientation was found to match experimental observation at the
primordial boundaries, at the side of a growing primordium and
at the stem-side base of the SAM. The robustness of the stabiliza-
tion of CMT orientation during the formation of the primordial
boundary and crease could be also assessed. Last but not least,
an alternative Growth-Strain Feedback model (GSFm) for cellu-
lar mechanosensing was implemented and simulated within the
same framework, and found to produce erroneous qualitative
predictions (see replies to Hamant et al., 2008) by Schopfer and
Meyerowitz in Science e-letters).

However, in these studies, the prediction by the SAM SFm
could not be quantitatively assessed vs. the observed CMT reori-
entation. Growth-induced strains (and strain rates) were not
measured concurrently, so the validity of the competing GSFm
could not be really assessed. In other words, the GSFm might gen-
erate the wrong SAM dynamics not because its sensing hypothesis
is wrong but because the modeling of growth and growth-
induced auto-stresses is problematic. The elaborate task of testing
the models was undertaken by Burian et al. (2013) who com-
bined confocal measurement of CMT orientation dynamics with
the sequential-cast (replica) technique, and careful comparative
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FIGURE 11 | Experimental assessment of the Sm model.
Dose-response curve of the recovery time of the primary growth response
after bending plotted against the candidate internal signal (Sq strains)
predicted by the S®m model (adapted from Coutand and Moulia, 2000
Journal of Experimental Botany, by permission of the Society for

Experimental Biology). (A) A logarithmic relationship is obtained under the
hypothesis that the mechanosensed variable is the strain and which
explains 72% of the overall response. (B) No relationship is obtained
under the hypothesis that the mechanosensed variable is the stress. —,
log fit; @, experimental results.

FIGURE 12 | Experimental assessment of the 2D Stress Feedback
model (SFm) of the entire morphogenetic dynamics of the SAM from
Hamant et al. (2008), reprinted with permission from AAAS. (A)
marking cortical microtubules (green) and cell shape (red) at the surface of
a meristem generating a young primordium (P). Cortical microtubule
marking is obtained using the expression of a fusion protein involving the
Green Fluorescent Protein and the Microtubule Binding Domain (GFP-MBD)
under the control of the constitutive promoter 35S (p35S:: GFP-MBD) Scale
bar, 20 mm. (B) Microtubule orientation (red bars) in cells in the 2D SFm
(extracted from confocal data). Note the alignment of the virtual microtubule
orientations in the boundary zone and compare to (A). (C) Simulation of an
auxin-induced primordium. The 2D SFm results in orthoradial alignment of
microtubules around the growing primordium. (D) Tip-growing simulation
with the stress-feedback model generating a growing stem. Microtubules
align mainly orthoradially in the stem, which has a regular shape.

mapping of CMT orientation statistics, local surface curvature
and strain-rates. First Burian et al. (2013) clearly disproved the
GSFm and its central hypothesis that CMTs are always oriented
perpendicular to the maximal growth. However, the analysis of
the relationship between wall stress pattern and CMT orienta-
tion proved more complex. A priori two models were available
to test for inferred stresses: the simple PVm (Figure 5), and the
more complex numerical SAM SFm (Figures 9, 12). However,

as seen before, using the numerical cellular SFm requires the
estimation of eight parameters, as well as exact knowledge of the
initial geometry of cells. This requires very complex, destructive
and time-consuming measurements. Therefore, the authors relied
on the much simpler PVm (Hamant et al., 2008) which only
requires mapping of the curvatures of the L1 layer. This was
achieved through the sequential replica method followed by
three-dimensional (3D) reconstruction and differential geometry.
Burian et al. (2013) found that the presumed geometry-derived
stress distribution is not sufficient to predict CMT orientation
throughout the SAM (i.e., other than at the primordium bound-
ary), thereby rejecting the simple stress-feedback hypothesis.
They argued that a better, qualitative match between estimated
developmental changes in stress and CMT were found when
mechanical auto-stresses derived from differential and heteroge-
neous growth were considered. However, a full assessment of this
new hypothesis requires an extension of the numerical cellular
SFm to include differences in pressure in the L1 layer, so that in-
plane stressing between neighboring cells can be considered. The
modeling of possible differential behavior of the inner and outer
sides of the L1 layer may also be considered (as has been done
in drosophila embryo models Supatto et al., 2005). This is likely
to require substantial changes in the model such as a full cou-
pling with water flows, and therefore many additional parameters
entailing more experimental assessment of models.

MAJOR INSIGHTS FROM THE TWO EXAMPLES OF MODELING

These two sets of work on the mechanosensitive control of
growth and morphogenesis by mechanical cues have a lot in
common. In both cases it was necessary to combine integrative
models with guided experiments and to progress iteratively in a
model<«>experiment loop. The role of the models was to allow for
the predictions of mechanistic hypotheses to be assessed exper-
imentally both at the cellular and whole-organ scales. In both
cases, ISM integrative biomechanical models were coupled with
a mechanobiological model to study the load distribution, the
mechanosensing, and the building of the overall growth and mor-
phogenetic responses. This has allowed the clear definition of
the three “superimposed” structures of the plant: the mechanical
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structure bearing and distributing the load, the mechanosensitive
structure, and the responsive morphogenetic structure. The SAM
could be considered a borderline case for this theoretical frame-
work because there is very little visible tissue differentiation, so
the three structures are merged (even though invisible dynamic
patterning of cell fate is underway). On the contrary, the growing
dicot stem offers a much clearer spatial and functional distinction
between the three structures. The mechanical structure mostly
involves the stiff tissues (although parenchyma does act as a
filler and stabilizer, Gibson, 2013), the mechanosensitive struc-
ture is mostly parenchyma (and phloem), and the morphogenetic
structures are the primary and secondary meristems. Therefore,
changes in the geometry of the stem, and on the balance between
the three structures may change the overall responsiveness of the
plant to a given mechanical load (even if the intrinsic sensitiv-
ities of the mechanosensing cells and meristematic cells remain
unchanged).

In all cases, the major insight is how the geometry of the
organ influences both the load distribution and the amount
of mechanosensing. Insightful dose-response curves cannot be
obtained when only the overall mechanical load is considered
(e.g., the force applied on the organ). In some experiments appar-
ently good correlative dose-response curves with the overall load
can be produced (e.g., Jaffe, 1980b), but this is because the
three structures of the plant displayed very little variability, while
there was a wide range of loads. Global dose-response curves
risk causing confusion as they do not consider the mechanical
and mechanobiological structures and processes involved in the
interaction between the organ and its load and may be mislead-
ing when analyzing genetic variability of natural populations or
mutant or stage variability.

The second insight brought by these two approaches is that
the sensing is distributed, so that the relevant variable is the dis-
tributed change in mechanical state, i.e., stress or strain. It is now
time to revisit briefly the strain-sensing vs. stress-sensing con-
troversy (a more complete discussion can be found in Moulia
et al., 2011). The conclusions of the two sets of studies outlined
in this review are contradictory. However, these findings can be
reconciled by postulating that different sensing pathways may be
involved, each having a different mechanical relationship with the
cell wall. Mechanosensing of external loads is thought to involve
mechanosensitive ionic channels that sit in the soft cellular mem-
branes and are gated by membrane tensional stresses (Haswell
et al., 2008). They thus cannot sense wall stresses. But the mem-
brane is more compliant than the cell wall by orders of magnitude
and it is attached to and pressed against the cell wall, so it is forced
to follow the straining of the wall. As a consequence the intrin-
sic stretch-activated-channels are stretched according to cell wall
strains. On the contrary, cytoskeleton elements link to the cell wall
at direct adhesion domains (Baluska et al., 2003). These linkers
are partially embedded in the cell wall, so any cell wall stresses
are directly transmitted to them. Moreover, unlike the surround-
ing polysaccharide wall, they are likely to behave elastically. So the
change in their configuration, the strain, that ultimately modu-
lates their biological activity (Monshausen and Haswell, 2013) is
directly linked with elastic stresses within the surrounding wall.
As these proteins are minute inclusions within the cell wall, their

very local stress-strain pattern cannot be resolved from that of the
surrounding cell wall, so the changes in their configuration are
better predicted by the stresses they receive from the surrounding
cell wall than by its global strain. This illustrates how important it
is to precisely consider the cellular (and macromolecular) struc-
tures involved, and how strain and stress patterns propagate, not
only through tissues and cells, but ultimately in the apoplasm and
symplasm. This is a new domain in which modeling will proved a
very valuable tool.

BIOMECHANICAL AND MECHANOBIOLOGICAL MODELS FOR
PLANT MECHANOSENSING: FROM THE PLANT IN ITS
ENVIRONMENT TO GENES AND BACK

BIOMECHANICAL MODELS AS A TOOL TO DESIGN AND ANALYZE
EXPERIMENTS

We now review more systematically some of the many ways in
which biomechanical and mechanobiological models have been
used to gain insights into the mechanosensitivity of plants in their
natural environments.

Mechanical models as state observers estimating stress and strain
distributions

Mechanical models are almost indispensable tools for tracking
how the mechanical loads are distributed throughout the organ
or plant, scaling down to the mechanosensitive cells themselves.
Indeed the load acts through the whole organ or plant structure,
with possible mechanical focusing and amplification at specific
places (related to lever arms, holes and curvatures). The stress
distribution in the SAM (Figure 5) is primarily prescribed by the
geometry of the dome and its connection with primordia, the
saddle-shape of the crease having a huge effect. If one stem has
a diameter that is twice that of another stem, when they are both
submitted to the same bending moment M (Figure 4), the strains
will be 8-fold higher in the more slender stem. If the two stems
have same diameter the Young’s modulus of one is twice that of
the other, the strains in the stem with the lower Young’s modu-
lus will be only twice as high. Without a proper understanding
of these effects a mechanobiologist can easily misinterpret exper-
imental data. The case of stresses is particularly compelling and
indeed, as already emphasized, stress is not an observable or mea-
surable quantity. Engineers and mathematicians create models
that act as “state observers” for the very purpose of inferring
stresses in a structure (Villaverde and Banga, 2014). Interestingly
though, a model to estimate stress distribution can be rather
simple, as long as the equilibrium configuration of the organ
and its mechanical load can be measured with sufficient accu-
racy and the organ is not rheologically too heterogeneous. In
this case, the stress field can be calculated by applying the law of
mechanical equilibrium. This was done in the PVm by Hamant
et al. (2008). However, as soon as tissue patterns and/or growth-
induced stresses among cells [also known as residual stresses
or auto-equilibrated stresses, see (Moulia and Fournier, 2009;
Moulia, 2013) for definitions] are involved, the picture becomes
far more complex (Burian et al., 2013). Models then also need
to consider strains and growth. Both elastic and growth-induced
strains are observable quantities that can be measured even with
non-contact techniques as long as the organ is accessible (e.g., Silk
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and Erickson, 1980; Barbacci et al., 2013, 2014). However, only
models can give insights into the full distribution of strains (and
strain rates) across the tissues and their dependency on the struc-
ture of the plant and the load. These models acting as strain-state
observers (such as the CBmS) are more advanced than stress-
state observers, as they handle the changes in configuration of
the organ structure under the load as well as the reference length
of its constitutive elements, their changes through growth (e.g.,
Barbacci et al., 2013), and other visco-plastic effects.

A guide for experimental strategies

We have seen that stem geometry has a major influence on the
strains resulting from bending One problem that biologists face is
that plants are never uniform. When studying thigmomorpho-
genesis, the classic experimental approach has been to apply a
range of forces to “standardized” sets of plants. However, we now
know that force is not the perceived variable. Therefore, a more
appropriate strategy is to apply a range of strains in a controlled
manner. The natural heterogeneity of stem diameters is a natural
source of continuous variation in applied strains. We can there-
fore, take advantage of the two sources of variation in the amount
of strain, the load, and the size of the plant. This strategy was
used to disentangle the “strain-sensing vs. force-sensing” issue
(Coutand and Moulia, 2000; Coutand et al., 2000). It is impor-
tant to use appropriate controls as the size variations may confer
other biological properties that produce confounding effects.

This experimental strategy can even be extended to study
plants growing in windy conditions outdoors. In natural condi-
tions, wind cannot be controlled easily. If the aim is to study a
range of strains due to wind, using standardized plants will make
the experimental design completely dependent on wind velocity
so it can take a long time to accumulate the data on the desired
range of strains. However, if plants with different geometries are
chosen, the natural variability in geometry will bring a range of
vibration frequencies and a range of strains for any given wind
velocity. To choose suitable plant geometries, a mechanical model
is required (Rodriguez et al., 2008; Sellier et al., 2008). The model
would also give insights into the strain field, so the positioning of
detectors measuring growth responses can be optimized.

Finally the wind-plant interaction model can be coupled with
S$m (instead of the static bending mechanical model CBmS in
Figures 4, 10) to test thigmomorphogenetic hypotheses on plant
development outdoors.

ATOOLBOX FOR MECHANISTIC SYSTEMS BIOLOGY

While mechanical and biomechanical models are instrumental
in mechanobiology, hypothesis-driven plant mechanobiology can
also benefit from well-based models.

A tool for handling scale changes in integrative biology

Throughout this review, we have emphasized that models are nec-
essary tools whenever effects of changes in organizational levels
and scales are involved. Considering that the cell is the struc-
tural unit of life, it is intuitive to ask whether the cell with its
constitutive molecules should be the usual scale for modeling.
A central insight from biomechanical and biological modeling is
that there is no absolute need to burrow down to the macromolec-
ular or even cellular scale, even when cellular mechanobiological

responses are the object of the study (e.g., Hamant et al., 2008).
This is certainly true for mechanical models. For example, both
the CBmS and the PVm do not specify cells as finite elements,
but they can still be used to understand the distribution of stress
and strain in the apoplast, mechanosensitive cytoskeletal remod-
eling, and even gene expression. The SFm does not really consider
the biological cell as the structural units as the inner mechani-
cal structure of the cell, the cortical cytoskeleton, the transverse
actin stress fibers, the vacuole, the nucleus or the endoplasmic
reticulum are not considered. The stress and strain distribution
through the cell ultrastructure is unknown. The model is sim-
ply a honeycomb-like apoplastic structure. Models of the inner
structure of the cell are only necessary when the localization of
the intracellular mechanosensitive responses are being studied,
namely the precise molecular mechanism of mechanoreception
(e.g., mechanosensitive channel opening or anisotropic cytoskele-
ton disassembly). The internal mechanical structure of the cell
protoplast, and its links with the cell wall, is beginning to be
revealed. Some models of animal cell ultrastructure have been
built (Nick, 2011; Asnacios and Hamant, 2012), but they rely on
simplified representation of the cellular structures (e.g., micro-
tubule are modeled as cables). Detailed 3D molecular mechanical
models are only feasible when studying the molecular dynamics of
isolated macromolecules or oligomolecular complexes for which
the crystallographic structure is known (e.g., a mechanosensitive
channel in a patch of lipid bilayer, Sotomayor and Shulten, 2014).
Another viewpoint is that plasmodesmata form a cytoplasmic
continuum in tissues for mRNA trafficking between cells, so the
cell is not the intuitive unit for mechanotransduction in plants.
Finally, quantitative functional genomics has shown that master
transcription factors may be less concentrated than their respec-
tive promoter sites in a given cell. In this context, transcriptional
regulation at the single cell level may have a highly stochastic com-
ponent that only becomes deterministic at the scale of a tissue
element containing many interacting cells (Elowitz et al., 2002;
Gandrillon et al., 2012).

A Tool for Genetic Dissection

Thigmomorphogenetic responses have been described in many
plant species and it is interesting to compare responses between
species. The responses may be different because (i) the level of
applied strain is different, for example, due to the geometry of the
different species, (ii) the species sensitivity to mechanical loading
is different, or (iii) both. The sensitivity must be an intrinsic char-
acter of the species and it must be independent of plant size. From
the S>m model we know

dR So
—— =a5.In <ﬂ> = a3.In (S2strains)

02strains

—az. In (SOZstrains) for S2strains > SOZstrains (17)
Therefore, by applying similar ranges of Systrains and measuring
the daily increment in diameter of different species, we can plot
the growth response against the logarithm of the applied Sysrqins»
and fit a regression line in which the slope (ay) is the intrinsic
mechanosensing sensitivity of the species and the intercept can
be used to estimate the mechanical signal threshold (So,,,;..)-
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The values of parameters a, and Sp, can be compared
to see if there is any variability in mechanosensing between
species. This conceptual framework has been used to study the
mechanosensing variability between five sympatric tropical tree
species (Coutand et al., 2010). No variability in mechanosens-
ing sensitivity was found but differences in signal thresholds were
found (Figure 13). Note that this conceptual framework could
also be used to compare mechanosensing sensitivity between
organs for example.

Enabling model-assisted phenotyping

The previous genetic study can be seen as an example of model-
assisted phenotyping in which the $>’m combined with a fairly
simple experiment was used to extract two intrinsic parame-
ters describing the mechanosensitivity of a species. The same
approach can be used to phenotype collections of mutants or
varieties. Defining intrinsic characteristics and enabling model-
assisted high-throughput phenotyping is becoming a major
challenge of systems biology (Bastien et al., 2013).

Identifying rewarding molecular studies

Another interesting heuristic property of integrative models is
that they can help to identify (i) which modules are more influ-
ential than others in the global mechanobiological response,
and (ii) which are insufficiently understood. This can help to
guide molecular studies of gene regulation, for example, so
that the most rewarding projects are designed. Genes targeted
in this way are likely to trigger particularly significant pheno-
types, and identifying key regulators significantly would improve
our understanding of the whole system response. An example
is our recent study of thigmomorphogenesis in wind acclima-
tion of plants, which clearly pinpointed a current deadlock in
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FIGURE 13 | S®m-assisted dissection of natural genetic diversity in
mechanosensing. Relationship between the standardized diametric
growth responses of five neotropical forest species and the log of the
candidate internal signal (S strain) predicted by the S3m model.
S strain = sum of strains over the cross-section during the bending
treatment from Coutand et al. (2010), Annals of Botany, by permission of
Oxford University Press.

advancing our understanding of mechanosensitivity accommo-
dation in response to successive bending (see Leblanc-Fournier
et al., 2014).

UNDERSTANDING PLANT RESPONSES TO MECHANICAL LOADS IN
THEIR NATURAL ENVIRONMENT

Ideally the ultimate goal of systems mechanobiology would be to
understand how plants acclimate in their natural environment.
For example, for wind resistance, models are available to describe
the mechanics of lodging, wind-throw and wind-break (see De
Langre, 2008; Gardiner et al., 2008) for reviews), but existing
growth models disregard thigmomorphogenesis so they do not
deal with wind acclimation (Moulia et al., 2006). A major asset
of the $>m is that it can be coupled with mechanical models to
analyze the effects of the static and dynamic strains produced
by wind-induced vibrations in plants (e.g., Gardiner et al., 2008;
Rodriguez et al., 2008; Sellier et al., 2008). On the other hand,
as $°m can also handle growth responses to wind, it can be cou-
pled with structure-function growth models (see Moulia et al.,
2006; Fourcaud et al., 2008 for general discussion). The over-
all wind resistance of plants due to genetic variation in intrinsic
mechanosensitivity could be assessed in various (present, past
or forecasted) climatic scenarii during in silico numerical exper-
iments. There is obviously a lot of work to accomplish, but
integrative mechanosensing models are surely a key breakthrough
paving the way to a better understanding of the ecological and
economic relevance of thigmomorphogenetic acclimation, for
example, by exploring the consequences of global climate changes
on stand growth and resistance to wind hazards.

CONCLUSION: THE CHALLENGES OF SYSTEMS
MECHANOBIOLOGY

Plants respond to internal and external mechanical loads at
many scales. The mechanical growth response can theoretically
be broken down into four processes.

e Bearing the load, how the mechanical load is distributed by a
plant structure.

e Sensing the effect of the load distribution by mechanosensing
of local mechanical states.

e Transducing the signal through mechanoreceptor pathways to
alter the expression of a specific set of transcription factors.

e Responding by the global retuning of growth rate and
direction.

e However, none of these processes are disconnected from
one another. The challenge of the integrative biology of
mechanosensing is to operate across scales and processes
and understand outputs in terms of the overall syndrome
of mechanosensitive growth responses and their adaptive
relevance.

As this loop involves several organizational levels and scales
plus a host of interactions, it cannot be handled without mod-
els, placing this challenge within the realm of systems biology
(Tardieu, 2003; Moulia and Fournier, 2009; Traas and Moneger,
2010). The bottom line here is that systems biology modeling and
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cross-comparisons against data produced through suitable exper-
imentation makes it possible to test hypotheses. If a combination
of hypotheses cannot be worked out without calculus, modeling
becomes an extension of the experimental method (Legay, 1997).
Therefore, the mechanical models need to be adjusted whenever
necessary, such as to cope with a different experimental set-up or
to natural conditions.

