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Plants spend most of their life oscillating around 1–3 Hz due to the
effect of the wind. Therefore, stems and foliage experience repet-
itive mechanical stresses through these passive movements. How-
ever, the mechanism of the cellular perception and transduction of
such recurring mechanical signals remains an open question. Multi-
meric protein complexes forming mechanosensitive (MS) channels
embedded in the membrane provide an efficient system to rapidly
convert mechanical tension into an electrical signal. So far, studies
have mostly focused on nonoscillatory stretching of these chan-
nels. Here, we show that the plasma-membrane MS channel MscS-
LIKE 10 (MSL10) from the model plant Arabidopsis thaliana re-
sponds to pulsed membrane stretching with rapid activation and
relaxation kinetics in the range of 1 s. Under sinusoidal membrane
stretching MSL10 presents a greater activity than under static stim-
ulation. We observed this amplification mostly in the range of
0.3–3 Hz. Above these frequencies the channel activity is very close
to that under static conditions. With a localization in aerial organs
naturally submitted to wind-driven oscillations, our results sug-
gest that the MS channel MSL10, and by extension MS channels
sharing similar properties, represents a molecular component allow-
ing the perception of oscillatory mechanical stimulations by plants.

mechanosensitive channel | mechanotransduction | oscillation |
frequency | wind

Throughout their life, plants are submitted to recurrent cyclic
mechanical loading due to wind. The resulting passive oscil-

lation movements of stems and foliage are an important phenom-
enon for biological and ecological processes such as photosynthesis
(1–3) and thermal exchange (4). The motions induced are well
described and analyzed at the whole plant scale, with oscillations at
typically 1–3 Hz in trees (5–10). In animals, transduction of vibra-
tional stimulation is achieved through mechanosensitive (MS)
channels in organs with specialized structures, such as the ear in
which the different frequencies are spatially separated (11), or as
in touch perception accomplished through organ motion (12). In
plants, such specialized features have not yet been reported, and it
remains unclear whether and how MS channels participate in the
perception of oscillatory stimuli. To investigate this question, we
studied MscS-LIKE 10 (MSL10) family members, homologs of the
Mechanosensitive channel of Small conductance (MscS) from
Escherichia coli (13–15), as they are found in all land plant genomes
(16). We have focused our study on the plasma-membrane-localized
MSL10 (17, 18).

Results and Discussion
Oscillatory Movement of the Stem and Expression Pattern of MSL10.
To characterize the response of Arabidopsis to wind mechanical
stimulation, we examined the frequency of free oscillations of

plants with a young flowering stem subjected to a short air pulse
(Movie S1). Using the Vibration Phenotyping System (19)
(Movie S2) we determined the image correlation coefficient
depicting the pendulum movement of the stem on six plants and
obtained a mean frequency of 2.8 ± 1.0 Hz (mean ± SD, n = 131)
(Fig. 1A). This frequency is among those excited by the wind (20).
Then, to determine whether MSL10 localization is compatible
with a function as oscillation sensor, we characterized its expres-
sion pattern in plants at the flowering stage. Signal from a β-glu-
curonidase (GUS) reporter driven by the MSL10 promoter was
present in stem and leaf vasculature and at the root tip (Fig. 1 B
and C) (17). This expression pattern of MSL10, especially at the
junction between roots and shoots, which experiences the major
tension induced by leaves and stem motion, is an expected loca-
tion for probing the motion induced by the wind (Fig. 1D).