These mechanistic models have to be evaluated on their
outputs, on the performance of their component mechanistic
modules (e.g., Coutand et al., 2009), and their capacity to reflect
natural genetic variation (e.g., Sierra-De-Grado et al., 2008;
Almeras et al., 2009; Coutand et al., 2010). To be useful how-
ever, models need to be kept simple and amenable enough to
use. Multiplying the number of elements and degrees of freedom
makes models more difficult to analyze and assess experimen-
tally. This difficulty may be partly circumvented by implement-
ing a clear modular design and explicitly setting up organiza-
tional levels. Additionally, the development of non-destructive
bio-imaging and micromechanical techniques (see references in
Milani et al., 2013; Moulia, 2013) are ways to gather more infor-
mation to precisely assess the modules. But there are still some
intrinsic limits to model complexity if the model is to be used to
assess mechanobiological hypotheses and/or to capture very non-
linear behavior. Here mechanobiology diverges from standard
mechanical engineering in which the model is mostly an attempt
to assemble well-established physical laws into a given structure,
not a way to assess a biological hypothesis. From this perspective,
it is instructive that the SAM SFm with its eight parameters has yet
to be assessed experimentally and that experimental progress has
relied on the PVm. Hence, an effort to simplify models is called
for (as is common in physics through dimensional analysis; see
Rodriguez et al., 2008; Bastien et al., 2013, 2014) at the same time
addressing them to specific hypotheses that can be experimentally
falsified or upheld.

Overall, this strategy of combining heuristic models with
experiments has provided many insights into the mechanosensi-
tive control of growth. However, the complexity of the structural,
dynamic, and regulatory aspects requires intense interdisciplinary
work (Moulia, 2013). In particular, biologists need to become
familiar with the key concepts of mechanics to collaborate pro-
ductively with physicists and modelers in designing, criticizing,
and experimentally assessing biomechanical and mechanobi-
ological models. It is hoped that our review has convinced
readers of the usefulness and reward of this interdisciplinary
approach and made it more accessible. This interactive approach,
including using modeling as a tool to extend the experimen-
tal method, contrasts with and complements alternative set-ups,
for example, where experimentalists intensively collect data while
bioinformaticians set up models and data mining programs.

The chosen examples considered in this review deal only
with dicot growth, but the approach can be extended easily to
monocots (with obvious adaptions to omit secondary growth
responses), and even to most Viridiplantae. Again the examples
all involved the shoot system, ranging from the cell to the organ
level, but the methodology is in no way specific to these sys-
tems. Indeed there is a very active research making extensive
use of integrative modeling to discover how root growth and

morphogenesis is controlled by external and internal mechani-
cal cues (see for example Ditengou et al., 2008; Bengough et al,,
2011; Band et al., 2012; Jin et al., 2013). By the same token, works
at the scale of the intracellular structures would be extremely use-
ful. The way stresses and strains act inside the cell through the
cell wall-membrane-cytoskeleton-nucleus continuum is yet to be
fully grasped. The tensegrity model of the structural mechanics of
the cytoskeleton has started to reveal unexpectedly how mechan-
ical amplifications can take place through the cytoskeleton net-
work (Nick, 2011), but the way it interacts dynamically with wall
stressing and deformation remains to be elucidated (Hamant,
2013). Similarly, the responses of cell trafficking and plasma
membrane straining and turnover upon cell stretching are very
promising fields (Asnacios and Hamant, 2012; Nakayama et al.,
2012). A more complete elucidation of the mechanosensitive
gene networks controlling the cellular response is also a priority
including how the cell division-cell elongation complex is modu-
lated by mechanical cues. Finally this review has mostly focused
on spatial integration, but the challenge of time integration is as
important. When successive signals are applied to a living system,
relative or absolute refractory periods of the mechanosensors and
gene-regulated accommodation of the mechanosensitivity make
it complicated to study the relationship between the signals and
the system’s responses (see Leblanc-Fournier et al., 2014). The
analysis of the time aspect will also require two-way interaction
between models and experiments.

The first successes of integrative mechanobiology of growth
control have thus opened up a large set of questions for inter-
disciplinary research, which hopefully will elucidate many more
aspects of the way plants have evolved to bear loads and remain
stable when responding to internal and external mechanical
challenges.
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In nature, terrestrial plants experience many kinds of external mechanical stimulation
and respond by triggering a network of signaling events to acclimate their growth and
development. Some environmental cues, especially wind, recur on time scales varying
from seconds to days. Plants thus have to adapt their sensitivity to such stimulations to
avoid constitutive activation of stress responses. The study of plant mechanosensing has
been attracting more interest in the last two decades, but plant responses to repetitive
mechanical stimulation have yet to be described in detail. In this mini review, alongside
classic experiments we survey recent descriptions of the kinetics of plant responses
to recurrent stimulation. The ability of plants to modulate their responses to recurrent
stimulation at the molecular, cellular, or organ scale is also relevant to other abiotic stimuli. It
is possible that plants reduce their responsiveness to environmental signals as a function of
their recurrence, recovering full sensitivity several days later. Finally, putative mechanisms
underlying mechanosensing regulation are discussed.

Keywords: mechanosensitivity, accommodation, mechanical stimulus, abiotic stress, wind, acclimation to stress

INTRODUCTION

Mechanosensing is an important factor regulating plant growth
and development (Hamant, 2013). Mechanical cues may be
internal signals produced during tissue or cellular expansion
(Ingber, 2005; Hamant etal., 2008) or external signals from
the environment, mainly from wind (Moulia etal., 2011). To
understand the influence of wind on plant development, differ-
ent methods have been used in the laboratory to simulate the
mechanical effect of wind, like bending, touching, shaking, or
brushing the aboveground parts of plants. These mechanical stim-
ulations result in a thigmomorphogenetic syndrome generally
characterized by reduction in stem height, modification of the
mechanical properties of the stem, increase in root biomass and
local increases in stem radial growth depending on the species
(Telewski, 2006).

These physiological responses that alter the growth trajectory
and form of the plants are thought to be involved in a long-term
process of acclimation, tending to reduce the impact of subsequent
mechanical stimulation (Moulia et al., 2006; Telewski, 2006). How-
ever, less is known about how plants respond to rapid recurrent
mechanical stimulations. Wind typically induces repeated flexing
of plant organs at different frequencies (De Langre, 2008). Plant
stems may oscillate at frequencies in the range of 1-5 Hz in wind,
corresponding to 60-300 bends per minute (Rodriguez et al., 2008;
Der Loughian etal., 2014). In temperate climates, windy and calm
days alternate on a time scale of several days (Stull, 1988). If every
response to each mechanical stimulus was of the same magnitude,
plants would invest greatly in withstanding mechanical perturba-
tion to the detriment of growth. Plants thus need to permanently
fine-tune their response to mechanical stimulation in order to

avoid the cost of a constitutive protection system. This holds espe-
cially true for trees because of their long-term growth period and
their high stature. There is some experimental evidence that plants
reduce their responsiveness to mechanical signals as a function
of their mechanical history. This acclimation of mechanosensi-
tivity has been named accommodation (Moulia etal., 2011) in
reference to the cellular accommodation that bones undergo in
response to external mechanical loading (Schriefer etal., 2005).
Here we summarize and discuss experimental observations of
plants responding to recurrent mechanical simulation. Regula-
tion of plant responsiveness to recurrent cold and drought stress is
compared to mechanosensitivity accommodation. Finally, prelim-
inary evidence and speculation about the molecular mechanisms
involved in such processes are discussed.

SATURATION AND DESENSITIZATION, WAYS TO DEAL WITH
SUCCESSIVE MECHANICAL STIMULATION

When studying variation in plant responsiveness to successive
mechanical stimulations, two parameters need to be taken into
account. (i) The intensity of the mechanical stimulation should
be quantified so it can be reproducibly and repeatedly applied.
(ii) The kinetics of plant responses to single and successive
stimulations should be characterized.

Formerly, a first approach to investigate plant mechanosensitiv-
ity was to quantify and compare the effect of different magnitudes
or numbers of mechanical stimulations. When Phaseolus vul-
garis internodes are rubbed repeatedly (following a standardized
method), the amount of mechanical stimulation correlates pos-
itively with the extent of internode elongation, but the sensory
function becomes saturated even with small amounts of rubbing
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(Jaffe etal., 1980). To mimic the effect of wind, mechanical
experiments on tree species are usually done by bending the
stem for a few seconds then releasing it. This transitory stimu-
lus (which will be here called bending) has the added advantage
of allowing the experimenter to control how much strain is
applied, so the physical stimulus perceived by plant cells is
known (Coutand and Moulia, 2000; Coutand et al., 2009). In such
experiments on Ulmus americana, no increment in the sec-
ondary growth response was detected after three weeks when
stimulation frequency was increased from 5-80 bends a day
(Telewski and Pruyn, 1998). In another set of observations on
Prunus persica, stems were bent in a controlled manner eight
times a day. Over the 6 weeks of the experiment, the stimulus of
repeated bending affected growth less, even when the actual strains
applied were increased slightly over time to compensate for stem
radial growth (Coutand et al., 2008). Altogether, these results sug-
gest that saturation of either the mechanosensory or the response
systems was reached. However, because the responses were mea-
sured at the end of several weeks of treatment, it was not possible
to exclude the possibility that plant sensitivity was adjusted with
each successive bend and that only some of the first mechanical

treatments were responsible for the observed responses. In poplar,
controlled stem flexing at a sub-saturation level was coupled with
kinetics analyses of the responses to each successive bending. The
result was a rapid reduction in responsiveness of both radial
growth and gene expression (Martin etal., 2010). In particular,
these experiments showed that the second bending, 24 h after
the first, was markedly weaker in inducing four early mechanore-
sponsive genes encoding, respectively, two calmodulins, a C2H2
transcription factor (Figure 1A) and a xyloglucan endotransgly-
cosylase. As the abundance of these genes transcripts returned
to basal levels before 24 h (Martin etal., 2009), the expression
levels observed could only have been due to the second bend-
ing and not due to response saturation. These data demonstrated
that a single bending is sufficient to initiate a change in plant
responsiveness, in this case a down-regulation or desensitization,
to subsequent bending. In Arabidopsis, an even faster desensiti-
zation occurred after unquantified successive touch stimulation
(Arteca and Arteca, 1999). As soon as 1 h after the first stimula-
tion, a second touch wasless effective in inducing ACS6 expression,
a gene encoding 1-aminocyclopropane-1-carboxylic acid (ACC)
synthase enzyme (Figure 1A). In the conditions described above
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FIGURE 1| (A) Desensitization kinetics set up in response to
recurrent mechanical stimulations applied at high frequency in case
of wind induced Caz+cytosolic concentration in Nicotiana tabacum
(Knight etal.,, 1992) or at low frequency in case of touch-induced
ACS6 expression in Arabidopsis (Arteca and Arteca, 1999) and
bending-induced ZFP2 expression in Populus tremula x P alba

(Martin etal., 2010). (B) Hypothetical mechanisms for the
short-term or long-lasting desensitization: (i) alterations of perception
through sensor turnover, modification or in activation, (i) negative
feedback from long-term accumulation of signaling molecules or
transcription factors and (i) information storage through epigenetic
regulation.
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after the second bending of the poplar stem, about seven days
without any bending stimulus were necessary to recover the full
capacity for induction of gene expression (Figure 1A, Martin et al.,
2010), suggesting that this state of desensitization to mechanical
loads lasts for several days. Such desenzitisation was also observed
in case of the typical defensive leaf-folding reflex of Mimosa plants
(Gagliano etal., 2014). However, in this case, the resenzitisation
was assessed with a mechanical disturbance different from the one
responsible of the desenzitisation.

The above kinetics could be said to more closely mimic the
alternation between windy and calm days in nature rather than
oscillations in the wind at frequencies between 1 and 5 Hz
(Rodriguez etal., 2008). The effects of mechanical treatments
that recur at short intervals were investigated by analyzing rapid
cellular events. Knight etal. (1992) showed that wind-induced
mechanical stimulations of Nicotiana seedlings generate peaks of
elevated cytosolic calcium concentrations. The amplitudes of cal-
cium peaks diminished when stimulations were repeated every 5 s
until cells became refractory to further stimulation. Full desensi-
tization was attained after about 67 stimulations (about 30 s of
intermittent stimulation) and full responsiveness was recovered
less than 60 s later when stimulation was decreased (Figure 1A).
However, attenuation of this type of calcium response was not
detected in Arabidopsis roots when the two touch stimuli were
separated by 20 s (Monshausen etal., 2009).

Intuitively we would expect down-regulation of sensitivity
upon prolonged mechanical or recurrent stimulation to be a
key component of any biological sensory process. However,
kinetics and mechanistic data are still lacking to fully describe
desensitization. Moreover, the link between the decrease in
responsiveness of mechanoresponsive genes and the regulation
of mechanoperception is yet to be elucidated.

FINE-TUNING SENSITIVITY, A RECURRING THEME

Modifying plant responsiveness is not restricted to recurrent
mechanical stimuli as other abiotic stimuli act in a similar way.
However, a plethora of terminologies have been used to describe
these different stress situations which may mask some of the
similarities. Generally, altered physiological responses to recur-
rent abiotic stress that allow a plant to maintain its performances
despite the stress, is referred to as “acclimation” or “hardening.”
For biotic stress, the term “priming” is usually preferred, and is
defined as “the phenomenon whereby previous exposure makes a
plant more resistant to future exposure” (Bruce et al., 2007). When
the response to a stimulus is modified at the cellular or molecu-
lar level, authors predominantly use terms to describe the state
of sensitivity of the cells. For example, to describe how peaks of
cytosolic free calcium concentration decrease with repeated stimu-
lation/stress, the terms “attenuation” or “desensitization” are used
(Knight etal., 1992; Plieth etal., 1999). Bruce etal. (2007) sug-
gested the general term of “stress imprint” to designate “a genetic
or biochemical modification of a plant that occurs after stress
exposure that causes future responses to future stresses to be differ-
ent.” This is less anthropomorphic than the concept of “memory”
or “training,” but many authors are using “plant stress memory”
to encapsulate the idea that plants store information related to a
first stress exposure, leading to increased or decreased responses

to subsequent exposures (Galis etal., 2009; Stork etal., 2009;
Ding etal., 2013).

The time-courses of desensitization—resensitization phenom-
ena have barely been investigated. The kinetics of the generation
of peaks in intracellular calcium concentration in response to
cold were studied in Arabidopsis roots with regimes of recur-
rent cold stimulation at a range of intervals on the time-scale
of several minutes. As in wind-stimulated Nicotiana seedlings
(Knight etal., 1992), attenuation of the height of calcium peaks
was observed and desensitization started minutes after the
first stimulation and lasted for a minimum of 30 min before
re-sensitization occurred (Plieth et al., 1999). However, this desen-
sitization was overridden if the intensity of the subsequent
stimulus was increased (i.e., with a decrease in the temperature).
These phases of desensitization or attenuation at the calcium level
could avoid an over-mobilization of internal and external stores
of calcium which would hamper any further response.

Exposing Arabidopsis plants to cold temperatures (4+4°C) also
triggers rapid modifications in gene expression. One exam-
ple is the up-regulation of genes encoding members of the
AP2/EREBP family of DNA-binding proteins, the cold binding
factors (CBFs; Gilmour etal.,, 1998). Using the accumulation
of CBF transcripts as a marker, Zarka etal. (2003) found that
the cold-sensing mechanism can be desensitized within a few
hours of exposure to a low temperature. In the case of desen-
sitization to +4°C, resensitization (i.e., recovery of CBF induc-
tion at this same temperature), took between 8 and 24 h of
re-exposure to warm temperatures. As for the calcium response,
the desensitized state could be overridden by a further decrease in
temperature.

In the phenomena described above, desensitization is a way for
plants to avoid over-responding, using excess signaling molecules
(e.g., calcium) or saturating the sensing machinery. However,
in the case of plant defense (Galis etal., 2009; Conrath, 2011)
or dehydration (Ding etal.,, 2012), adjustments in plant sen-
sitivity can also make plants more responsive to subsequent
exposures, in what we could call hypersensitization. For example,
Arabidopsis plants trained by a first exposure to a dehydra-
tion stress wilt more slowly than untrained plants when they
are exposed a second time. When the plants are subjected to
cycles of 2 h of dehydration and 22 h of rehydration, “train-
able” genes (e.g., RD29B, RABIS8) produced higher transcript
levels in response to subsequent stresses than to the initial stress,
whereas “non-trainable” genes expressed similar transcript levels
for each stress events (e.g., RD29A and COR15A). This “transcrip-
tional memory” persisted for at least 5 days and was lost after
7 days (Ding etal., 2012). More recently, a large-scale transcrip-
tional analysis revealed there are 1963 such “memory” genes in
the Arabidopsis transcriptional network triggered by dehydration
stress (Ding etal., 2013).

To conclude, different plant species modify their sensitivity to
abiotic stresses at the physiological, cellular and molecular levels
with very different kinetics. However, it should be noted that the
different mechanisms have some features in common despite the
very different environmental cues. For example, at the level of the
molecular response, desensitization is usually rapid and lasts for
several days.
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HOW TO CONTROL DESENSITIZATION

If desensitization occurs in response to a variety of recurring biotic
and abiotic cues, how have the common features of responsiveness
regulation emerged in these different signaling pathways? What
are the underlying mechanisms? Three potential mechanisms
could be proposed depending on the kinetics of their occurrence
(Figure 1B).

ALTERATIONS OF PERCEPTION THROUGH SENSOR TURNOVER,
MODIFICATION OR INACTIVATION

The natures of potentially numerous touch, cold, and osmotic
sensors are still to be fully elucidated. As discussed by Telewski
(2006), abiotic stimuli cause membrane deformation by mod-
ifying turgor pressure or membrane fluidity, and some are
also sensed as mechanical stimuli by living cells. Two classes
of putative mechanosensors are currently under investigation,
stretch-activated channels and transmembrane proteins inserted
into the cell wall/plasma membrane/cytoskeleton (CWPMC) net-
work (Monshausen and Gilroy, 2009; Haswell and Monshausen,
2013).

Two types of stretch-activated channels have been identified
so far. Mid1-complementing activity (MCA) proteins are calcium
channels (Nakagawa et al., 2007; Yamanaka et al., 2010) and MscS-
like (MSL) family members are non-selective channels identified
based on homology to bacterial MscS (Kung, 2005; Haswell et al.,
2008). Is the rapid desensitization of calcium influx after repeated
cold and mechanical sensing linked to the gating kinetics of these
channels? In bacteria, results of patch-clamp experiments have
indeed shown that MscS channels are inactivated after prolonged
exposure to membrane tension (Koprowski and Kubalski, 1998;
Levina etal., 1999). In plants, the only gating kinetics obtained for
astretch-activated channel was for the Arabidopsis MSL10 channel,
but no inactivation of the channel was detected (Maksaev and
Haswell, 2012).

The initial sensor of mechanical stress could also be a com-
ponent of the CWPMC network like receptor-like kinase (RLK)
transmembrane proteins (Monshausen and Gilroy, 2009; Haswell
and Monshausen, 2013). Whereas a direct link between mem-
brane protein kinases and mechanosensing has not been estab-
lished, several reports suggest that the cytoskeleton, through
its tethering with transmembrane proteins, could be involved.
In the Arabidopsis meristem, cortical microtubules re-oriented
rapidly (within 6 h) in the presence of a mechanical stress
(Hamant etal., 2008). A more recent study demonstrated that
katanin, a microtubule-severing protein, is required for cell
responsiveness to the mechanical stresses generated by growth
in Arabidopsis meristem cells (Uyttewaal etal., 2012). This pro-
vides the outline for a model in which microtubule dynam-
ics allow the cell to respond efficiently to mechanical forces
(Nick, 2013).

NEGATIVE FEEDBACK FROM LONG-TERM ACCUMULATION OF
SIGNALING MOLECULES OR TRANSCRIPTION FACTORS

Peaks of cytosolic calcium accumulation are a common feature
in many stress signaling pathways. As this calcium response is
attenuated by repetitive stimulation, Ca>* influx and efflux trans-
porters regulating calcium homeostasis could be considered as

components of a “mechanical memory.” Cyclic nucleotide-gated
channels (CNGCs) can mediate fluxes of Ca®* ions, and bind-
ing of Ca®*/calmodulin inactivates CNGCs (Hua etal., 2003;
Alietal.,2006). Thus, the negative action of calmodulin or
calmodulin-like proteins on CNGC activity could diminish plant
responsiveness through a direct feedback pathway restricting Ca®*
influx into plant cells. Genes encoding calmodulin or calmodulin-
like proteins are up-regulated early after touch or stem bending
(Depege etal., 1997; Lee etal., 2005; Martin et al., 2009), but the
involvement of CNGC channels has not been directly addressed in
relation to mechanical loading. Glutamate receptors are nonselec-
tive cation channels activated by glutamate and glycine (Qi etal,,
20065 Stephens etal., 2008) that mediate an increase in cytosolic
Ca’™ upon cold stress and touch (Meyerhoff etal., 2005). When
a second glutamate treatment was applied after the first stimu-
lus, no additional Ca?* response was observed, suggesting that
these receptors remain in a putative desensitized state for 1 h
(Meyerhoff etal., 2005). Again, the potential role of such gluta-
mate receptors in the mechanotransduction pathway needs to be
established.

The desensitization process could also involve transcription
factors exerting a negative feedback control on the first stages
of the mechanotransduction pathway. In poplar, PraZFP2, a
gene encoding a C2H2 transcription factor, is rapidly up-
regulated after stem bending (Martin etal., 2009). In PtaZFP2-
overexpressing poplars, the up-regulation of several mechanore-
sponsive genes was much weaker after stem bending than in
wild-type plants (Martin etal., 2014). Thus, PtaZFP2 nega-
tively modulates poplar responsiveness to mechanical stimula-
tion. Among the genes downstream of PtaZFP2, CML42, a
calmodulin-like encoding gene, and WRKY53 and WRKY40,
transcription factor encoding genes are up-regulated. The Ara-
bidopsis homologs of these poplar genes have been described
as negative regulators of plant defense responses (Xu etal.,
2006; Vadassery etal.,, 2012). Thus, in concert with these
molecular suppressors, PtaZFP2 could reduce the reactivation
of the mechanical signaling pathway when stems are bent
again.

INFORMATION STORAGE THROUGH EPIGENETIC REGULATION

One intriguing result is that desensitization of the expression of
mechanosensitive genes to mechanical stimuli lasts at least three
days (Martin etal., 2010). Bruce etal. (2007) suggested epige-
netic changes could be a mechanism for long-term information
storage after various abiotic stresses. Chromatin remodeling dur-
ing drought and cold stresses, which alters accessibility of genes
to proteins regulating transcription, has received more attention
recently (Kim etal., 2008, 2010; Chinnusamy and Zhu, 2009; To
and Kim, 2014). For example, the dynamics of the chromatin
status of four stress-responsive candidate genes were analyzed dur-
ing recovery (i.e., rehydration) of Arabidopsis from drought stress
(Kim etal., 2012). These studies focused on changes in acetylation
(ac) and methylation (me) of lysine (K) residues of histone H3
N-terminal tails. While the proportion of H3K9ac was reduced
rapidly during rehydration, H3K4me3 decreased more gradually
and was maintained at low levels on the drought-inducible genes
even up to 5 h after rehydration. As H3K4me3 is correlated with

Frontiers in Plant Science | Plant Physiology

August 2014 | Volume 5 | Article 401 | 62


http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

Leblanc-Fournier etal.

Accommodation of plant sensitivity

positive gene responsiveness, the authors suggested that this epi-
genetic mark of stress memory might help plants respond more
effectively to subsequent stresses (Kim etal., 2012; To and Kim,
2014). Indeed, in the Arabidopsis H3K4 methyltransferase mutant
atxI, which is defective in methylating H3K4, the responsiveness
of drought-stress inducible genes during the second stress expo-
sure does not increase as much as in wild-type (Ding etal., 2011,
2012).

In an example of cold sensing, the hosI5 Arabidopsis mutant
showed modifications in both histone deacetylation and cold
tolerance (Zhu etal., 2008). HOS15 is a WD-40 protein sim-
ilar to human transducin-beta like protein, a component of
repressor complexes involved in histone deacetylation. Apart
from an analysis of DNA methylation in Bryonia internodes
stimulated by rubbing (Galaud etal., 1993), information about
epigenetic regulation during plant responses to mechanical loads
is scarce. However, some structural features of the aforemen-
tioned poplar transcription factor PtaZFP2 indicate that it could
be involved in histone modification. The PtaZFP2 protein con-
tains a DLN-box (Gourcilleau etal., 2011), also known as an
ERF-associated amphiphilic repression motif (Ohta etal., 2001;
Kazan, 2006). Recently, transcription factors containing this motif
were reported to exhibit repression activity via histone deacetyla-
tion and stimulation of heterochromatin formation in Arabidopsis
(Causier etal., 2012), so this is preliminary evidence on which
to base wider study of epigenetic regulation of responsiveness to
mechanical stimuli.

CONCLUSION

The regulation of plant mechanosensing could be an important
part of acclimation to wind by modulating the magnitude and
duration of the response and preventing costly investment in
reducing or redirecting growth. Modulation of responsiveness
could also occur in response to internal mechanical signals pro-
duced during tissue or cellular expansion or maturation as part of
morphogenesis. The mechanisms underlying this phenomenon
are largely unknown essentially because there is so little data on
the nature of the presumed mechanosensors or the timing of the
regulation. Although some mechanisms are beginning to be iden-
tified for other abiotic stresses, they remain largely hypothetical
in the case of mechanical stimulation such as bending caused by
wind. More high-resolution description of the timing of plant
responses at the tissue and cellular level would help to demon-
strate the importance of mechanosensing regulation for plant
acclimation.
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Thigmomorphogenesis is viewed as being a response process of acclimation to
short repetitive bursts of mechanical stimulation or touch. The underlying molecular
mechanisms that coordinate changes in how touch signals lead to long-term morphological
changes are enigmatic. Touch responsive gene expression is rapid and transient, and
no transcription factor or DNA regulatory motif has been reported that could confer a
genome wide mechanical stimulus. We report here on a chromatin modifying enzyme,
SDG8/ASHH2, which can regulate the expression of many touch responsive genes
identified in Arabidopsis. SDG8 is required for the permissive expression of touch
induced genes; and the loss of function of sdg8 perturbs the maximum levels of
induction on selected touch gene targets. SDG8 is required to maintain permissive H3K4
trimethylation marks surrounding the Arabidopsis touch-inducible gene TOUCH 3 (TCH3),
which encodes a calmodulin-like protein (CML12). The gene neighboring was also slightly
down regulated, revealing a new target for SDG8 mediated chromatin modification. Finally,
sdg8 mutants show perturbed morphological response to wind-agitated mechanical
stimuli, implicating an epigenetic memory-forming process in the acclimation response
of thigmomorphogenesis.

Keywords: acclimation, Arabidopsis, histone, touch, transcription, thigmomorphogenesis, mechanical, regulation

INTRODUCTION

Mechanical forces imposed by environment stimuli such as touch,
strong winds, rubbing, tree strangling, insect feeding, passing
animals, weight of climbing plants, heavy rain and even the nav-
igation of roots around obstacles in the soil, can be perceived
by plants (Braam, 2005; Monshausen and Haswell, 2013). When
plants are grown in the wind-protected whole tree chambers,
greenhouses, or growth chambers, it is possible to separate out the
long term effects of mechanical stimulation from other natural
environmental and seasonal climatic transitions that shape plant
development. Repeated touching of plant organs for short periods
of time eventually alters growth leading to phenotypic changes,
which is a phenomenon referred to as thigmomorphogenesis
(Jaffe, 1973; Chehab et al., 2009). The sensitivity of plants to
repeated mechanical stress alters the degree of carbon allocation
and the shoot-root biomass balance. Plants physiologically and
morphologically acclimate to these mechanical wind forces that

Abbreviations: ccr, carotenoid and chloroplast regulation; sdg8, set domain group
eight; efs, early flowering under short days; ashh2, ASH homolog2; H3K4, histone-3
lysine-4 methylation; H3K36, histone-3 lysine-36 methylation; H3K9, histone-
3 lysine-9 methylation; H3K27, histone-3 lysine-27 methylation; HKM, histone
lysine methylation; HKMTs, histone lysine methytransferases; SET, Su(var)3-9,
E(Z), trithorax; DAG, days after germination.

threaten reproduction and survival (Biddington, 1986; Mitchell,
1996; Coutand et al., 2008).

Although thigmomorphogenesis is perceived as a slow
response to mechanical perturbation, there are very fast physi-
ological changes associated with mechanical stress. These rapid
responses can affect photosynthesis and respiration by impact-
ing the resistance to movement of carbon dioxide into leaves
and altering stomatal aperture (Jaffe and Forbes, 1993; Smith
and Ennos, 2003). Long term morphological changes can include
internode compression, pithiness, decreased rate of stem and
petiole elongation, lateral or radial enlargement (i.e., swelling)
of stems, inhibition of leaf expansion. Developmental changes
include enhanced senescence, delayed flowering, and stronger
roots (Jaffe and Forbes, 1993; Braam, 2005; Chehab et al., 2009).
Other responses include enhanced pest resistance and decreased
susceptibility to various stresses as well as alterations in chloro-
phyll content and hormone levels (Biddington, 1986; Tretner
et al., 2008; Chehab et al., 2012; Monshausen and Haswell, 2013).

Various signaling pathways and molecules function inter-
dependently to mediate mechanical stimulation of physiologi-
cal and morphological responses to touch. Characteristic early
signaling events of touch-induced responses involve secondary
messenger molecules (calcium, nitric oxide and reactive oxygen

www.frontiersin.org

October 2014 | Volume 5 | Article 533 | 66


http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/about
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/journal/10.3389/fpls.2014.00533/abstract
http://community.frontiersin.org/people/u/105241
http://community.frontiersin.org/people/u/188296
http://community.frontiersin.org/people/u/187641
http://community.frontiersin.org/people/u/95226
http://community.frontiersin.org/people/u/75570
mailto:c.cazzonelli@uws.edu.au
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive

Cazzonelli et al.

Mechanical gene regulation by chromatin

species) and protein phosphorylation (Braam and Davis, 1990;
Hofmann, 2009; Monshausen et al., 2009; Kurusu et al., 2012a,b).
Touch-induced genes identified encode calmodulin (TCH1),
calmodulin-like-proteins (TCH2 and TCH3) and a xyloglucan
endotransglucosylase/ hydrolase (TCH4), all known to play a
central role in touch signal transduction (Chehab et al., 2009).
In addition, more recent progress has identified various puta-
tive mechanoreceptors including mechano-sensitive ion channel-
like proteins and receptor-like kinases, which has paved further
exploration toward understanding mechanical signal transduc-
tion (Kurusu et al., 2013; Monshausen and Haswell, 2013). Later
signaling events involve hormones (jasmonates, ethylene, abscisic
acid, auxin, brassinosteroids) that can confer the external envi-
ronmental stimulus to the nucleus and promote morphological
adaptation (Chehab et al., 2009). The phytohomones auxin and
jasmonic acid (JA), play key roles in promoting thigmomor-
phogenesis. In particular, jasmonates have been shown to be
required for, and promote, the salient characteristics of thigmo-
morphogenesis in Arabidopsis, including a touch induced delay in
flowering and rosette diameter reduction (Chehab et al., 2012).

The physiological and morphological changes resulting from
mechanical stimulation require alterations in gene expression
and the production of new proteins. TCH gene expression
can be observed at sites of potential mechanical strain and/or
increased growth, such as the shoot branching points, root—shoot
junction, elongating hypocotyls and roots, as well as develop-
ing trichomes (Sistrunk et al., 1994; Antosiewicz et al., 1995;
Xu et al., 1995). A genome-wide differential expression anal-
ysis of mechanical stimulated leaves revealed that over 2.5%
of Arabidopsis genes were up-regulated by at least 2-fold in
response to touch stimulation (Lee et al., 2005). The vast
majority of TCH regulated genes in Arabidopsis encode pro-
tein kinases, transcription factors and putative disease resistance
proteins. They function in various cellular processes including
calcium sensing/binding, cell wall modifications, and defense
(Lee et al., 2005). Consistent with these findings, the molecular
basis of the touch response has been implicated with multi-
ple biotic and abiotic stimuli, including hormones, darkness,
salt, and temperature (Braam, 2005). Large upstream promoter
regions from the TCH4/XTH22 (xyloglucan endotransglucosy-
lase/ hydrolase), CBF2/DREB1c (ERF/AP2 transcription factor),
and TCH2/CML24 (Calmodulin-like/calcium binding protein)
genes have been shown to be touch responsive (Iliev et al., 2002;
Zarka et al., 2003; Braam, 2005). A transcriptional regulator
known as Jr-ZFP2, encodes a Cys2/His2-type two-zinc-fingered
protein and mRNA expression was shown to be associated with an
acclimation response to mechanical bending (Leblanc-Fournier
et al., 2008; Coutand et al., 2009; Martin et al., 2009). However,
despite all these findings, not a single well characterized touch-
inducible cis-acting element has been identified to date. Perhaps a
more complex regulatory layer is involved whereby multiple sig-
nals converge to stimulate touch induced expression of select gene
targets.

Coordinating a large number of TCH-inducible gene changes
may require a degree of chromatin modification. Touch gene
expression needs to be precisely timed and coordinated dur-
ing all developmental stages as well as in the response to other

environmental changes. Plant tissues that are mechanically per-
turbed by wind, rain or touch show a rapid and transient
change in gene expression, usually within 5-30 min, that in
some cases can be undetectable at basal levels in untouched tis-
sues (Botella et al., 1992; Cazzonelli et al., 2005; Chehab et al.,
2009). One of the central regulators of gene transcription is con-
ferred through the organization of the genome into chromatin
(Cazzonelli et al., 2009b). Histone proteins are key components
of chromatin, forming the basic nucleosome packaging structure.
Posttranslational modifications, such as the methylation of lysine
residues on the tails of histone proteins can activate (e.g., H3K4,
H3K36) or repress (e.g., H3K9, H3K9) gene expression depending
upon changes in the environment (e.g., drought, cold and high-
salinity stress) or developmental cues (Cazzonelli et al., 2009b;
Kim et al., 2010; Berr et al., 2011b; Song et al., 2013). Histone
modifications can be read, written, and edited, which highlights
their plasticity to tune regulatory processes (Justin et al., 2010). In
particular, histone lysine methylation (HKM) can promote strong
and inducible target gene expression within a very short period of
time of receiving a stress stimulus (Lim et al., 2009; Kim et al.,
2010). Such characteristics of an epigenetic mark could be envi-
sioned as important for conferring a nuclear wide response to a
mechanical stimulus.

In order to address the molecular nature behind the phe-
nomenon of thigmomorphogenesis, we have investigated if chro-
matin regulatory mechanisms. This includes the well-studied
permissive modification of trimethylation of H3K4, which can
enhance the expression of mechanical-induced genes. We provide
evidence to show that many gene targets regulated by the chro-
matin modifying gene, SET DOMAIN GROUP 8 (SDGS8) are also
responsive to mechanical stimulation in Arabidopsis (Cazzonelli
et al., 2009a, 2010). The loss of function of sdg8 altered morpho-
logical responses to long-term mechanical stimulation revealing
a potential new layer in the regulation of thigmormorphogene-
sis, and provides a basis for further understanding the molecular
regulation of this enigmatic phenomenon.

METHODS AND MATERIALS

PLANT GROWTH CONDITIONS AND GERMPLASM

Soil grown plants were incubated at 4°C for 2-3 days in the
dark before transferring to 12h of illumination (100-150 pE)
and temperature maintained at 21°C. All germplasm are in the
Arabidopsis thaliana ecotype Columbia (Col-0) background and
mutants used in this study include chloroplast carotenoid regu-
lation 1-1 (ccrl-1; referred to as sdg8-1) and ccrl.4 (referred to
as sdg8-4), which have a null lesion in SDG8/ASHH2, a histone
lysine methyltransferase; AT1G77300 (Cazzonelli et al., 2009a).

MECHANICAL STIMULATION OF TCH GENE EXPRESSION AND
THIGMOMORPHOGENESIS

A mechanical force was applied by lightly bending mature
Arabidopsis (29 DAG) leaves 30 times for 30 s with four repeats
and harvesting tissues 30 min following stimulation. To promote
thigmomorphogenesis, a treatment of constant mechanical force
was applied to unstimulated plants (20 DAG; 613 true leaves;
no sign of floral bolt) growing in separate trays using station-
ary fans (twice a day for 15min). The stimulation was visible
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as leaf vibration. Three additional trays of control plants were
shielded from the mechanical stimulation using cardboard box-
ing. A constant temperature of 21°C was maintained for both
the wind-stimulated and control plants. After 7 days fan-forced
mechanical stimulation was stopped and photos taken 2 days later
for further analysis of morphological traits (e.g., leaf blade length
and width, and petiole length). Experimental set up involved
growing 8-15 plants for each wild type and sdg8 mutant in sepa-
rate trays. Plant level measures were taken as the average of 5 fully
expanded rosette leaves calibrated to the standard pot size using
image processing software Image]J2 (Schneider et al., 2012).

REAL TIME QUANTITATIVE PCR

Total RNA was extracted using the SIGMA-aldrich Spectrum
kit and included an on-column DNase treatment step following
the manufacturer’s instructions. First strand cDNA synthesis was
performed using Oligo dT primer and SuperScript® III Reverse
Transcriptase (Invitrogen) according to manufacturer’s instruc-
tions. The relative transcript abundance was quantified using
Light Cycler 480 SYBR Green I Master and three technical repli-
cates for each of one to three biological replicates were performed
using the Light Cycler 480 (ROCHE, Australia). The take-off
point was determined using relative quantification [Target Eff
Ct(Wt-target) / Reference Eff Ct(Wt-target)] and fit point analysis
(Pfaffl, 2001). Cyclophilin (At2g29960) and Protein Phosphatase
2A (At1g13320) were included as house-keeper reference control
genes (Czechowski et al., 2005). Primer sequences are listed in
Supplemental Table 1.

BIOINFORMATICS ANALYSIS OF MICROARRAY DATA AND GENE
ONTOLOGY ANLYSIS

Analysis of sdg8 microarray data was obtained from the following
sources: mature leaves (Cazzonelli et al., 2009a), 6 DAG seedling
leaves (Xu et al., 2008) and inflorescences (Grini et al., 2009), as
well as wild type touch induced leaves (Lee et al., 2005). Gene
ontology analysis was performed using the agriGO -GO Analysis
Toolkit and Database for Agricultural Community (Du et al,,
2010).

CHROMATIN IMMUNOPRECIPITATION

Chromatin immunoprecipitation (ChIP) assays were performed
using a pool of 3-week-old leaf tissue as previously described
(Cazzonelli et al., 2009a). There were three biological repli-
cates for each of the two genotypes analyzed. The chro-
matin/DNA extracted from leaf pools was divided into three
aliquots, two of which were used for different antibodies and
the third used as a control to which no antibody was added.
Antibodies recognizing H3K4me3 (Millipore Cat#04-745) and
H3K4me2 (Millipore Cat#07-030) were purchased from Upstate
Biotechnology (Charlottesville, VI, USA). The no antibody con-
trol was included to verify that H3K4 antibodies were able to
enrich ChIP DNA by at least 10-fold. ChIP DNA was tested in
triplicate by PCR for enriched regions of DNA and normalized to
the housekeeping gene S-Adenosyl Methionine Synthase, (SAM;
At4¢01850) (Finnegan et al., 2004). qRT-PCR primers used for
ChIP analysis are given in Supplemental Table 2.

Control
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C 25
Petiole Length | Leaf Length Leaf Width
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FIGURE 1 | Thigmomorphogenic responses of the sdg8 mutant to
mechanical stress. Wild type (WT) and sdg8 mutant Arabidopsis plants
were grown under controlled conditions (A) or subject to 1 week of
short, repetitive bursts of wind-agitated mechanical stimulation (B). (C)
Morphological traits (petiole length, leaf blade length and leaf blade
width) were measured for WT and sdg8, with and without mechanical
treatment. N = 449 plants. Error bars are displayed (+/— twice the
standard error).

DATA ANALYSIS

Data analyses were performed in R using the nlme package.
449 plants from six trays each with WT and sdg8 were ana-
lyzed. Three trays were treated with fans to provide mechanical
stress from wind. A mixed effect model was used to estimate the
fixed effects of genotype, treatment, and genotype by treatment
interaction and the random effect of Tray, as Ime(TraitValue ~
geno*Treatment, random = ~1|Tray). The fitted values from each
of the genotype and treatment classes are shown in Figure 1C.

ACCESSION NUMBERS

Arabidopsis Genome Initiative locus identifiers for the genes
mentioned in this article are as follows: At1g77300 (SDGS8; SET
DOMAIN GROUP 8), Atlg06810 (CYCLO; CYCLOPHILIN),
Atl1g13320 (PP2A; PROTEIN PHOSPHATASE 2A), AT4g34270
(TIP41; TIP41-LIKE FAMILY PROTEIN), At4g01850 (SAM;
S-ADENOSYL METHIONINE TRANSFERASE), AT2G41100
(TCH3; CALMODULIN-LIKE PROTEIN), AT2G47060 (STPK;
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SERINE/THREONINE ~PROTEIN  KINASE);  AT4G23810
(WRKY; DNA-BINDING PROTEIN 53), At1g06820 (CRTISO;
CAROTENOID ISOMERASE).

RESULTS

MICROARRAY ANALYSIS REVEALS SDG8 REGULATES TOUCH
RESPONSIVE GENE EXPRESSION

Active chromatin modifications are required for inducible gene
expression. SDG8 is a well characterized chromatin-modifying
enzyme that catalyzes the trimethylation of active marks of
histone-3-lysine-4 (H3K4) and histone-3-lysine-36 (H3K36) at
selected permissive gene loci involved in carotenogenesis, flow-
ering, and defense responses (Kim et al., 2005; Cazzonelli et al.,
2009a; Berr et al., 2010). Previously published microarray anal-
yses of mature leaf tissues from the sdg8 mutant revealed mis-
regulation of a mechanical responsive TOUCH3 (TCH3) gene,
which encodes a calmodulin-like protein (CML12) (Sistrunk
et al., 1994; Antosiewicz et al., 1995) (Supplemental Table 1)
(Cazzonelli et al., 2009a). The genes neighboring TCH3 were also
slightly down-regulated (p < 0.05; data not shown) and consis-
tent with previous reports demonstrating that active chromatin
marks can spread to surrounding gene loci (Cazzonelli et al.,
2009a). These findings paved the way for a more thorough bioin-
formatics analysis to determine if SDG8 plays a more prominent
role in the regulation of touch induced gene expression.