Kinetics Characterization of MSL10 in Response to Pressure Steps.
Channel kinetic properties are crucial for its ability to perceive
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oscillatory stimulation at various frequencies. In order to know
how quickly MSL10 responds to variations in membrane mechan-
ical tension, we characterized the kinetics of this channel using the
patch-clamp technique combined with a “High-Speed Pressure
Clamp” system (21). To specifically monitor MSL10 activity in its
endogenous environment, we expressed the MSL10 gene in pro-
toplasts from a quintuple mutant (Δ5) lacking the activity of five
MSL-encoding genes (msl4;msl5;msl6;msl9;msl10). This provides a
low background to record mechanically activated currents from
MSL10-expressing protoplasts (Δ5+MSL10) (17) by applying pul-
ses of pressure while monitoring transmembrane currents at a
constant voltage (−186 mV) on an excised membrane patch in the
outside-out configuration (Fig. 2A). At this physiologically relevant
membrane potential, opening of a single stretch-activated channel
caused a current variation of 19.4 ± 1.7 pA (Fig. 2A, n = 14) as
reported in root protoplasts expressing MSL10 (17, 22). We pre-
viously provided evidence that, similar to MscS of E. coli, MSL10
activates in response to lateral membrane tension increase (17).
Our finding of a linear relationship of the pressure for half-acti-
vation of the channel (P0.5) with the pipette resistance indicates that
a larger patch of membrane is activated before a small patch. This
behavior as well is in favor of a regulation of MSL10 channel by
membrane tension induced by pressure (SI Appendix, Fig. S2D).
The sustained activity of MSL10 under membrane tension without
inactivation clearly distinguishes it from its E. coli MscS homolog
(23) and from the rapidly activated calcium MS channel (RMA)
coresiding in the same membrane (24, 25). We observed that the
activation of MSL10 current increased exponentially in response to
pressure, with time constants τact ranging from 1,000 ms at 30
mmHg to 200 ms at 100 mmHg (Fig. 2B and SI Appendix, Fig. S1,
n = 15). The values of the activation time constants should be used
with caution as activation of the channels with pressure increase
depends on the patch geometry (SI Appendix, Fig. S2B). Another

bias may come from the variable number of channels in the patch:
the more channels, the more visible the activation at any pressure
The mean current pressure relationship was obtained by averaging
individual curves with different P0.5 (SI Appendix, Fig. S2B), which
leads to a smoothening of the variation of the opening probability
with pressure. The mean current–pressure relationship representing
the MSL10 channel sensitivity to membrane tension was well de-
scribed by a Boltzmann function with a pressure for half-activation
(P0.5) of 49.3 ± 3.4 mmHg, an activation threshold of about 30
mmHg, and a saturation pressure of about 70 mmHg (Fig. 2C and
SI Appendix, Fig. S2 A–C).