We next analyzed four separate genome-wide transcript
studies of different tissues (mature leaves, whole seedlings
and inflorescences) from different sdg8 mutant alleles
(Supplemental Table 1). These studies identified the major-
ity of differentially expressed genes to be down-regulated
(65—75%; Table 1) and consistent with the function of SDG8 in
actively promoting gene expression (Cazzonelli et al., 2009a).
Further analysis revealed many differentially expressed genes
in sdg8 were also touch responsive in leaves (8.7%), seedlings
(16-40%) and to some small extent inflorescences (3.3%;
Table 1). The genes that were down-regulated in sdg8 were largely
inducible by mechanical stimulation (50-85%) and consistent
with the function of SDG8 in promoting a more permissive
chromatin structure that activates gene expression (Table 1).

Comparison of touch inducible genes regulated by sdg8 iden-
tified 65 differentially co-expressed genes (8.6%) of which the
majority were down-regulated in the sdg8 mutant and touch
inducible (>88%; Table1l and Supplemental Table 1). Gene
ontology analysis of the 65 differentially expressed genes showed
significant (FDR < 0.00005) enrichment in transcripts involved

in response to abiotic stress (cold temperature and oxidative
damage), defense (chitin, fungus, and immune system), chemi-
cals (carbohydrates and organic substances), wounding and other
external stimuli (Table 2). These gene classes have often been
implicated in the activation of touch responsive genes (Braam,
2005). Furthermore, these results mirrored the gene ontology
analysis of 760 touch responsive genes identified in Arabidopsis
(Supplemental Table 1). In summary, there were many genes
down-regulated in the sdg8 mutant that were also inducible by
mechanical stimulation.

THIGMOMORPHOGENIC RESPONSES ARE PERTURBED IN THE sdg8
MUTANT

Mechanical stimulation of Arabidopsis plants by wind-forced agi-
tation promoted a large thigmomorphogenic response in wild
type (Figures 1A,B) that was consistent with previous reports
(Braam and Davis, 1990; Braam, 2005). The morphological traits
altered included a shortening of petiole length and a reduction
in leaf blade length and width (Figure 1C). In contrast, the sdg8
mutant had perturbed responses to stimulation (p < 0.01 differ-
ential sensitivity for all traits) displaying a minor reduction in
petiole length, an increase in leaf blade length and no response
in leaf width. Overall, the sdg8 mutants were less sensitive to
mechanical stress (Data Analysis S1 in Supplementary Material).

TCH GENE EXPRESSION LEVELS ARE REDUCED IN sdg8 MUTANT
TISSUES

Next we decided to validate the relative transcript levels of three
touch inducible genes (WRKY53, STPK and TCH3), which were
identified as significantly down-regulated in sdg8 and inducible
by mechanical stimulation (ccrl.1; Supplemental Table 1). These
genes were chosen for the following reasons; (1) WRKY53 (DNA-
binding protein transcription factor) showed the highest level
of touch induction (>11 fold) with a 2.5 fold down-regulation
of expression in sdg8, (2) STPK (putative serine/threonine pro-
tein kinase) was down-regulated in three independent microarray
studies (2—4 fold) and up-regulated 4.2 fold by touch simulation,
and (3) TCH3 (calcium signaling protein whose gene expression
has been well characterized as touch inducible) was down reg-
ulated 3.7 fold in sdg8 and up-regulated by 2.4 fold following
mechanical stimulation.

The relative levels of WRKY53, STPK and TCH3 mRNA
expression were quantified in rosette leaves, shoot apices, and flo-
ral tissues of sdg8 (Figures 2A—C). The transcript levels of WRKY
and STPK were significantly reduced in the shoot apex, as well as

Table 1 | Differentially expressed genes regulated by SDG8 and mechanical stimulation.

Microarray publication Cazzonelli et al., 2009a Xu et al., 2008 Grini et al., 2009 Lee et al., 2005
Genotype and/or treatment cerl.1 sdg8-1 sdg8-2 ashh2-1 Touch (TCH)
Tissue Leaves Seedlings Seedlings Inflorescence Leaves
Differentially expressed genes 13 83 142 448 760

Genes down-regulated 85 (75%) 123 (67 %) 93 (65%) 298 (67%) 171 (22%)
Genes up-regulated 28 (25%) 40 (33%) 49 (35%) 150 (33%) 589 (78%)

TCH responsive genes in sdg8 13 (8.7%) 33 (40%) 22 (16%) 15 (3.3%) 65 (8.6%)

TCH inducible and down-regulated in sdg8 11 (85%) 29 (88%) 11 (50%) 0 57 (88%)
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Table 2 | Gene ontology analysis of touch inducible genes regulated by mechanical stimulation in the sdg8 mutant.

GO term Ontology process Description Co-reg. Genes Ref. genes FDR

G0:0010200 P Response to chitin 1 151 1.30E-12
G0:0050896 P Response to stimulus 31 4057 1.10E-11
G0:0009743 P Response to carbohydrate stimulus 1 240 5.30E-11
G0:0042221 P Response to chemical stimulus 22 2085 1.90E-10
G0:0006950 P Response to stress 22 2320 1.20E-09
G0:0010033 P Response to organic substance 17 1342 4.20E-09
G0:0006952 P Defense response 13 766 2.60E-08
G0:0009605 P Response to external stimulus 8 429 2.90E-05
G0O:0009611 P Response to wounding 6 197 4.30E-05
G0:0006955 P Immune response 7 367 9.40E-05
G0:0002376 P Immune system process 7 368 9.40E-05
G0:0051704 P Multi-organism process 9 776 1.80E-04
G0:0051707 P Response to other organism 8 599 1.90E-04
G0:0009620 P Response to fungus 5 158 1.90E-04
G0:0009607 P Response to biotic stimulus 8 638 2.70E-04
G0:0009266 P Response to temperature stimulus 6 485 3.30E-03
G0:0009628 P Response to abiotic stimulus 10 1471 3.30E-03
G0:0009409 P Response to cold 5 328 4.20E-03
G0:0006979 P Response to oxidative stress 5 332 4.20E-03
G0:0045087 P Innate immune response 5 347 4.90E-03
GO:0050794 P Regulation of cellular process 14 3375 2.10E-02
G0O:0009416 P Response to light stimulus 5 596 4.50E-02
G0O:0050789 P Regulation of biological process 14 3697 4.50E-02
G0O:0009314 P Response to radiation 5 613 4.70E-02
G0O:0010556 P Regulation of macromolecule biosynthetic process 9 1843 4.70E-02
G0:0031326 P Regulation of cellular biosynthetic process 9 1881 5.00E-02
G0:0009889 P Regulation of biosynthetic process 9 1881 5.00E-02

The agriGO — gene ontology analysis toolkit was used to determine responses in 65 genes regulated by SDG8 and mechanical stimulation.

flowers and leaves, respectively. TCH3 mRNA levels were also sig-
nificantly reduced (40-60%) in these sdg8 mutant tissues as well
as during seedling development (>50%) (Figure 2D).

Mechanical stimulation of leaf tissues by bending for 30s (tis-
sue harvested 30 min after touch stimulus) significantly enhanced
the relative transcript levels of WRKY53, STPK, and TCH3 in
wild type (~2-5 fold above unstimulated control leaves), and to
a lesser degree in the sdg8 mutant (Figure 2E). The interaction
between mutant and touch treatment was significantly compro-
mised for WRKY (p < 0.01). Transcript levels in sdg8 were similar
to wild type and the induction of WRKY mRNA levels follow-
ing touch stimulation was less in sdg8 when compared to wild
type (Figure 2E). The transcript levels of STPK and TCH3 in sdg8
was significantly lower in both untreated and touched leaf tis-
sues when compared to wild type (Figure 2E), however the fold
change in touch induction of TCH3 and STPK gene expression
in sdg8 mutants (3- and 4-fold respectively) was similar to WT
plants (2- and 4-fold, respectively). It should be noted that our
experiments addressed a single time point of 30 min to keep con-
sistent with previous TCH microarray data (Lee et al., 2005).
In summary, SDG8 is required to promote high levels of TCH
gene expression following mechanical stimulation, but does not
appear to be necessary for activating the induction of TCH gene
expression.

CHROMATIN SURROUNDING TCH3 GENE LOCUS SHOWS REDUCED H3
LYSINE 4 TRIMETHYLATION

Next we established if TCH3 was a target of SDG8 medi-
ated chromatin modification. Chromatin immunoprecipita-
tion of DNA from Arabidopsis leaf tissues using antibodies
against H3 trimethylK4 (H3K4me3) and histone H3 dimethylK4
(H3K4me2) was followed by quantification using real-time PCR.
One upstream (promoter) and two downstream (exon 1 and exon
4) regions flanking the TCH3 translation start site (Figure 3A)
were used to monitor the effect of SDG8 mutation on permis-
sive histone marks surrounding TCH3. Genomic regions flanking
SAM and CRTISO were also quantified as housekeeper and posi-
tive controls of histone methylation, respectively (Finnegan et al.,
2004; Cazzonelli et al., 2009a). Analysis of the no antibody con-
trol samples revealed over 64-fold enrichment (>6 qPCR cycles)
of ChiP precipitated DNA enriched in H3K4me3 and H3K4me2
marks.

Chromatin immunoprecipitation assays using antibodies rec-
ognizing H3K4 di- and tri-methylation (H3K4m3 and H3K4m?2,
respectively) showed that SDG8 activity perturbed permissive
chromatin marks surrounding the TCH3 promoter and two
exon loci (Figure 3). In both sdg8 mutant alleles (sdg8-1 and
sdg8-4), there was an approximate 30-60% reduction in H3K4
trimethylation (Figure 3B), accompanied by an expected subtle
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increase in H3K4 dimethylation (Figure 3C). A similar reduction
in the H3K4m3 and higher increase in the H3K4m2 marks were
observed surrounding the CRTISO gene locus, which is consis-
tent with previous findings (Cazzonelli et al., 2009a). Collectively,
these data show that chromatin surrounding different regions
spanning the TCH3 locus have altered H3K4 methylation in sdg8
alleles relative to wild-type plants, consistent with the decrease in
TCHS3 transcript abundance.

The distribution of H3K4 methylation marks (mono, di and
tri) as well as the nucleosome density of TCH3, WRKY and
STPK was assessed using the UCSC Genome Browser (http://
epigenomics.mcdb.ucla.edu/) (Zhang et al., 2009). Experimental
derivations of marks surrounding the SAM reference gene showed
no enrichment of H3K4m2, while H3K4m3 was restricted to the
first intron (Figure S1A). Chromatin surrounding WRKY53 and
TCH3 showed an enrichment in H3K4m2 and H3K4m3 extended
throughout the gene locus (Figures S1B-D). The WRKY and
STPK gene loci also showed an enrichment of H3K4m2 at the
5" and 3’ untranslated mRNA leader regions (Figure S1B,C).
All three touch inducible genes showed relatively no H3K4ml,
which operates as an epigenetic mark for repressed euchro-
matin (Figure S1) (Van Dijk et al., 2005). The abundance of
H3k4m2/m3 active marks of methylation surrounding the three

touch inducible genes are consistent with transcriptional initia-
tion (Cazzonelli et al., 2009b) and in good agreement with our
findings showing a reduction in H3K4m3 marks surrounding the
TCH3 loci in sdg8 mutant leaves (Figure S1).

DISCUSSION

Despite a widespread understanding of the signaling events lead-
ing to thigmomorphogenesis, the molecular nature that under-
pins plant mechanostimulus-induced gene expression remains
largely unknown and open for discovery. Plants have evolved a
very elaborate and sophisticated mechanical responsive regula-
tory network and this is illustrated by the fact that over 2.5%
of Arabidopsis transcripts are responsive to touch stimulation
(Lee et al., 2005). Yet, it is intriguing that not a single investiga-
tion has identified a cis-acting DNA regulatory element that can
transcriptionally transmit the external touch stimulus to such a
large array of mechanical responsive genes. Indeed, the character-
ization of a few upstream promoters from mechanical inducible
genes have identified touch-responsive sequence domains (e.g.,
TCH2/TCH4; Chehab et al., 2009) as well as aberrant promot-
ers that become deregulated and strongly constitutive rather than
inducible (e.g., VRACS-1; Cazzonelli et al., 2005; Wever et al,,
2010). Perhaps there are multiple signaling pathways required to
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FIGURE 3 | Relative enrichment of histone 3 lysine 4 methylation of
chromatin surrounding the TCH3 locus in the sdg8 mutants. (A) The
position of PCR amplicons used to quantify H3K4 methylation associated
with the TCH3 locus is schematically represented. Primer sequences are
presented in Supplemental Table 2 online. (B,C) The level of H3K4me3
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ratio mutant/wild type, following normalization using a region of the
house-keeping gene, SSADENOSYL METHIONINE SYNTHASE (SAM).
CRTISO was included as a positive control for H3K4 di- or tri-methylation
activity. For most amplicons two biological and 3 technical repeats were
performed, except for TCH3-exon2 where only a single biological repeat
was successful. In all experiments there was an enrichment of at least
10 fold above the no antibody background.

activate gene expression following touch stimulation, rather than
just relying upon a single universal mechanism.

Our discovery that SDG8 regulates 8.7% (65 out of 760
genes reported) of touch-responsive gene targets comprising
calmodulins, kinases, disease resistance proteins and transcrip-
tion factors supports a multitude of signaling events and
highlights the importance of chromatin modifications in reg-
ulating a cascade of touch responsive transcriptional events.
Furthermore, gene ontology analysis revealed similar responses
(abiotic stress, defense, chemicals, wounding and other external
stimuli) between the TCH:sdg8 set of 65 genes and the complete
760 genes identified as being touch responsive. It is interesting to
note that SDG8 plays a crucial role in plant defense against fungal
pathogens by regulating a subset of genes within the jasmonic acid
(JA) signaling pathway (Berr et al., 2010). Jasmonates have also
been shown to mediate mechanostimulus-induced plant devel-
opmental responses by promoting the salient characteristics of
thigmomorphogenesis in Arabidopsis, including a touch-induced

delay in flowering and rosette diameter reduction (Chehab et al.,
2012). Indeed our touch experiments confirm that sdg8 mutants
show perturbed leaf development, however they flower early mak-
ing it difficult to infer any effect of mechanical stimulation upon
flowering time in sdg8. A similar link was found between SDG8
mediated control of brassinosteroid regulated gene expression in
Arabidopsis (Dong and Li, 2013) and 24-epibrassinolide medi-
ates induction of TCH4/XTH22 expression (Iliev et al., 2002;
Chehab et al., 2009). Overall, there is substantial evidence to
implicate SDG8 mediated chromatin modifications in conferring
mechano-sensing signals through an array of hormone and other
signaling networks that promote thigmomorphogenesis.

The fact that the permissive chromatin-modifying enzyme
SDG8 is necessary to promote full expression of such a large
array of TCH genes partly implies that mechanical stimulation
of target gene expression could be regulated by a universal reg-
ulator. Our finding that 88% of the 65 touch responsive genes
regulated by SDG8 are also down-regulated, support a genuine
need for chromatin modifications in the mechanical response.
Plants mechanically perturbed by wind, rain, or touch induce
the expression of TCH genes within 10-30 min post-stimulation.
Our investigations showed that SDG8 was not necessary for
the induction process of TCH gene expression; however it was
clearly required for promoting maximum levels of TCH expres-
sion. A more comprehensive study examining a range of time
points would enable identification of genes, which require SDG8
for the rapid induction of transcription rates. Chromatin mod-
ifications are well known for priming the regulatory apparatus
in order to promote rapid inducible transcriptional activation of
gene expression in response to environmental stresses (Kim et al.,
2010; Berr et al., 2011b). The RNA polymerase would need to
be docked or primed, ready to perceive a signal and rapidly acti-
vate gene expression. Nucleosome spacing would also need to be
correctly configured to allow an efficient transcriptional process
and these are areas worthy of future investigation. In any case,
the reduced levels of TCH gene expression following touch stim-
ulation in sdg8 would affect protein levels and therefore influence
downstream physiological and morphological acclimation.

Our repetitive touch experiments confirmed that several thig-
momorphogenic responses were perturbed in the sdg8 mutant.
The morphological responses were varied suggesting the action
of multiple signaling pathways. SDG8 mediated chromatin modi-
fications can play a role in the acclimation of rosette development
to repetitive mechanical stimulation.

Epigenetics can be viewed as a sophisticated tuner that relays
environmental and developmental signals through structural
adjustment of chromosomal regions so as to register, signal, or
perpetuate altered activity states (Bird, 2007). Epigenetic modi-
fications can be inherited through cell division or mitosis (e.g.,
chromatin modifications and DNA methylation) and in rare
instances through meiosis into subsequent generations (e.g.,
DNA methylation) (Saze, 2008). Histone modifications can be
reversible and serve to provide an additional regulatory layer to
control programmed differentiation of a cell to activate or deac-
tivate gene expression (Justin et al., 2010; Berr et al., 2011a). Our
analysis of TCH gene expression revealed some tissue specific
affects, although the expression of all three genes was significantly
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reduced in the shoot apex of sdg8 mutants. The shoot apex con-
sists of undifferentiated stem cells that can become epigenetic
programmed in order to facilitate acclimation to the surrounding
environment.

Given that thigomomorphogenesis is a process of cellular sig-
nal transduction and morphological acclimation it is conceivable
that mechanical-induced growth responses involve some level of
epigenetic memory formation. Indeed SDGS is involved in mem-
ory forming events leading to changes in flower development
(Zhao et al.,, 2005; Dong et al., 2008; Xu et al., 2008; Cazzonelli
et al., 2009a; Grini et al., 2009; Berr et al., 2010; Tang et al.,
2012; Dong and Li, 2013) and can be viewed as a combined
“reader” and “writer” of the histone code possessing intrinsic
H3K4 and H3K36 methyltransferase activities (Ko et al., 2010;
Hoppmann et al., 2011). There is solid evidence to show that
SDG8 affects both H3K4 and H3K36 tri-methylation of chro-
matin surrounding select gene targets and there appears to be a
degree of combinatorial functions that exist between the diver-
sity of histone methylation enzymes that exist (Kim et al., 2005;
Cazzonelli et al., 2009a; Feng and Shen, 2014; Shafiq et al., 2014).

Our chromatin immunoprecipitation experiments confirmed
that the TCH3 locus requires SDG8 activity to maintain H3K4m3
marks and a permissive chromatin structure that enhances gene
expression. Our bioinformatic meta-analysis of published tran-
scriptome studies revealed that three rapidly inducible TCH
gene targets (WRKY53, STPK, and TCH3) were enriched in the
active marks of di- and tri-methylation of H3K4, yet lack the
more repressive H3K4m1 modification. We showed that SDG8
is required to enhance TCH gene expression. Furthermore, the
expression of genes neighboring TCH3 were slightly reduced per-
haps due to spreading of a less permissive chromatin state in
the absence of sdg8 (Kim et al., 2005; Cazzonelli et al., 2009a).
While the induction of TCH3, WRKY53 and STPK expression
was not perturbed in the sdg8 mutant, the level of expression
following touch stimulation was clearly reduced. The fact that
TCH3 transcript levels were not so different to wild type plants
following touch stimulation highlights the importance of chro-
matin in enhancing induced gene expression. This would imply
that regulation of SDG8 could control the relative level of cer-
tain TCH genes following mechanical stimulation and perhaps
perturb acclimation to mechanical stimulation.

Our discovery that gene expression of the potential Ca2+ sen-
sor, CML12, first identified as TCH3 (Braam and Davis, 1990;
Braam, 1992; Sistrunk et al., 1994; Antosiewicz et al., 1995) is
potentially a key target of SDG8 activity is another step forward
toward understanding calcium and touch mediated signaling
events. TCH3 gene expression is inducible within minutes of mul-
tiple stimuli, including touch, darkness and temperature as well
as being important in mediating auxin transport and hence plant
morphology. For example, TCH3 interacts with and regulates
the activity of pinoid (PID), a serine/threonine protein kinase
that potentially acts as a switch in regulating the activity of the
PIN family of auxin regulators (Benjamins et al., 2003; Friml
et al., 2004; Wisniewska et al., 2006). More recently, TCH3 was
identified as having an important role in the regulation of the
mechanical properties of the cell wall via an upstream signaling
network dependent on Ca2+ and reactive oxygen species (ROS)

(Kurusu et al., 2013). Interestingly, the expression of TCH3 was
up-regulated by overexpressors of Ca2+-permeable mechanosen-
sitive channels (MCAs), suggesting that MCA1 stimulates the
expression and activity of TCH3 through Ca2 influx (Nakagawa
et al., 2007; Kurusu et al., 2012b, 2013). These channel pro-
teins are localized in the plasma membrane and appear to be
required for sensing touch, and gravity as well as osmotic shock
through ROS production (Kurusu et al., 2013). Therefore regula-
tory proteins like MCAs and SDG8 are shedding light on how to
keep genes like TCH3 permissibly active and inducible to external
stimuli. The relationship between calcium signaling, auxin trans-
port, ROS signaling and now chromatin modifications paves the
way forward to uncover the enigmatic nature behind mechan-
ical inducible gene expression and signaling events leading to
thigmomorphogenesis.

In summary, we provide new insights into the molecular
nature by which a chromatin modifying enzyme SDGS8, can
coordinate permissive chromatin structure and enhance gene
expression of mechanically responsive TCH genes. We reveal evi-
dence that the active mark of H3K4m3 is required to promote the
full expression of a mechanically responsive TCH3 gene, whose
protein is involved in calcium signaling events that convey the
touch message. The specific role of SDG8 in thigmomorphogen-
esis appears to be somewhat more general when compared to
carotenogenesis or flowering time, where SDG8 controls single
gene loci (Cazzonelli et al., 2009a). An SDG8 mediated enrich-
ment of H3K4 trimethylation surrounding many TCH gene
loci could insure the rapid signaling of multiple pathways in
response to a mechanical stimulus. The nature of the inducing
signal(s) still remains enigmatic. How epigenetic modifications
regulate transcription activation of TCH genes and promote
memory formation in response to repetitive touch stimulation,
are new areas of exciting research that will ultimately link phys-
iological responses and morphological acclimation underlying
thigmomophogenesis.
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tri-methylation patterns surrounding (A) house keeper reference gene
target SAM, (B) WRKY53, (C) STPK, and (D) TCH3.

Supplemental Table 1 | Bioinformatic analysis comparing genes regulated
by SDG8 and responsive to mechanical stimulation.

Supplemental Table 2 | PCR Primers used to quantify mRNA levels and
chromatin modifications.

Data Analysis S1 | Statistical analyses of morphological data using R code
and nlme package.
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The secondary xylem (wood) of trees mediates several functions including water
transport and storage, mechanical support and storage of photosynthates. The optimal
structures for each of these functions will most likely differ. The complex structure and
function of xylem could lead to trade-offs between conductive efficiency, resistance to
embolism, and mechanical strength needed to count for mechanical loading due to
gravity and wind. This has been referred to as the trade-off triangle, with the different
optimal solutions to the structure/function problems depending on the environmental
constraints as well as taxonomic histories. Thus, the optimisation of each function will
lead to drastically different anatomical structures. Trees are able to acclimate the internal
structure of their trunk and branches according to the stress they experience. These
acclimations lead to specific structures that favor the efficiency or the safety of one
function but can be antagonistic with other functions. Currently, there are no means
to predict the way a tree will acclimate or optimize its internal structure in support of its
various functions under differing environmental conditions. In this review, we will focus on
the acclimation of xylem anatomy and its resulting mechanical and hydraulic functions to
recurrent mechanical strain that usually result from wind-induced thigmomorphogenesis
with a special focus on the construction cost and the possible trade-off between wood
functions.

Keywords: trees, wood, trade-off, thigmomorphogenesis, mechanics, hydraulics, wood anatomy, acclimation to
stress

Introduction

Secondary xylem (wood) arises as a result of cell divisions of the vascular cambium and is referred
to as a type of secondary growth. After division, these cells go through phases of differentiation,
enlargement, and maturation. During this process, the cell wall develops, most significantly, the
secondary cell wall composed of organized layers of (crystalline) cellulose microfibrils and lignin.
Lignin deposition also occurs in the middle lamella region between cells. At the end of the mat-
uration process, the conducting cells (tracheids in conifers, vessels in angiosperms) die through a
process of autolysis, the living components (cytoplasm and organelles) are reabsorbed by the tree,
and the water-filled cell lumen becomes physiologically functional providing hydraulic conductiv-
ity. The resulting structure is a complex porous network of interconnected cells that fulfills several
functions that are required for the continued life of the tree in a variable environment. In both
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dicotyledonous trees and in conifers the vascular cambium can
continue to produce new layers of wood throughout the life of
the stem or root and so the response to environmental cues is
ongoing.

The xylem of the stem mainly provides three types of func-
tions: (i) the xylem is the hydraulic pathway for the transport of
water from the soil to the transpiring leaves, providing hydration
to all living cells along the way; (ii) the stem mechanically sup-
ports the heavy structure of the tree; (iii) the xylem is a place
where many biochemical components that are required for the
tree in order to withstand external stresses (like freezing, insect
attacks, etc.) are stored as well as the storage of photosynthate
(carbohydrates, lipids, and proteins) over the winter for future
growth in the subsequent spring (Telewski et al., 1996). Water
storage, both on a seasonal and diurnal basis, can also be a crucial
function of the xylem (Pratt et al., 2007; Meinzer et al., 2009).
The optimal structures for each of these functions will most
likely differ. Selection, either natural, via breeding programs or
via genetic engineering, to optimize for one function could lead
to sub-optimal performance, or even complete failure of another
function (Lachenbruch and McCulloh, 2014). For instance, xylem
that is highly efficient in water conduction might be so mechani-
cally weak that it could not withstand wind, snow, or ice loading
resulting in failure of the stem or branches. In this paper, we
will focus on the first two functions of xylem namely hydraulic
transport and mechanical support.

As a result of an acclimation process, plants modify their
growth when they experience mechanical loading: plants are
able to perceive external mechanical stresses that generate the
strain of the living tissues (Moulia et al., 2015). These living
cells generate signals that engender local or remote molecular
responses that modify the wood formation by the way of mod-
ifying the cambial activity and the differentiation process (Jaffe
et al., 2002; Telewski, 2006; Chehab et al., 2009; Coutand, 2010).
The response of plants to mechanically induced flexing, includ-
ing the brushing or movement of animals against plants, or the
flexing of the above ground portions of a plant by wind, ice,
or snow loading was defined as thigmomorphogenesis by Jaffe
(1973). However, the influence of wind on plants, and specifi-
cally trees, was first identified in a study by Knight (1803). Over
the course of the ensuing 170 years between Knight’s (1803) and
Jaffe’s (1973) publications and subsequently, many studies have
been published on the effect of wind on tree growth and mor-
phology (for reviews see Grace, 1977; Jaffe, 1985; Biddington,
1986; Vogel, 1994; Telewski, 1995, 2006, 2012; Mitchell, 1996,
2013; Jaffe et al., 2002; Braam, 2005; Moulia et al., 2006; de
Langre, 2008). The most consistent thigmomorphogenetic effects
are a reduction in shoot elongation and an increase in radial
growth in response to a flexing stimulus resulting in a plant of
shorter stature and thicker, stiffer stem. This change in growth
results in a change in plant allometry which reduces the effec-
tive canopy profile to wind and reduces drag (Telewski and Jaffe,
1986a,b; Rudnicki et al., 2004; Vollsinger et al., 2005; Telewski,
2012).

At the anatomical level, Telewski (1989) described a thig-
momorphogenetic acclimation of xylem formation, leading to
particular wood structure termed flexure wood. However, the

anatomical characterization of flexure wood is still poorly doc-
umented. In the same way, very little is known about the
direct consequences of the acclimation of the material struc-
ture on the mechanical and hydraulic functions of wood formed
under mechanical stimuli. Especially, the growth modifications
appear to potentially compromise conductive efficiency resulting
in a trade-off between the mechanical and hydraulic functions
of xylem. Due to the complexity of the interactions between
anatomy, hydraulic conductivity, and mechanical strength of
wood, there have been few studies addressing all three variables
and their corresponding construction cost; especially in the case
of acclimation processes like thigmomorphogenesis.

The Xylem Anatomical Structure

Gymnosperm wood is mainly composed of non-living tracheids
with a small portion of living ray parenchyma and when resin
ducts are present, living epithelial cells lining the ducts. The early-
wood portion of gymnosperms is characterized as large diameter
cells with thin cell walls, whereas the latewood is composed
of smaller diameter cells with thicker cell walls (Figure 1A).
The tracheid performs both the conductive and supportive func-
tions within the secondary xylem. The ray parenchyma cells are
aligned radially and are usually small compared to angiosperms.
On the contrary, the annual ring of angiosperms is composed
of more specialized cell types. In addition to ray parenchyma,
angiosperms can have axial parenchyma, fibers, fiber tracheids,
and vessels depending on the species of tree (Figures 1B,C).

Wood density is often used as a key functional trait corre-
lated with other ecophysiological behavior including growth rate,
hydraulic conductivity, and mechanical strength (Poorter, 2008;
Stegen et al., 2009; Swenson and Weiser, 2010; Swenson et al.,
2011; Liu et al., 2012, 2013; Iida et al., 2014). Typically, low den-
sity wood results from greater porosities (due to larger diameter,
thinner walled cells) that increase the efficiency of water trans-
port, while the material rigidity may be compromised. However,
the wood density is an integrative parameter that mainly results
from the fiber cell wall thickness and lumen diameter was well as
vessel density and size (for angiosperms). It is obvious that for
the same mean porosity, different anatomical patterns provide
different functional properties.

Reaction Wood

Trees show a great ability to modify the orientation of their main
organs, stem, and branches. They do it in a way that improves
their architecture via phototropism or gravitropism, in response
to neighbor shading, displacement by the wind, or other mechan-
ical perturbations (avalanches, landslides, slope slippage, ice, and
snow, etc.,; for review, see Wilson and Archer, 1977; Timell,
1986a,b,¢c; Du and Yamamoto, 2007). The dynamic reorientation
of these organs involves the formation of a particular type of
wood called reaction wood. Usually produced on one side of the
organ, the physical and mechanical properties of reaction wood
and opposite wood (see for example, Clair et al., 2006) are such
as to generate a large difference in growth strains between the
sides which can result in a change of curvature of the organ.
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FIGURE 1 | Typical anatomical cross sections of annual rings in
trees. Gymnosperms show mainly longitudinal tracheids that perform
both mechanical and hydraulical functions (A). Angiosperms show

heterogeneous (B) or homogeneous (C) structures that include large

vessels that fulfill only the water conduction function, while
mechanical support of the tree is provided by fibers. (A) Larix
decidua, (B) Quercus robur, and (C) Fagus sylvatica. Scale bar
represents 200 pm.

This wood shows specific anatomical patterns that differ between
gymnosperms and angiosperms.

In gymnosperms, the reaction wood is called compression
wood (Figures 2A,B), which occurs on the lower side of non-
vertical branches. Compression wood tracheids are shorter than
normal wood tracheids. In the transversal direction, they are
more rounded and show intercellular spaces at would have been
cell corners that do not appear in normal wood. At the cell wall
level, the compression wood cells usually possess an S3 layer
that is not common for normal wood and the thicker S2 layer
has a higher microfibril angle (MFA) than normal wood (Evans,
1998).

In porous wood angiosperms, the reaction wood is termed ten-
sion wood. The hardwood fibers of tension wood can produce a

gelatinous cell wall layer (Figures 2C,D), called the G-layer. This
G-layer exhibits very particular physical property that generate
the differential mechanical states on opposite sides of the organ
thus forcing it to modify its curvature via contraction of the ten-
sion wood fibers upon maturation. The G-layer is mainly made
of cellulose and hemicellulose, has a very small MFA and high
degree of crystallinity (Yamamoto et al., 2010).

When trees experience transient wind loadings, the cambium
produces a specific wood called “flexure wood” (Telewski, 1989).
The anatomy and specific functions of flexure wood are poorly
understood. A few observations have been carried out at the tissue
level for Pinus (Telewski and Jaffe, 1986b) and Abies (Telewski,
1989) and by Kern et al. (2005) for poplar. In the conifer Abies
fraseri the increase in radial growth results from an increase

FIGURE 2 | Normal and reaction wood cell wall structures in gymnosperms (A,B) and angiosperms (C,D). (A) tracheid in normal wood, (B) tracheid in
compression wood, (C) fiber in normal wood, (D) fiber in tension wood. G refers to the gelatinous layer.
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in cell divisions from the vascular cambium, but the tracheid
lumens were smaller in size (Telewski, 1989). The angiosperm
Liquidambar styraciflua exposed to shaking for 30 s once per day
exhibited smaller vessel elements in both diameter and length,
and fibers were shorter compared to untreated trees (Neel and
Harris, 1971). For poplar clones, Kern et al. (2005) reported a sig-
nificant reduction in vessel lumen area, vessel diameter, and vessel
frequency with flexure treatment. Moreover, they observed many
similarities between flexure wood and reaction wood. Butterfield
and Li (2000) showed that tied trees of Pinus radiata produced
compression wood and tracheids with lower MFA than non-tied
trees. Also at the cell wall level, it has been observed on P. radi-
ata that juvenile wood show large MFA in trees growing in open
plantations (Cave and Walker, 1994). On the contrary, this MFA
is low in established forests, suggesting that wind loadings have
a great role in the structure of the S2 layer. In angiosperms, flex-
ing increased the amount of syringyl monolignols over guaiacyl
monolignols within the lignin polymer (Koehler and Telewski,
2006). With regard to a functional role for flexure wood, Telewski
and Jaffe (1986a) pointed out that flexure wood needs to func-
tion in both compression and tension due to alternating sway,
and that wood is weaker under compressive loading than ten-
sional loading. Therefore, they suggested that cells with a func-
tional structure more suited to deal with compression would
be advantageous to a tree growing in a windy environment.
However, the lack of data on flexure wood anatomy, especially
at the cell wall level, does not permit a rigorous comparison
with reaction wood. More detailed characterizations need to be
done before claiming that flexure and reaction woods are struc-
turally the same wood provided by different external mechanical
loadings.

Interconduit Connections

Pits in the double cell wall are the main pathways for
water to be transported from one cell to its adjacent cell,
connecting two softwood tracheids or hardwood vessels.
A hydraulic conduit is connected to multiple other adja-
cent conduits, providing redundancy in multiple pathways
for water movement in case of embolism of one conduit
element.

In angiosperms, pits are made of a pit chamber that
occurs in the double cell wall and is connected to the cell
lumens by the way of holes called apertures (Figure 3A).
This chamber is separated into two parts by a thin and
flexible continuous membrane resulting from the remain-
ing primary wall. In gymnosperms, the membrane is not
continuous: the central structure, the torus, is reduced to
a central plate; which is physically linked to the cell wall
by the margo made of thin threads of cellulose microfibrils
(Figure 3B).

Wood Mechanical Behavior
The mechanical functions include: self-support against the pull

of gravity in the form of axial compression upon the trunk
(McMabhon, 1973; Wainwright et al., 1976; Niklas, 1992, 1994),

FIGURE 3 | Structure of pits in angiosperms (A) and gymnosperms (B).
The inter-vessel pit in angiosperms is composed of a pit chamber and a thin
continuous membrane made of primary wall. Inter-tracheids pits in
gymnosperms are made of a pit chamber that includes a thick torus
connected to the cell wall by cellulose microfibrils. (photos credit: S. Jansen).

a degree of stiffness or flexibility to bending under windy con-
ditions or under conditions of loading due to ice, snow, or fruit
loading (Telewski, 1995, 2006; Valinger et al., 1995; Alméras et al.,
2004; Vaast et al., 2005; Mayr et al., 2006) and the ability to
generate internal growth strains in developing xylem to produce
corrective growth in stems displaced with respect to gravity with
the formation of reaction wood. The mechanical parameters that
most inform us about significant functional roles in the xylem
include the elastic modulus (or Young’s modulus) Ej, the modu-
lus of rupture (MOR), and the second moment of cross sectional
area I, which varies with the fourth power of stem diameter D
(Eq. 1). The ecologically important parameter of stem strength
is the flexural stiffness Ep I that drives the ability of an elongated
organ to deform when it experiences bending loads.

D4

The longitudinal Young’s modulus Ej, of wood refers to the stiff-
ness of the wood vertically. Since wood is a porous material with
longitudinally oriented cells, Ey is mainly linked to porosity (i.e.,
the cell wall fraction). Thus, in a first approximation, E; can be

estimated as proportional to the wood density (Fournier et al.,
2006).
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The intrinsic mechanical properties of the cell wall are func-
tions of the cell wall structure (mainly MFA; Cave and Hutt, 1969)
and chemical composition (lignin, cellulose, and hemicellulose).
For few species (eucalyptus for example) the knowledge of
wood density and MFA can explain almost completely the wood
Young’s modulus (Evans and Elic, 2001).

Thigmomorphogenesis greatly affects the mechanical behav-
ior of the stem. On the one hand, thigmomorphogenesis mod-
ifies the cell differentiation. It results in anatomical changes
that decrease E; of the wood material (Telewski and Jaffe,
1986a,b; Telewski, 1989; Telewski and Pruyn, 1998; Pruyn
et al.,, 2000; Anten et al.,, 2005; Koehler and Telewski, 2006;
Martin et al., 2010). The reduction in Ej, is likely a result of
increased MFA and not an increase in the syringyl content of
the xylem of angiosperms since increasing the syringyl content
in transgenic poplar trees increased Ej (Koehler and Telewski,
2006).

The stems of flexed P. taeda have a higher MOR compared
to non-flexed control trees (Telewski and Jaffe, 1986b), whereas
flexing was reported to decrease the MOR of hybrid poplar
stems (Kern et al., 2005). This decrease of mechanical behav-
ior cannot be directly explained at the tissue level because the
wood density of flexure wood does not decrease (Telewski, 1989).
Thus, the physical parameter should be found at the cell wall
level and probably involves the MFA in the S2 layer. Telewski
(1989) suggested that the reported increase in the MFA of the
secondary cell wall of tracheids in Abies as part of the thigmo-
morphogenetic response was responsible for decreasing Young’s
modulus.

On the other hand, all the works that dealt with responses to
mechanical stimulation of trees reported a large increase in radial
growth that increases the second moment of cross sectional area
I (Jacobs, 1954; Telewski and Jaffe, 1986a,b; Telewski and Pruyn,
1998; Pruyn et al., 2000; Anten et al., 2005; Martin et al., 2010).
This is a consistent response across species and even within half-
sib or clonal lines (Telewski and Jaffe, 1986b; Telewski, 1995;
Pruyn et al., 2000; Kern et al., 2005). In most cases, the increase
in I overrides the decrease in Ej, resulting in an increase in stem
rigidity or flexural stiffness (ErI). The end result is an overall
stiffer stem composed of more pliable xylem capable of absorbing
more mechanical energy in response to wind loading (Telewski,
1989, 1995, 2012; Pruyn et al., 2000). Moreover, when a circular
stem is bent, the maximum longitudinal strain €m,y is propor-
tional to the ratio D/ELI (Eq. 2) and the maximum strain op,x
the stem experiences is proportional to the ratio D/I (Eq. 3).

D

€max = Mp 2E1 2
D

Omax = My E (3)

Where M, is the bending moment applied on the stem (by wind
for example). Thus thigmomorphogenesis tends to reduce the
strain and stress the stem experiences, making it less likely to fail
under mechanical loading.

Hydraulic Behavior

Conduction

Trees have developed efficient hydraulic networks to transport
water from the roots into the leaves (Sperry, 2003). This pro-
cess involves small pores (around 20 nm) that generate menisci
having a very small radius of curvature, resulting in a surface
tension that causes a negative pressure that pulls up the water
column from the roots into the leaves, helped by water molecule
cohesion.

Xylem is the main long distance transport pathway for water
and soluble mineral nutrients from roots to the leaves. One
of its main functions is to provide a low resistance pathway
for water transport. Transport is provided by vessel elements
(angiosperms) or tracheids (gymnosperms). This water transport
does not involve energy consumption by the hydraulic network
that act as passive conduits. Conduction efficiency is driven by
the Hagen-Poiseuille equation that indicates that hydraulic con-
ductivity Ks varies with the fourth power (Eq. 4) of the conduit
diameter (Zimmermann, 1983). Thus, the optimization of an effi-
cient hydraulic conduction function leads to the construction
of a wood structure made of long and very large diameter cells
(Figure 4).

Ksoc > dj (4)

xylem

However, comparing gymnosperm and angiosperm structure,
Sperry et al. (2006) clarified the role of the end-wall connections
that represented more than 50% of the total resistance of the
hydraulic network. They concluded that the conduit length limits
the conducting efficiency.

High positive correlations have been observed between water
conduction efficiency of the xylem and the growth rate (Tyree
et al., 1998; Poorter et al., 2010). This is in accordance with the
simple idea that species with fast growth rates usually produce
low-density wood that is more porous, with large conduits that
are more efficient in transporting water (Eq. 4). Following this
correlation, and assuming that thigmomorphogenesis typically
generates an increase of the stem diameter growth rate, the flex-
ure wood should show improved hydraulic efficiency. An increase

FIGURE 4 | One ring of large cells are compared with many /2 times
smaller cells that provide the same hydraulic conductivity. The mass
allocation for the cell wall construction is eight times higher for small cells.
(computed from Tyree and Zimmermann, 2002 and Awad et al., 2012).
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in hydraulic conductivity (reported as sapwood permeability) in
free swaying seedlings of P. elliottii compared to staked seedlings
was reported by Dean (1991). Liu et al. (2002) reported a decrease
in specific conductivity despite an increase in radial growth in a
thinned stand of P. contorta exposed to more wind sway. They
concluded the reduction in conductivity was due to sway induced
functional damage to sapwood. Kern et al. (2005) reported sys-
tematic lower specific conductivity in the stem of different hybrid
poplars when they were bent. This local property was mainly
due to the formation of smaller vessels as a result of thigmomor-
phogenesis. However, they reported that the total conductivity of
the stem was not affected, suggesting that the increase of wood
cross-sectional area due to the thigmomorphogenetic response
compensates for the lower local transport efficiency of the xylem.

Cavitation Resistance

According to the cohesion-tension theory (Dixon, 1914) water
ascent in plants takes place in a metastable state under ten-
sion. Then, the hydraulic conduction is subjected to transport
dysfunctions; drought, and frost stresses can induce very large
negative pressure in the water columns that break. This leads to
embolism of the conduits that makes it non-operational (Tyree
and Zimmermann, 2002). Cavitation is triggered by air entry in
hydraulic conduits (Sperry and Tyree, 1988; Cochard et al., 1992).
It occurs when the pressure difference between adjacent air- and
water-filled xylem conduits becomes large enough to pull the air-
water meniscus through inter-conduit pores toward the water
filled conduit (Zimmermann, 1983). The required pressure dif-
ference AP is inversely proportional to the diameter of the pores,
d, according to the Jurin’s law:

41 cos 6

AP = 7 (5)

where T is the liquid surface tension, 6 is the contact angle of
the liquid with the pore walls. Thus, the plant structural param-
eter that determines the vulnerability to drought-induced xylem
embolism is the diameter of the largest inter-vessel pore (Eq. 5).
The main sites of air seeding to the xylem pathway are inter-
vessel or inter-tracheids pits. What is the physical role of the
pits during the cavitation process? Many anatomical measure-
ments have been performed on gymnosperm and angiosperm
pits. There are statistical correlations between anatomical param-
eters like pit membrane thickness, aperture diameter, torus diam-
eter, etc., with the cavitation sensitivity. The mechanical behavior
of the pit membrane was investigated by the way of modeling
(Sperry and Hacke, 2004; Tixier et al., 2014). They showed that
the pit aperture diameter together with the diameter and the
thickness of the pit membrane plays a great role in its mechanical
behavior; which was highly correlated with cavitation sensitiv-
ity at the inter-specific level. However, no clear mechanism has
been described and no anatomical parameter can be clearly said
to be the key point. Again, the pit is probably the most rele-
vant level of observation of air-seeding and there is no evidence
of relationship with the conduit diameter or length (Dalla-Salda
et al., 2014). However, the “rare pit” hypothesis (also named
“pit area” hypothesis; Hacke et al., 2001; Wheeler et al., 2005;

Pittermann et al., 2006) suggests that the bigger the conduit,
the larger its surface and the more pits are located in its wall,
thus the greater probability of a defective, wide, or less efficient
pit, that could be the air-seeding starting point. Following this
hypothesis, cavitation sensitivity may be lower for flexure wood
that shows smaller conduit diameters. For gymnosperms, one
of the most relevant anatomical parameters that may drive the
cavitation resistance is the overlap between the torus and the
pit border (torus diameter/aperture diameter). This is consis-
tent with the seal-capillary seeding hypothesis (Bouche et al,,
2014). Finally, the xylem anatomy determines how much water
can be transported and at the same time, the plant’s vulnerabil-
ity to transport dysfunctions (the formation and propagation of
embolism) associated to water stress.

Despite the cavitation mechanism not being clearly elucidated,
several correlations were investigated in order to focus on the
relevant anatomical parameters. At the macroscopic scale, the
wood density is often investigated and species that show denser
wood usually show higher cavitation resistance (Sperry et al.,
2006). This is coherent with previous observations that suspected
that wider conduits are more vulnerable to cavitation (Carlquist,
1975; Baas, 1986; Cochard and Tyree, 1990; Tyree et al., 1994).
However, this interspecific correlation hides a large variability
and finally, the relationships between diameter conduits and their
vulnerability is probably an indirect and non-causal correlation
when it comes to water stress induced embolism. However, freez-
ing induced embolism appears to be fairly well understood and
is closely related to the size of the conduit (Sperry et al., 1994;
Davis et al., 1999; Pittermann and Sperry, 2003; Mayr et al., 2006).
According to these correlations, wood formed under thigmo-
morphogenetic process should be less prone to freezing induced
embolism since the conduits may be reduced in size. However, no
work has reported experimental data on the cavitation resistance
of flexure wood, suggesting that hydraulic properties need to be
investigated in order to confirm these hypotheses.

Trade-offs

Considering trees need to continuously manage all their vital
hydraulic and vital mechanical functions, it is suspected that
trade-offs could exist. Possible trade-offs between mechanical
and hydraulic properties are inherently complex since both are
subject to fourth power relationships. As noted above, axial stiff-
ness (ErI) is proportional to stem diameter to the fourth power
due to the second moment of area calculation, and conductive
efficiency is proportional to vessel or tracheid diameter to the
fourth power, following the Hagen-Poiseuille law. To increase
the hydraulic conductivity the obvious solution is to increase
vessel or tracheid diameter, but those solutions could weaken
the wood. Is there a necessary trade-off between strength and
hydraulic conductivity, and what are the other ramifications of
this trade-off? (Figure 5). If so, what are the consequences for cav-
itation and implosion resistance? What is the effect on hydraulic
capacitance?

A number of studies have investigated the interrela-
tions between conductive efficiency and mechanical stress
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Tissue investment

FIGURE 5 | Functions vs. cost trade-off in wood tissues.

acclimation, with inconsistent results. Several studies have found
a trade-off between hydraulic conductivity and mechanical
strength (Gartner, 1991a,b,c; Wagner et al., 1998; Jagels et al,,
2003; Smith and Ennos, 2003; Christensen-Dalsgaard et al., 2007).
Others have failed to find any trade-oft (Woodrum et al., 2003;
Pratt et al., 2007; Rosner et al., 2007, 2008; Utsumi et al., 2010).
They suggest that several anatomical variables may confound
the influence of the number and diameter of conduits. These
variables include pith diameter, ray width, and fiber cell wall
thickness, to name a few. Additionally, cell wall structure such
as MFA and chemical composition (ratio of lignin to cellulose
and lignin monomer composition) are also variables that will
influence the mechanical strength of xylem. Inferences can be
made based on previous studies. For example, reductions in
both tracheid length and vessel element length combined with
smaller lumen diameters should increase resistance to conduc-
tive flow as well as reduce the volume of water conducted on a
per conductive element basis. This may be compensated for by an
increase in the number of conductive elements, as is the case in
conifers, but may be less likely in angiosperms as the total num-
ber of vessels also appears to be reduced in thigmomorphogenetic
response to wind sway or flexing. Woodrum et al. (2003) investi-
gated the interspecific relationship between anatomy, mechanical
properties and water transport of Acer but they observed no
trade-off between K; max and MOE or MOR across the genus.
Although compression wood has narrower tracheids and lower
conductivity (Spicer and Gartner, 1998) and lower cavitation
resistance (Mayr and Cochard, 2003) than opposite wood, in
angiosperms tension wood may be similar in conductivity and
cavitation resistance as opposite wood (Gartner et al., 2003).
Unfortunately there is no published data for cavitation resis-
tance in flexure wood except Kern et al. (2005) who reported that
mechanical flexure increased stem rigidity, reduced the number
and diameter of vessels, and significantly reduced K. However,
the treatment did not significantly impact whole-stem K} or
the percent loss of conductivity due to embolism, suggesting
the lack of hydraulic-mechanical trade-off during mechanical
acclimation.

Although the existence of a trade-off between conductive
efficiency and resistance to cavitation or implosion (efficiency

versus safety) has not been consistently reported in the liter-
ature (Cochard, 1992; Sperry et al., 1994), available evidence
suggests at least a weak negative correlation (Tyree et al., 1994).
The hydraulic efficiency versus safety trade-off was reported by
many authors (Martinez-Vilalta et al., 2002; Choat et al., 2005).
Martinez-Vilalta et al. (2002) reported for nine co-occuring
species that the relationship between specific hydraulic con-
ductivity (K;) and resistance to cavitation followed a power
function with exponent ~—2, consistent with the existence of
a trade-off between conductivity and security in the xylem.
However, they suggested that this relationship was consistent
with a linear relationship between vessel diameter and the size
of inter-vessel pores, which has never been demonstrated. For
instance, Choat et al. (2003, 2005) reported trade-offs between
conductive efficiency and resistance to cavitation in season-
ally dry rainforest trees, but they found no evidence of dif-
ferences in pit membrane porosities in those species (Choat
et al., 2003). Therefore the inverse relationship between water-
stress embolism and conductive efficiency is probably indirect
(see pit area hypothesis above) whereas the inverse relation-
ship with freezing-induced embolism appears to be direct,
as the size of the conduit is directly related to freeze-thaw
embolism.

Xylem safety (resistance to cavitation or conduit implosion)
and mechanical strength have been found to be positively cor-
related (Jacobsen et al., 2005; Pratt et al., 2007; Rosner et al,,
2008; Utsumi et al., 2010; Bouche et al., 2014). Hacke et al. (2001)
defined a mechanical safety factor that evaluates the resistance of
a theoretical 2D regular cellular structure to bulk in the transverse
direction when submitted to negative pressure. It involves the
lumen diameter (b) and the cell wall thickness (). The higher the
thickness to span ratio (t/b)?, the greater the resistant to implo-
sion. This safety factor was then used for evaluating the implosion
resistance of vessels. All these works suggest that wood density,
which is highly correlated with conduit size and cell wall thick-
ness, may impact the both functions in the same way, with thicker
cell walls that make the tissues stiffer and more mechanically
resistant (Hacke et al., 2001). However, smaller lumens impair
the hydraulic conduction. According to Pratt et al. (2007), the
stem mechanical strength appears to be important in maintain-
ing xylem transport under negative pressure and this could be a
strategy both to prevent vessel collapse and to withstand mechan-
ical stresses caused by gravity or wind. However, Bouche et al.
(2014) recently argued for angiosperms that the implosion pro-
cess is unrealistic since most of the species do not experience the
pressure level that should be involved. Note that for angiosperms,
the implosion resistance is usually computed using the vessel wall
thickness and the vessel diameter, since implosion resistance of
an isolated vessel probably depends essentially on the transversal
rigidity of the surrounding tissues.

Jacobsen et al. (2005) suggested the hypothesis that fibers may
be essential for enabling the vessels to achieve great sizes: larger
cell wall thickness of surrounding fiber tissues probably provides
better implosion resistance with a cost of carbon allocation that is
observed in the wood density data (Sperry et al., 2006). Following
this consideration, the angiosperm species are probably able to
adjust the fiber formation around the vessel in order to avoid
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vessel implosion (Jacobsen et al., 2005). But perhaps that would
be more expensive than putting more cellulose and lignin into
the vessel cell wall. Turner and Somerville (1997) showed vessel
implosion in an Arabidopsis mutant deficient in the deposition of
secondary cell wall cellulose. Jones et al. (2001) reported that a
50% reduction in lignin content also resulted in collapsing vessels
in Arabidopsis. Genetically modified hybrid poplar trees (Populus
alba x Populus grandidentata) with reduced cell wall lignin have
also shown collapsed xylem (Coleman et al., 2008). In a global
study of 3005 angiosperm species, vessel diameter was strongly
linked to conductive efficiency, but not linked to overall xylem
density. The fiber tissues are extremely variable and may com-
pensate for weaknesses that large vessel lumen areas can present
(Zanne et al., 2010).

A significant but less studied relationship is the positive
correlation between conductive efficiency and hydraulic capac-
itance of the sapwood. This relationship has been found in a
wide range of conifers and angiosperms (Choat et al.,, 2005;
Domec et al., 2006; Pratt et al., 2007; Meinzer et al., 2009). At
least in the Rhamnaceae, hydraulic capacitance was not related
to the sapwood parenchyma area (Pratt et al, 2007) Species
with high conductive efficiency apparently have greater stores
of apoplastic water in fibers as well as in tracheids and ves-
sel lumens. In one model it is shown that embolism of vessels
could contribute significantly to hydraulic capacitance on a daily
or seasonal basis (Holttd et al.,, 2009). Here again, because of
a dramatic lack of experimental data, the impact of thigmo-
morphogenetic response on the balance between hydraulic and
mechanical functions is a virgin field of research that needs to
be investigated in order to evaluate the possible impact of defor-
mation due to windy conditions on the hydraulic efficiency and
safety.

Function vs. Tissue Investment

Where are the costs needed in order to improve the functional
properties? As seen previously, there are two ways to increase
the flexural rigidity ErI of the stem: increasing the elastic mod-
ulus of wood or increasing the stem diameter. At the cell level,
increasing the module of elasticity usually involves a carbon allo-
cation cost in order to increase the cell wall thickness and to
reduce the material porosity (Larjavaara, 2010). Another mech-
anism to increase the Young’s modulus is to decrease the MFA
in the S2 layer of the cell way. Modifying the MFA proba-
bly does not involve an energetic cost, but it could impact the
dimension of the strengthening. While a low MFA increases
Young’s modulus, it might also decrease hoop strength and cause
a conduit to become more prone to implosion. The formation
of cellulosic G-layer in angiosperm, provides an higher stiff-
ness to the cell but again involves a large amount of cellulose
and definitely an additional construction cost in term of carbon
allocation.

At the trunk level, increasing the organ size is an efficient
option too. Awad et al. (2012) stated that for the same amount
of cell wall, it is more efficient in terms of stem flexural rigid-
ity ErI to add large cells with thin cell walls than adding small

cells with thick cell walls. The lower elastic modulus of the wood
material is clearly counterbalanced by the large increase in the
second moment of cross sectional area I of the trunk (Figure 6C).
This can be easily demonstrated assuming that the Young’s mod-
ulus is proportional to the wood density p (Fournier et al., 2006;
Figure 6A)

EL =ap (6)

When a beam experiences a bending moment Mb, the Eq. 2
tell us that the maximum strain varies as the inverse of D°.

D 32

My ——— = My, —— 7
b2 EI " TE D3 %

€max =

Assuming the allocated biomass m can be estimated as
(Figure 6B)
m=p D? (8)

Merging Eqs 6, 7, and 8, we can write that the strain varies
as the square root of the density and the maximum strain varies
according to p>/? (Figures 6D,E):

Emax = Mb e m3/2 (9)
32 p3/2
0’IIlElX - Mb T m3/2 (10)

These Eqs 9 and 10 demonstrate that, for the same biomass
allocation m, the mechanical strain and stress increase with the
wood density and put the trunk at risk. This conclusion is still
available even if we consider that the critical stress increases in
a proportional way to the wood density (Chave et al., 2009).
Finally, from a pure mechanical point of view, the formation of
annual rings made of large cells with thin cell walls is probably
a better strategy than the building of small annual rings made of
small cells showing thick cell wall, even if locally the mechanical
property E; is higher in this last case (Figure 5).

As seen previously, the optimization of conduction proper-
ties and biomass allocation leads to large cells with thin cell
walls. Thus, finally, low density wood that includes large lumens
would be the best way to manage both mechanical and con-
duction properties. But what is the cost for building cavitation
resistant xylem tissue? The pit is probably the very relevant level
of observation. This suggests that building resistant pits has a
cost and should take account in maintaining the conduction
efficiency. And what is the relative importance of resistant pit
members to prevent air seeding, versus mechanical support by
walls of tracheids or fibers, to prevent implosion? If both param-
eters are relevant, and have co-evolved, this could explain some
contradictions in the literature. The existence or otherwise of
functional trade-offs in wood structure is still unclear and has
been debated for the past several years. The anatomical param-
eters that drive the mechanical properties are now well identified
and most of the drivers of the conduction efficiency are identified
too. But the way the trees build wood that is resistant to cavita-
tion is still a key question that needs to be elucidated in the next
years.

Frontiers in Plant Science | www.frontiersin.org

April 2015 | Volume 6 | Article 266 | 83


http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive

Badel et al.

Thigmomorphogenetic acclimation of wood functions

Young modulus (E)
Stem diameter (D)

Stem flexural
rigidity (EI)

Wood density (p)

Wood density (p)

Wood density (p)

(8max)
max)

Maximum strain
Maximum stress (o

Wood density (p)

FIGURE 6 | Mechanical parameters as functions of wood density for a
constant biomass m in the stem cross section. (A) The Young modulus is
computed according to the Eq. 6. (B) The stem diameter is computed

Wood density (p)

according to Eqg. 8 and (C) the stem flexural rigidity is computed according to
Egs 1, 6, and 8. (D) Maximum strain and (E) maximum stress are computed for
the same fixed external load, respectively, according to Egs 9 and 10.

Conclusion

Trees have many ways, at the cell wall level or at the organ
level, to acclimate their xylem structure to recurrent mechan-
ical stimuli (Table 1). The acclimation process differs between
angiosperms and gymnosperms and the consequences on the
hydraulic and mechanical properties of wood are highly vari-
able. Because of the lack of experimental data, there is a cru-
cial need for new investigations in order to characterize the

TABLE 1 | Comparison of flexure wood features with normal wood in
conifers and angiosperms.

Flexure wood anatomy and functions Angiosperms  Gymnosperms
Radial increment + +

Wood density 0 +

Vessels density (nb vessel/mm?) - NA

Vessel diameter - NA

Fiber length - NA

Tracheid diameter NA -

Tracheid length NA -

Microfibril angle (MFA) + +

Module of elasticity (E|) - -

Modulus of rupture (MOR) - +

Second moment of cross sectional area ()  + +

Flexural rigidity (E, /) + +

Specific conductivity (Ks) + -

Total conductivity (K) 0 0

Cavitation resistance NA NA

“+” indicates the increase, “—” indicates the decrease, and “0” indicates no

change. “NA” refers to non-available data.

mechanical and hydraulic properties of flexure wood. Moreover,
in many windy regions, wind is often directional. Hence, bend-
ing occurs in a non-symmetric way, with the leeward part of
the stem experiencing more compression stress and the wind-
ward portion experience more tension stress. Thus, what is really
flexure wood? We suggest to the need to investigate separately
the thigmomorphogenetic response of wood formation of both
elementary stress (compression or tension) to better understand
the acclimation process. On the one hand, there is a real need
to investigate the relationships between the mechanical stimuli
and the modifications of the anatomical structure and its asso-
ciated construction cost. For this task, there is a real need to
investigate the wood formation process, including at the level of
cell division and the cell differentiation. This also requires new
studies regarding the molecular mechanisms that link mechan-
ical perception to the mechanical stress induced wood forma-
tion.

On the other hand, we need to characterize the consequences
of the thigmomorphogenetic process on the mechanical proper-
ties that help the trees to be better acclimated to further mechan-
ical stimuli without drastic compromises to the other hydraulic
functions. Research involving controlled mechanical stimuli and
using transgenic trees with modified cell wall structure (e.g.,
altered lignin or cellulose), may be a promising mean of elucidat-
ing mechanisms of xylem construction that may be constrained
by the functional trade-ofts.
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INTRODUCTION

Among the factors that influence the growth orientation in plants
(e.g., light, gravity, water availability, and touch), gravity rep-
resents one of the most important environmental signals. This
biological process known as gravitropism, starts from seed ger-
mination through the upright growth of shoots, ensuring the
photosynthesis and the reproduction as well as the dispersion
of seeds, and the downright growth of roots, supplying the
plant in water and nutrients. When a plant organ is tilted, it
adjusts its growth orientation relative to gravity direction, which
is achieved by a curvature of the organ. Growth reorientation
is the result of a differential cell elongation rate between the
two sides of organs undergoing primary growth (Barlow and
Rathfelder, 1985; Tomos etal., 1989). In trees and perennial
plants, the active cambium initiated in organs undergoing sec-
ondary growth contributes to the reorientation of the shoot
through the differentiation and shrinkage of reaction wood (RW —
i.e., tension wood or compression wood in eudicotyledonous
and conifers respectively; TAWA, 1964; Archer, 1986). Gravit-
ropism is therefore essential in the control of the posture and
the form of land plants (Coutand etal., 2007; Moulia etal,
2011).

MODELS DESCRIBE THE GRAVITROPIC MOVEMENTS IN
PLANTS

Mathematic and kinematic tools have been extensively used
for describing and quantifying the gravitropic movements in
plants, and have been recently supplemented by integrative
models. Even if gravity sensing events are not yet completely
deciphered, these tools provide essential information to address

Gravity is a crucial environmental factor regulating plant growth and development. Plants
have the ability to sense a change in the direction of gravity, which leads to the re-orientation
of their growth direction, so-called gravitropism. In general, plant stems grow upward
(negative gravitropism), whereas roots grow downward (positive gravitropism). Models
describing the gravitropic response following the tilting of plants are presented and highlight
that gravitropic curvature involves both gravisensing and mechanosensing, thus allowing to
revisit experimental data. \We also discuss the challenge to set up experimental designs for
discriminating between gravisensing and mechanosensing. We then present the cellular
events and the molecular actors known to be specifically involved in gravity sensing.

Keywords: amyloplast, gravisensing, membrane receptor, reaction wood, root growth, stem growth

the complex molecular and cellular mechanisms involved in
gravitropism.

The time course of gravitropic curvature investigated in
hypocotyl, stem, as well as in the trunk and branches illustrate
the following steps in several species: the upward curving of the
organs is observed after a latency phase and progressively followed
by a “decurving” which starts at the tip and propagates downward.
This latest has been described as autotropic (Firn and Digby, 1979)
and may occur before the tip reaches the vertical (Firn and Digby,
1979; Stankovic et al., 1998).

Curvature time course in growing organs was initially calcu-
lated using the inclination angle of the organ’s tip relative to the
vertical, and revealed that the gravitropic curvature obeys the
so-called sine law (Sachs, 1882; review, Moulia and Fournier,
2009). The sine law represents the size of the gravitropic stim-
ulus (Sgravi) as equal to g sin 'y, where g is the gravitational
acceleration and vy the inclination angle. In other words this
law predicts that the amplitude of gravitropism depends of the
sinus of inclination angle. Even if this sine law has been con-
firmed in several species both in stems and roots, it is valid only
in a limited range of inclination angles, ranging from 0 to 90°
(see introduction in Gottig and Galland, 2014) and therefore, it
does not characterize gravitropic movements of the whole organ
over-time (reviewed in Moulia and Fournier, 2009). Later on, a
curvature angle which is the change in tip inclination angle over
time was proposed (Galland, 2002; Perbal etal., 2002; Hoshino
etal.,, 2007). This parameter again is not satisfactory especially
because it was not measured using the same reference from one
experiment to another (horizontal, vertical, initial position of the
tilted stem). Starting from the observation that the gravitropic
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responses of aerial organs showed general curving followed by
basipetal straightening (Pickard, 1985), Bastien etal. (2013) pro-
posed a model that takes into account the sensing of the local
inclination angle but also of the local curvature, which progres-
sively takes place. The sensing of the local inclination reflects the
gravisensing mechanisms while the sensing of the local curvature
could be referred as mechanosensing which has been described
as graviproprioceptive. The authors defined a measurable ratio B
that is a ratio between graviceptive and proprioceptive sensitivi-
ties. B was shown to control crucial aspects of the dynamics of
the gravitropic response. The curving and decurving phases ini-
tially described as sequential, are in fact concomitant and linked
to the initial degrees of inclination and curvature (Bastien etal.,
2013). Recently, Bastien etal. (2014) extended this model by tak-
ing into account the growth effects, considered as the motor of
movement, i.e., expansion of the curved zone and immobiliza-
tion of the curvature state at elongation zone boundary (Selker
and Sievers, 1987; Ishikawa and Evans, 1993). This model high-
lights that stems in primary growth rapidly straightened as to
escape the growth destabilizing effects. To our mind, these findings
precised the notion of autotropism as a reorientation of the axis
controlled by internal cues such as the organ curvature. The con-
sequence of the autotropic decurving is that RW and/or increased
cell elongation occur alternatively from one side of the stem to the
other.

Despite the fact that proprioceptive sensitivity has not been
integrated in models of root gravitropism, it seems that the
autotropic decurving has been observed during the last step of the
gravitropic response in stems and as well in roots. Curiously, the
analysis of the position of the lentil root tip and the root curvature
as a function of time in microgravity revealed that the embryonic
root curved strongly away from the cotyledons and then straight-
ened out slowly following hydration (Perbal and Driss-Ecole, 2003;
Driss-Ecole et al., 2008), suggesting an autotropic decurving in the
absence of gravity signal. It is not clear if this decurving could
occur in soil which structure can sometimes greatly restrict root
growth and where the root system is mediated by a wide variety
of processes including nutrient and water uptake, anchoring and
mechanical support.

Another parameter that has been explored for elucidating
the gravisensing mechanisms is the measurement of thresholds.
Detailed kinetics of gravitropic curvature in horizontally stim-
ulated roots have been reported in several studies and revealed
for example that maize roots oriented at <40° from the ver-
tical, overshot the vertical and then oscillated around this axis
(Barlow etal., 1993). The angle of 10° seemed to be the minimum
angle to induce a gravitropic response. On the contrary, when
roots were tilted at more than 60°, verticality was hardly achieved.
It is interesting to note that comparable thresholds occurred in
root and stem. When coleoptiles were tilted at an angle of <10°
from the vertical, the gravitropic response did not happen (liono
etal.,, 1996). The first models of differential root growth leading
to curvature took into account the presentation time (minimal
duration of stimulation in the gravitational field; Larsen, 1957), in
which the response was the function of the logarithm of the stim-
ulus. Later, Perbal et al. (2002) observed that the hyperbolic model
(H), related to a ligand-receptor system response, fitted better the

experimental data. Other models took into account the differen-
tial growth among opposite cell lineages (Zieschang etal., 1997).
Another interesting parameter used for approaching gravisensing
mechanisms is the estimation of threshold acceleration perceived
by organs. Lentil seedlings were grown in microgravity and sub-
jected to low accelerations for several hours (Driss-Ecole etal.,
2008). In these conditions, threshold acceleration perceived was
inferior to 2.0 x 1073 g.

MOST EXPERIMENTAL DESIGNS DO NOT ALLOW TO
DISCRIMINATE BETWEEN GRAVISENSING AND
MECHANOSENSING

As demonstrated above through mathematical models of stem
gravitropic movements (Bastien etal.,2013,2014), both gravisens-
ing and mechanosensing lead to the reorientation of the plant.
It is not clear whether gravisensing and mechanosensing act
through the same mechanisms, and to what extent one can dif-
ferentiate these stimuli. Trewavas and Knight (1994) considered
that gravisensing is derived from an ancestral touch perception
apparatus.

Mechanosensing occurs when plants are touched. Jaffe (1973)
used the term of thigmomorphogenesis when describing the
growth response of plants over time following repeated touching.
In the literature numerous studies referring to mechanical stimula-
tion concerned the response induced by external loading (Chehab
etal.,2008) demonstrating that mechanical cues from the environ-
ment are sensed by the plant. Mechanical stresses are also intrinsic
to plants and an increasing number of studies illustrate the occur-
rence of mechanosensing in cells and organs and its importance for
the shape determination (Mirabet et al., 2011; Hamant, 2013). For
example, it has been demonstrated that cells in Arabidopsis shoot
apical meristem respond to local mechanical stresses by reorient-
ing their growth, thereby guiding morphogenesis (Uyttewaal et al.,
2012).

A gravistimulation as such should induce neither organ defor-
mation nor touch. In several gravitropism studies, the plant or
the organ have been tilted without being staked before (Azri etal.,
2009; Tocquard etal., 2014b). Although such conditions allowed
gravitropic movements, they also allowed organ bending under its
own weight. This deformation of the organ can be considered as a
thigmomorphogenetic stimulus (Coutand, 2010). In this context,
both mechanosensing and gravisensing occur. Alternatively, stak-
ing of plants just before tilting might induce touch gene expression
that could also interfere with graviresponse pathways. It remains
a challenge to find an experimental design, which could allow
discriminating between gravi and mechanosensing mechanisms.

IDENTIFICATION OF CELLULAR AND MOLECULAR ACTORS IN
GRAVISENSING MECHANISMS

THE GRAVI-SENSING SITES

The most challenging research question is the identification of the
tissues and/or cells able to sense and then perceive changes in the
gravity vector.

Much insight on plant response to gravity is obtained by the
study of organs exhibiting primary growth. The root columella
located inside the root cap, which comprises polarized cells, is
considered to be the key site of gravity sensing and perception.
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Columella cells contain starch-filled amyloplasts able to move
under a change of gravity direction. The singularity of these organs
is the spatial separation of the perception site from the respon-
sive zone. Conversely, gravity sensing and response occur in the
same region of young stems. The endoderm, located between the
epiderm and the phloem, is considered as the gravi-sensing site.
This tissue contains amyloplasts in young stems of herbaceous and
ligneous species such as poplar (Figures 1A,C; Azri etal., 2013).

What happens in organs showing secondary growth? It is not
possible to identify the endoderm in tree shoots since most bark
cells are filled with starch (Figures 1B,D). Hence, the gravisensing
cells are not identified yet neither are the gravisensing mecha-
nisms (Tocquard etal., 2014b) leading to RW formation. RW can
be induced by inclining a staked tree (Coutand et al., 2014) which
suggests the modulation of cambial activity by gravistimulation
per se, that occurs without the influence of mechanical deforma-
tion of the stem. Even if the gravisensing site for root undergoing a
secondary growth in root is not yet identified, one could question
if the cambium could be considered as an additional gravi-sensing
site in roots.

PROPOSED CONCEPTS AND MOLECULAR ACTORS

Despite, or maybe because of, the lack of indisputable proto-
col for the study of gravisensing in plants, various (opposite or
complementary?) concepts are proposed related to the perception-
transduction of the gravitropic stimulus. The starch-statolith
hypothesis (Sack, 1997) explains that the direction of gravity is
perceived by the plant through the sedimentation of starch-filled
amyloplasts, named statolith, within specialized cells. The gravita-
tional pressure hypothesis (Staves, 1997) suggests that mechanical
deformation of the protoplast, cytoskeleton and cell wall compo-
nents is the starting event of gravitropism. Another concept called
“the tensegrity concept” (Ingber, 1997) assumes that the mem-
brane is outstretched on the cytoskeleton backbone and that this
system is in a state of equilibrium, between tensile and compressive
forces. This concept is very suitable for explaining the perception
of mechanical stress at the cell surface and the transmission to
the intracellular compartment. The common idea that gravity-
induced effects are initiated within the cells (Trewavas and Knight,
1994), is compatible with the tensegrity model which proposes that
gravistimulation may unbalance the tensegrity forces and trigger

TR
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FIGURE 1 | Transversal (A,B) and longitudinal (C,D) stem sections of
poplar tree, Populus tremula x alba, stained with Periodic Acid-Schiff
(PAS). This stain reveals the presence of starch and polysaccharides in
dark purple. (A,C) Arrows indicate the presence of starch rich-amyloplasts

in the endoderm of the primary growth-stem, at 3 cm from the stem
apex. (B,D) Arrows and rectangles indicate wood rays and bark of
secondary growth stem, respectively. Both tissues contain starch
rich-granules.
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cellular responses via membrane kinase proteins (Volkmann and
Baluska,2006). A complementary concept proposes that plant cells
could sense gravity using the cytoskeleton-plasma membrane-cell
wall continuum (CPMCW; Pickard and Ding, 1993; Baluska et al.,
2003). Baluska and Volkmann (2011) discussed these different
theories. Whichever theory is applied, the role of the amylo-
plasts and of the CPMCW with possible protein linkers seems
realistic.

In the literature, some arguments corroborate parts of these
hypothetic mechanisms. In roots, it has been suggested that
the gravity-induced movements of amyloplasts could activate
mechanosensing ion channels either in the amyloplast envelope or
in reticulum endoplasmic and/or plasma membrane (Boonsirichai
etal., 2002; Perbal and Driss-Ecole, 2003). These mechanosensing
channels could be considered as gravi-receptors in inducing cal-
cium dependent-signaling pathways. More recently it has been
shown that plastids participate to root gravitropism not only
through their sedimentation but also they likely play a role in the
signal transduction pathway through the Translocon of the Outer
envelope of the Chloroplast (TOC; Strohm etal., 2014). These
findings implicate the functional interaction between plastids and
actin cytoskeleton possibly via functions of TOC. In the same way,
the investigation of plastid behavior in stem clearly demonstrates
their role in gravi-perception (Morita and Nakamura, 2012). The
plastid movements in stem are affected by the large and cen-
tral vacuole of the endodermal cells. Moreover, genetic screening
for Arabidopsis mutants with modified shoot gravitropism indi-
cated that the vacuole is important for gravity perception (Morita,
2010).

More generally, within a putative perceptive cell, several molec-
ular candidates could play a role in gravisensing. Two types of
receptors could be involved including mechanosensitive ion chan-
nels and receptor like kinases (RLK). RLK are transmembrane
proteins, composed of one or more extracellular domains, a sin-
gle transmembrane domain and an intracellular kinase domain
(Lehti-Shiu etal., 2009; Gish and Clark, 2011). RLK could act
as sensors of the cell wall and restore its status to the cell wall
by phosphorylation of the kinase domain. Among RLK, wall
associated kinase (WAK) and Catharanthus roseus RLK1-like sub-
families are proposed to be cell wall status sensors (Gish and Clark,
2011; Engelsdorf and Hamann, 2014; Tocquard etal., 2014a).
They could be involved in gravisensing by perceiving the defor-
mation between the cell wall and the plasma membrane. Gens
etal. (2000) hypothesized the existence of an architectural orga-
nization involving WAK, arabinogalactan proteins (AGP) at the
interface between cytoplasm and cell wall. Several studies also
showed the upregulation of AGP in response to gravistimulation
(Lafarguette etal., 2004; Azri etal., 2014). This “plasmalemmal
reticulum” could play a critical role in mechanosensing and pos-
sibly gravisensing (Gens etal., 2000). More recently, it has been
shown that mechanosensitive channels including MCA2 could be
also involved in gravisensing (Monshausen and Haswell, 2013; lida
etal.,2014).

The plant cytoskeleton is considered as a major receiver as
well as transducer of mechanical signals. Nick (2011) presented
the cytoskeleton as a tensegrity sensor. In this model, microfila-
ments (MF) are considered as the contractile and tensile elements

while the microtubules (MT) are more rigid and resistant to
compression. Bancaflor (2013) highlighted the apparent incon-
sistencies about the effects of actin inhibitory compounds on
root gravitropism, and proposed models for how MF might reg-
ulate negatively gravitropism. The full understanding of the MF
involvement in gravitropism has also to take into account the dif-
ferences in actin organization between the root columella and the
shoot endodermis cells, the former having first fine and short
MF while the latter contain distinct F-actin bundles (Morita,
2010; Bancaflor, 2013). Several authors have suggested that grav-
itropic bending can trigger altered MT organization (Ikushima
and Shimmen, 2005; Jacques etal., 2013; Toyota and Gilroy,
2013). In addition, gravitropism can be inhibited by antimicro-
tubular drugs or mutations affecting the dynamics of MT (Nick,
2012). On the contrary, tropic bending occurred in roots pre-
treated with microtubule depolymerizing agents (Bisgrove, 2008).
These observations and others (Bisgrove, 2008) do not allow
to discriminate the involvement of MT in gravisensing versus
graviresponse, i.e., gravitropic bending. The difficulty to univo-
cally show that the cytoskeleton is a tensegrity sensor may come
from the fact that most studies examined either the involvement
of MF or MT (Nick, 2013; Tatsumi etal., 2014) in gravitropism,
although the cytoskeleton is far more complex. Indeed, evidence
was brought that functional and structural interactions occurred
between MT and actin, and that numerous proteins interacted
with the cytoskeleton (Collings et al., 1998; Kotzer and Wasteneys,
2006).

HOW TO GO FURTHER TO GRASP GRAVISENSING?

As just highlighted above, it is crucial to reliably discriminate
gravisensing from mechanosensing, and the same goes for sens-
ing from the signal transduction and early responsive elements.
According to Nick (2011) clear concepts of the sensing mech-
anisms have to be elaborated in order to design unequivocal
experimental approaches. Incidentally, the effect of the direc-
tion of light as well as the light quality have also to be taken
into account in designing an experiment that wish to focus
on gravisensing and graviresponse as multiple light signaling
pathways interact with gravitropism (Mullen and Kiss, 2008).
Importantly, to our mind the gravistimulation should not cause
bending that could lead to organ and tissue deformation. Conse-
quently, the study of gravisensing has to be done before any curving
response occurred. Another way is the utilization of micrograv-
ity conditions through space experiments (Ruyters and Braun,
2014).

Furthermore, there is a general consensus on the identity of
the gravisensing cells in primary shoot and root while these cells
remained to be localized in organs driven by secondary growth.
Further insights on this subject are impaired by the compulsory
use of ligneous species models. For instance, in the ligneous
model Populus trichocarpa, very few mutants are available com-
pared to Arabidopsis thaliana, which was used in most studies.
One can even ask if the tissues in secondary growth are able to
perceive gravity or if they respond to a signal coming from the
apexes.

Another challenge is to identify the gravity receptors in roots
and in stems. Approaches such as transcriptomics and proteomics
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combined with the study of mutants could lead to the infer-
ence of a network of genes involved in gravisensing. In addition,
it will be interesting to investigate the functional interaction
between the cytoskeleton and gravi-sensors. In parallel, mod-
elization of the mechanical deformation of the cytoskeleton could
help to understand the function of the cytoskeleton network in
gravitropism.

ACKNOWLEDGMENTS

This work was supported by the Ministere de 'Enseignement
Supérieur et de la Recherche and by the French National Research
Agency (ANR, “TROPIC” project 11-BSV7-0012). The authors
thank the French Space Agency, the Centre National d’Etudes
Spatiales (CNES) for financial support.

REFERENCES

Archer, R. R. (1986). Growth Stresses and Strains in Trees. Berlin: Springer-Verlag.

Azri, W,, Brunel, N., Franchel, J., Ben Rejeb, I., Jacquot, J.-P,, Julien, J.-L., et al. (2013).
Putative involvement of thioredoxin H in early response to gravitropic stimula-
tion of poplar stems. J. Plant Physiol. 170, 707-711. doi: 10.1016/j.jplph.2012.
12.017

Azri, W., Chambon, C., Herbette, S., Brunel, N., Coutand, C., Lepl¢, J. C,
etal. (2009). Proteome analysis of apical and basal regions of poplar stems
under gravitropic stimulation. Physiol. Plant. 136, 193-208. doi: 10.1111/j.1399-
3054.2009.01230.x

Azri, W., Ennajah, A., Nasr, Z., Woo, S.-Y., and Khaldi, A. (2014). Transcriptome
profiling the basal region of poplar stems during the early gravitropic response.
Biol. Plant. 58, 55-63. doi: 10.1007/s10535-013-0364-7

Balugka, E,, Samaj, J., Wojtaszek, P., Volkmann, D., and Menzel, D. (2003). Cytoskele-
ton — plasma membrane — cell wall continuum in plants: emerging links revisited.
Plant Physiol. 133, 482—491. doi: 10.1104/pp.103.027250

Balugka, E,, and Volkmann, D. (2011). “Mechanical aspects of gravity-controlled
growth, development and morphogenesis,” in Mechanical Integration of Plant Cells
and Plants, Signaling and Communication in Plants, ed. P. Wojtaszek (Heidelberg:
Springer), 195-223.

Bancaflor, E. B. (2013). Regulation of plant gravity sensing and signaling by the
actin cytoskeleton. Am. J. Bot. 100, 143—152. doi: 10.3732/ajb.1200283

Barlow, P. W,, Parker, J. S., Butler, R., and Brain, P. (1993). Gravitropism of primary
roots of Zea mays L. at different displacement angles. Ann. Bot. 71, 383—388. doi:
10.1006/anbo.1993.1048

Barlow, P. W., and Rathfelder, E. L. (1985). Distribution and redistribution of
extension growth along vertical and horizontal gravireacting maize roots. Planta
165, 134-141. doi: 10.1007/BF00392222

Bastien, R., Bohr, T., Moulia, B., and Douady, S. (2013). Unifying model of shoot
gravitropism reveals proprioception as a central feature of posture control in
plants. Proc. Natl. Acad. Sci. U.S.A. 110, 755-760. doi: 10.1073/pnas.1214301109

Bastien, R., Douady, S., and Moulia, B. (2014). A unifying modeling of plant shoot
gravitropism with an explicit account of the effects of growth. Front. Plant Sci.
5:136. doi: 10.3389/fpls.2014.00136

Bisgrove, S. R. (2008). The roles of microtubules in tropisms. Plant Sci. 175, 74. doi:
10.1016/j.plantsci.2008.08.009

Boonsirichai, K., Guan, C., Chen, R., and Masson, P. H. (2002). Root gravitropism:
an experimental tool to investigate basic cellular and molecular processes under-
lying mechanosensing and signal transmission in plants. Ann. Rev. Plant Biol. 53,
421-447. doi: 10.1146/annurev.arplant.53.100301.135158

Chehab, W.,, Eich, E., and Braam, J. (2008). Thigmomorphogenesis: a complex
plant response to mechano-stimulation. J. Exp. Bot. 60, 43-56. doi: 10.1093/jxb/
ern315

Collings, D. A., Asada, T., Allen, N. S., and Shibaoka, H. (1998). Plasma membrane-
associated actin in bright yellow 2 tobacco cells — evidence for interaction with
microtubules. Plant Physiol. 118, 917-928. doi: 10.1104/pp.118.3.917

Coutand, C. (2010). Mechanosensing and thigmomorphogenesis, a physio-
logical and biomechanical point of view. Plant Sci. 179, 168-182. doi:
10.1016/j.plantsci.2010.05.001

Coutand, C., Fournier, M., and Moulia, B. (2007). The gravitropic response of
poplar trunks: key roles of prestressed wood regulation and the relative kinetics

of cambial growth versus wood maturation. Plant Physiol. 144, 1166—1180. doi:
10.1104/pp.106.088153

Coutand, C., Pot, G., and Badel, E. (2014). Mechanosensing is involved in
the regulation of autostress levels in tension wood. Trees 28, 687—697. doi:
10.1007/s00468-014-0981-6

Driss-Ecole, D., Driss-Ecole, D., Legué, V., Carnero-Diaz, E., and Perbal, G. (2008).
Gravisensitivity and automorphogenesis of lentil seedling roots grown on board
the International Space Station. Physiol. Plant. 134, 191-201. doi: 10.1111/j.1399-
3054.2008.01121.x

Engelsdorf, T., and Hamann, T. (2014). An update on receptor-like kinase involve-
ment in the maintenance of plant cell wall integrity. Ann. Bot. 114, 1339-1347.
doi: 10.1093/aob/mcu043

Firn, R. D,, and Digby, J. (1979). A study of the autotropic straightening reaction
of a shoot previously curved during geotropism. Plant Cell Environ. 2, 149-154.
doi: 10.1111/j.1365-3040.1979.tb00786.x

Galland, P. (2002). Tropisms of Avena coleoptiles: sine law for gravitropism,
exponential law for photogravitropic equilibrium. Planta 215, 779-784. doi:
10.1007/s00425-002-0813-6

Gens, J. G., Fujiki, M., and Pickard, B. G. (2000). Arabinogalactan protein and
wall-associated kinase in a plasmalemmal reticulum with specialized vertices.
Protoplasma 212, 115-134. doi: 10.1007/BF01279353

Gish, L. A, and Clark, S. E. (2011). The RLK/Pelle family of kinases. Plant J. 66,
117-127. doi: 10.1111/j.1365-313X.2011.04518.x

Gottig, M., and Galland, P. (2014). Gravitropism in Phycomyces: violation of the
so-called resultant law — evidence for two response components. Plant Biol. 16,
158-166. doi: 10.1111/plb.12112

Hamant, O. (2013). Widespread mechanosensing controls the structure behind
the architecture in plants. Curr. Opin. Plant Biol. 16, 654-660. doi:
10.1016/j.pbi.2013.06.006

Hoshino, T., Miyamoto, K., and Ueda, J. (2007). Gravity controlled asymmet-
rical transport of auxin regulates a gravitropic response in the early growth
stage of etiolated pea (Pisum sativum) epicotyls: studies using stimulated micro-
gravity conditions on a three-dimensional clinostat and using an agravitropic
mutant, ageotropum. J. Plant Res. 120, 619-628. doi: 10.1007/s10265-007-
0103-2

TAWA. (1964). Multilingual glossary of terms used in wood anatomy. International
Association of Wood Anatomists, Committee on Nomenclature Vergsanstalt
Buchdruckerei Konkordia, Winterthur, 186.

Iida, H., Furuichi, T., Nakano, M., Toyota, M., Sokabe, M., and Tatsumi, H. (2014).
New candidates for mechano-sensitive channels potentially involved in gravity
sensing in Arabidopsis thaliana. Plant Biol. 16, 39-42. doi: 10.1111/plb.12044

Tiono, M., Tarui, Y., and Uematsu, C. (1996). Gravitropism of maize and rice
coleoptiles: dependence on the stimulation angle. Plant Cell Environ. 19, 1160—
1168. doi: 10.1111/j.1365-3040.1996.tb00431.x

Ikushima, T., and Shimmen, T. (2005). Mechano-sensitive orientation of cortical
microtubules during gravitropism in azuki bean epicotyls. J. Plant Res. 118, 19-26.
doi: 10.1007/s10265-004-0189-8

Ingber, D. E. (1997). Tensegrity: the architectural basis of cellular mechanotrans-
duction. Annu. Rev. Physiol. 59, 575-599. doi: 10.1146/annurev.physiol.59.1.575

Ishikawa, H., and Evans, M. L. (1993). The role of the distal elongation zone in the
response of maize rots to auxin and gravity. Plant Physiol. 102, 1203-1210. doi:
10.1104/pp.102.4.1203

Jacques, E., Buytaert, J., Wells, D. M., Lewandowski, M., Bennett, M. J., Dirckx, J.,
etal. (2013). Microfilament analyzer, an image analysis tool for quantifying fibril-
lar orientation, reveals changes in microtubule organization during gravitropism.
Plant J. 74, 1045-1058. doi: 10.1111/tpj.12174

Jaffe, M. J. (1973). Thigmomorphogenesis: the response of plant growth
and development to mechanical stimulation. Planta 114, 143-157. doi:
10.1007/BF00387472

Kotzer, A. M., and Wasteneys, G. O. (2006). Mechanisms behind the puzzle:
microtubule-microfilament cross-talk in pavement cell formation. Can. J. Bot.
84, 594-603. doi: 10.1139/b06-023

Lafarguette, E, Leple, J. C., Dejardin, A., Laurans, F, Costa, G., Lesage-Descauses,
M. C,, etal. (2004). Poplar genes encoding fasciclin-like arabinogalactan pro-
teins are highly expressed in tension wood. New Phytol. 164, 107-121. doi:
10.1111/.1469-8137.2004.01175.x

Larsen, P. (1957). The development of geotropic and spontaneous curvatures in
roots. Physiol. Plant. 10, 12-163. doi: 10.1111/j.1399-3054.1957.tb07617.x

www.frontiersin.org

November 2014 | Volume 5 | Article 610 | 92


http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Physiology/archive

Lopez etal.

Gravisensing in terrestrial plants

Lehti-Shiu, M. D., Zou, C., Hanada, K., and Shiu, S. H. (2009). Evolutionary history
and stress regulation of plant receptor-like kinase/pelle genes. Plant Physiol. 150,
12-26. doi: 10.1104/pp.108.134353

Mirabet, V., Das, P., Boudaoud, A., and Hamant, O. (2011). The role of mechan-
ical forces in plant morphogenesis. Annu. Rev. Plant Biol. 62, 365-385. doi:
10.1146/annurev-arplant-042110-103852

Monshausen, G. B., and Haswell, E. S. (2013). A force of nature: molecular
mechanisms of mechanoperception in plants. J. Exp. Bot. 64, 4663—4680. doi:
10.1093/jxb/ert204

Morita, M. T. (2010). Directional gravity sensing in gravitropism. Annu. Rev. Plant
Biol. 61, 705-720. doi: 10.1146/annurev.arplant.043008.092042

Morita, M. T., and Nakamura, M. (2012). Dynamic behavior of plastids
related to environmental response. Curr. Opin. Plant Biol. 15, 722-728. doi:
10.1016/j.pbi.2012.08.003

Moulia, B., Der Loughian, C., Bastien, R., Martin, L., Rodriguez, M., Gourcilleau, D.,
etal. (2011). “Integrative mechanobiology of growth and architectural devel-
opment in changing mechanical environments,” in Mechanical Integration of
Plant Cells and Plants, Signaling and Communication in Plants, ed. P. Wojtaszek
(Heidelberg: Springer), 269-302.

Moulia, B., and Fournier, M. (2009). The power and control of gravitropic move-
ments in plants: a biochemical and systems view. J. Exp. Bot. 60, 461-486. doi:
10.1093/jxb/ern341

Mullen, J. L., and Kiss, J. Z. (2008). “Phototropism and its relationship to grav-
itropism,” in Plant Tropisms eds S. Gilroy and P. Masson (Ames: Blackwell
Publishing), 79-90.

Nick, P. (2011). “Mechanics of the cytoskeleton,” in Mechanical Integration of
Plant Cells and Plants, Signaling and Communication in Plants, ed. P. Wojtaszek
(Heidelberg: Springer), 53-90. doi: 10.1007/978-3-642-19091-9_3

Nick, P. (2012). Microtubules and the tax payer. Protoplasma249(Suppl. 2), S81-594.
doi: 10.1007/s00709-011-0339-5

Nick, P. (2013). A glorious half-century of microtubules—microtubules, signaling
and abiotic stress. Plant J. 75, 309-323. doi: 10.1111/tpj.12102

Perbal, D., and Driss-Ecole, D. (2003). Mechanotransduction in gravisensing cells.
Trends Plant Sci. 8, 498-504. doi: 10.1016/j.tplants.2003.09.005

Perbal, G., Jeune, B., Lefranc, A., Carnero-Diaz, E., and Driss-Ecole, D. (2002). The
dose-response curve of the gravitropic reaction: a re-analysis. Physiol. Plant. 114,
336-342. doi: 10.1034/j.1399-3054.2002.1140302.x

Pickard, B. G. (1985). “Roles of hormones, protons and calcium in geotropism,” in
Encyclopedia of Plant Physiology, Vol. 3, eds R. P. Phais and D. M. Reid (Berlin:
Springer), 193-281.

Pickard, B. G., and Ding, J. P. (1993). The mechanosensory calcium-selective ion
channel: key component of a plasmalemmal control centre? Aust. J. Plant Physiol.
20, 439-459. doi: 10.1071/PP9930439

Ruyters, G., and Braun, M. (2014). Plant biology in space: recent accomplishments
and recommendations for future research. Plant Biol. 16(Suppl. 1), 4-11. doi:
10.1111/plb.12127

Sachs, J. (1882). “Uber AusschlieBung der geotropischen und heliotropischen
Kritmmungen wihrend des Waschsens,” in Arbeiten des Botanischen Instituts in
Wiirzburg , Vol. 2 (Leipzig: Verlag Von Wilhelm Engelmann), 209-225.

Sack, E D. (1997). Plastids and gravitropic sensing. Planta 203, S63-S68. doi:
10.1007/PL00008116

Selker, J. M. L., and Sievers, A. (1987). Analysis of extension and curvature during the
graviresponse in Lepidium roots. Am. J. Bot. 74, 1863-1871. doi: 10.2307/2443968

Stankovic, B., Volkmann, D., and Sack, E. D. (1998). Autotropism, automor-
phogenesis and gravity. Physiol. Plant. 102, 328-335. doi: 10.1034/j.1399-
3054.1998.1020222.x

Staves, M. P. (1997). Cytoplasmic streaming and gravity sensing in Chara internodal
cells. Planta 203, S79-S84. doi: 10.1007/PL00008119

Strohm, A. K., Barrett-Wilt, G. A., and Masson, P. H. (2014). A functional TOC
complex contributes to gravity signal transduction in Arabidopsis. Front. Plant
Sci. 5:148. doi: 10.3389/fpls.2014.00148

Tatsumi, H., Furuichi, T., Nakano, M., Toyota, M., Hayakawa, K., Sokabe, M.,
etal. (2014). Mechanosensitive channels are activated by stress in the actin stress
fibres, and could be involved in gravity sensing in plants. Plant Biol. 16, 18-22.
doi: 10.1111/plb.12095

Tocquard, K., Lafon-Placette, C., Auguin, D., Muries, B., Bronner, G., Lopez, D.,
etal. (2014a). In silico study of wall-associated kinase family reveals large-scale
expansion potentially connected with functional diversification in Populus. Tree
Genet. Genomes 10, 1135-1147. doi: 10.1007/s11295-014-0748-7

Tocquard, K., Lopez, D., Decourteix, M., Thibaut, B., Julien, J. L., Label, P., etal.
(2014b). “The molecular mechanisms of reaction wood induction,” in The Biology
of Reaction Wood, eds B. Gardiner, J. Barnett, P. Saranpid, and J. Gril (Heidelberg:
Springer), 107-138.

Tomos, A. D., Malone, M., and Pritchard, J. (1989). The biophysics of differential
growth. Environ. Exp. Bot. 29, 7-23. doi: 10.1016/0098-8472(89)90035-X

Toyota, M., and Gilroy, S. (2013). Gravitropism and mechanical signaling in plants.
Am. J. Bot. 100, 111-125. doi: 10.3732/ajb.1200408

Trewavas, A., and Knight, M. (1994). Mechanical signaling, calcium and plant form.
Plant Mol. Biol. 26, 1329-1341. doi: 10.1007/BF00016478

Uyttewaal, M., Burian, A., Alim, K., Landrein, B., Borowska-Wykret, D., Dedieu,
A., etal. (2012). Mechanical stress acts via katanin to amplify differences in
growth rate between adjacent cells in Arabidopsis. Cell 149, 439-451. doi:
10.1016/j.cell.2012.02.048

Volkmann, D., and Balugka, F. (2006). Gravity: one of the driving forces for
evolution. Protoplasma 229, 143-148. doi: 10.1007/s00709-006-0200-4

Zieschang, H. E., Brain, P, and Barlow, P. W. (1997). Modelling of root
growth and bending in two dimensions. J. Theor. Biol. 184, 237-246. doi:
10.1006/jtbi.1996.0259

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 02 June 2014; accepted: 20 October 2014; published online: 05 November
2014.

Citation: Lopez D, Tocquard K, Venisse J-S, Legué V and Roeckel-Drevet P (2014)
Gravity sensing, a largely misunderstood trigger of plant orientated growth. Front.
Plant Sci. 5:610. doi: 10.3389/fpls.2014.00610

This article was submitted to Plant Physiology, a section of the journal Frontiers in
Plant Science.

Copyright © 2014 Lopez, Tocquard, Venisse, Legué and Roeckel-Drevet. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | Plant Physiology

November 2014 | Volume 5 | Article 610 | 93


http://dx.doi.org/10.3389/fpls.2014.00610
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Physiology/
http://www.frontiersin.org/Plant_Physiology/archive

Advantages
of publishing
in Frontiers

OPEN ACCESS

Articles are free to read,
for greatest visibility

-

COLLABORATIVE PEER-REVIEW

Designed to be rigorous
— yet also collaborative,
fair and constructive

85

FAST PUBLICATION
Average 85 days from
submission to publication
(across all journals)

COPYRIGHT TO AUTHORS

No limit to article
distribution and re-use

TRANSPARENT

Editors and reviewers
acknowledged by name
on published articles

aty

SUPPORT

By our Swiss-based
editorial team

alll

IMPACT METRICS

Advanced metrics
track your article’s impact

O

GLOBAL SPREAD

5100000+ monthly
article views
and downloads

LOOP RESEARCH NETWORK

Our network
increases readership
for your article

Frontiers

EPFL Innovation Park, Building | 1015 Lausanne e Switzerland
Tel +41 21510 17 00 o Fax +41 2151017 01 e info@frontiersin.org

www.frontiersin.org

Find us on

00620



http://www.frontiersin.org/

	Cover
	Frontiers Copyright Statement
	Mechanical Signaling in Plants: From Perception to Consequences for Growth and Morphogenesis (Thigmomorphogenesis) and Ecological Significance
	Table of Contents
	Editorial: Mechanical Signaling in Plants: From Perception to Consequences for Growth and Morphogenesis (Thigmomorphogenesis) and Ecological Significance
	Author Contributions
	Acknowledgments

	Mugifumi, a beneficial farm work of adding mechanical stress by treading to wheat and barley seedlings
	What is Mugifumi?
	How Effective is Mugifumi?
	Perspective
	Acknowledgments
	Supplementary Material
	References

	Thigmomorphogenetic responses of an aquatic macrophyte to hydrodynamic stress
	Introduction
	Materials and Methods
	Experimental Setup
	Measurements of Biomechanical Traits
	Bending tests
	Tensile tests

	Chemical Analyses
	Statistics

	Results
	Chemical Traits
	Biomechanical Traits

	Discussion
	Conclusion
	Acknowledgments
	References

	Brown algal morphogenesis: atomic force microscopy as a tool to study the role of mechanical forces
	Impact of Mechanical Forces in Brown Algal Morphogenesis: Themes and Variations Compared to Land Plants
	Impact of External Forces
	Potential Internal Mechanical Forces Involved in Cell Growth and Cellular Responses
	Softening of the cell wall at the tip
	Actin-mediated cellulose orientation


	Measuring Mechanical Forces Experienced by Brown Algal Cells
	Available Technical Tools and Application to Plant Cells
	AFM to Study Mechanical Forces in the Brown Alga Ectocarpus
	AFM principle and applications
	Application of AFM to Ectocarpus filaments


	Perspectives
	References

	Mechanosensitive channels: feeling tension in a world under pressure
	Introduction
	Ms channels: a common feature of living organisms from bacteria to mammals
	MscL and MscS: the bacterial safety-valves
	Trek-1: a polymodal channel
	Piezo: a large channel with a role in mechanoperception

	Accessing ms activity at cellular level
	Patch-clamp combined with high speed pressure-clamp reveals intimate properties of mechanosensitive channels
	Other techniques to activate ms channels

	Ms channels are fast transducers of membrane tension changes
	Plant ms channels
	Plant cells provide a peculiar ``mechanical environment'' for ms channels
	Probing mechanical forces in plant. a great job to do in the near future!
	Genetic approach
	Coupling channel activation to secondary messengers?
	The peculiar status of tonoplast ms channels

	Outlook
	Acknowledgments
	References

	Mechanosensitive control of plant growth: bearing the load, sensing, transducing, and responding
	Introduction
	Mechanical Characteristics of Loads and their Heterogeneous Distribution within the Plant
	Crucial Mechanical Concepts
	Posing the Problem: Experimental Setups
	Integrative Models in Mechanics
	Load Distribution from the Plant to Mechanosensitive Cells
	Composite Beam Model of the Stem Subjected to Bending
	Shell model of the SAM under internal pressure load


	Mechanosensing and Mechanotransduction
	Strain-Sensing or Stress-Sensing? Does it Matter?
	From Cellular Mechanisms to Quantitative Local Mechanosensing
	Local mechanosensing of external loads: the ``strain-sensing model''
	Local mechanosensing of internal loads: cellular stress-feedback model
	Mechanical structure
	Load modeling mechanical equilibrium
	Mechanosensing and feed-back mechanisms



	Whole-Organ Integration and Experimental Assessment
	The Sum of Strain-Sensing model, S3m
	Quantifying global thigmomorphogenetic responses
	Integrating local mechanotransduction into plant mechanosensing

	Integrative Stress-Sensing Model in SAM Subject to Internal Loads
	Major Insights from the Two Examples of Modeling

	Biomechanical and Mechanobiological Models for Plant Mechanosensing: from the Plant in its Environment to Genes and Back
	Biomechanical Models as a Tool to Design and Analyze Experiments
	Mechanical models as state observers estimating stress and strain distributions
	A guide for experimental strategies

	A Toolbox for Mechanistic Systems Biology
	A tool for handling scale changes in integrative biology
	A Tool for Genetic Dissection
	Enabling model-assisted phenotyping
	Identifying rewarding molecular studies

	Understanding Plant Responses to Mechanical Loads in Their Natural Environment

	Conclusion: the Challenges of Systems Mechanobiology
	Acknowledgments
	Supplementary Material
	References

	To respond or not to respond, the recurring question in plant mechanosensitivity
	Introduction
	Saturation and desensitization, ways to deal with successive mechanical stimulation
	Fine-tuning sensitivity, a recurring theme
	How to control desensitization
	Alterations of perception through sensor turnover, modification or inactivation
	Negative feedback from long-term accumulation of signaling molecules or transcription factors
	Information storage through epigenetic regulation

	Conclusion
	Acknowledgments
	References

	A chromatin modifying enzyme, SDG8, is involved in morphological, gene expression, and epigenetic responses to mechanical stimulation
	Introduction
	Methods and Materials
	Plant Growth Conditions and Germplasm
	Mechanical Stimulation of TCH Gene Expression and Thigmomorphogenesis
	Real Time Quantitative PCR
	Bioinformatics Analysis of Microarray Data and Gene Ontology Anlysis
	Chromatin Immunoprecipitation
	Data Analysis

	Accession Numbers
	Results
	Microarray Analysis Reveals SDG8 Regulates Touch Responsive Gene Expression
	Thigmomorphogenic Responses are Perturbed in the sdg8 Mutant
	TCH Gene Expression Levels are Reduced in sdg8 Mutant Tissues
	Chromatin Surrounding TCH3 Gene Locus Shows Reduced H3 Lysine 4 Trimethylation

	Discussion
	Author Contributions
	Acknowledgments
	Supplementary Material
	References

	Acclimation of mechanical and hydraulic functions in trees: impact of the thigmomorphogenetic process
	Introduction
	The Xylem Anatomical Structure
	Reaction Wood
	Interconduit Connections

	Wood Mechanical Behavior
	Hydraulic Behavior
	Conduction
	Cavitation Resistance

	Trade-offs
	Function vs. Tissue Investment
	Conclusion
	Acknowledgment
	References

	Gravity sensing, a largely misunderstood trigger of plant orientated growth
	Introduction
	Models describe the gravitropic movements in plants
	Most experimental designs do not allow to discriminate between gravisensing and mechanosensing
	Identification of cellular and molecular actors in gravisensing mechanisms
	The gravi-sensing sites
	Proposed concepts and molecular actors

	How to go further to grasp gravisensing?
	Acknowledgments
	References

	Back cover