MSL10 Enables the Perception of Oscillatory Stimulations. We then
examined the effect of oscillatory membrane tension on MSL10
channel activity. In order to set the pressure protocol we first
submitted the membrane excised patch to various frequencies.
As illustrated in Fig. 3, shifting from a static pressure (0 Hz) to a
sinusoidal pressure of 3 Hz induced channel activation, while
increasing the frequency of the oscillatory pressure from 4 to
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Fig. 1. Oscillatory movement andMSL10 expression pattern in aerial part of
Arabidopsis plants. (A, Top), Images of the oscillatory movement of the stem
induced by an air pulse of 60 ms. (Bottom) The correlation coefficient curve
visualizes the oscillating and the damping of the stem movement (red arrow:
air pulse). (B–D) Blue staining represents the GUS activity driven by the
promoter of MSL10. (B) In the root tip (indicated by black arrows in C) and
throughout vasculature of the leaves and stem, (C), at the bottom of leaf
petioles (red arrows) and (D) in the root-stem junction (D is the same view as
C, with petioles entirely removed). (Scale bar: B, 5 mm; C and D, 500 μm.)
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Fig. 2. Gating kinetics and pressure dependence of MSL10 in native mem-
brane. (A) Quintuple mutant (Δ5) stimulated by increasing pressure steps in
outside-out-patch configuration shows no mechanically activated current.
Δ5 mutant expressing MSL10 (Δ5+MSL10) shows currents stimulated in
outside-out configuration by increasing pressure steps with slow activation
kinetics. We assume that variation in current amplitude among patches is
due to variation in channel density due to the expression of the protein.
With chloride as main charge carrier (158 mM cytosolic side/110 mM external
side), single-channel amplitude shows current transitions of 19.4 ± 1.7 pA
at −186 mV (n = 14 protoplasts). (B) Pressure dependence of activation time
constant for MSL10 in the excised outside-out-patch configuration (SI Ap-
pendix, Fig. S1). Results are normalized to the P0.5 of each patch and data
represent mean ± SEM (n = 15 protoplasts). (C) Imax normalized current–
pressure relationship of stretch-activated currents (SI Appendix, Fig. S2) in
excised outside-out-patch configuration in Δ5+MSL10, fitted with a Boltz-
mann equation. P0.5 of 49.3 ± 3.4 mmHg is the average value determined for
individual cells. Data represent mean ± SEM (n = 15 protoplasts). The
membrane potential is clamped at −186 mV. MSL10 protein is transiently
expressed in quintuple msl4;msl5;msl6;msl9;msl10 mutant (Δ5) protoplasts.
Ionic conditions are described in Methods.
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20 Hz decreased the channel activity. To determine whether
channel activity was modulated by frequency, MSL10 activity was
recorded under oscillating pressures at a wide range of fre-
quencies from 0.3 to 30 Hz (Fig. 4A and Movie S3). Whatever
the frequency tested, opening events occurred almost exclusively
during the upper phase of the period (≥80% of cases) (Fig. 4B
and SI Appendix, Fig. S3). At low frequency (≤1 Hz), at least one
opening transition of the channel was triggered during each
period (Fig. 4C, 100% of cases), at 3 Hz 70% of the periods
triggered channel opening, while at 30 Hz only 20% of the pe-
riods were effective (Fig. 4C and SI Appendix, Fig. S4). Thus, the
channel does not open randomly in response to oscillatory
stimulations (SI Appendix, Fig. S3 and Movie S3).
We then undertook a comparison between static and oscilla-

tory stimuli using a protocol alternating the two types of stimu-
lations (Fig. 4D). A static stimulation held at a “mean pressure”
slightly lower than P0.5 (mean pressure is the average of the si-
nusoidal pressure) was applied for 1 min followed by a sinusoidal
pressure stimulation of ±15 mmHg from the mean-pressure
baseline at a given frequency for 1 min. This protocol was re-
peated to sweep frequencies from 0.3 to 30 Hz and then from 30
to 0.3 Hz, always with the same mean pressure, in order to de-
termine the effect of frequencies on channel activity compared to
static stimulation (Fig. 4D). Fig. 4 E–G shows the relative effect
of frequencies (ratios oscillatory/static) on NP(o), τopen, and
τclose on at least five membrane patches. NP(o) is the probability
that a channel is open (multiplied by the number of channels
present in the patch): It is thus the mean of the current inte-
grated over a period and normalized by the current of a single
channel (19.4 pA). τopen and τclose are the characteristic time
constants that a single channel spends in the open and close
state, respectively: they are obtained from the single-channel
events as visible in Fig. 4A. Under static pressure, they can be
related to the invert of kc and ko, respectively (as defined in
Modeling).
A ratio [NP(o) osc/NP(o) stat] above 1 indicates a higher ac-

tivity of the channel under sinusoidal stimulation than under
static stimulation. We observed that at each frequency, the
NP(o) ratio is significantly greater than 1, meaning that the mean
open probability is significantly higher upon dynamic than static
stimulation, while the pressure applied was on average the same
(Fig. 4E; red asterisks, Mann–Whitney rank sum test, P ≤ 0.05).
The highest ratios are observed at low frequency (0.3, 1, and 3
Hz), which correspond to the frequencies of plant oscillation

measured in Fig. 1A (Fig. 4E, green asterisks, Mann–Whitney
rank sum test, P ≤ 0.05). The asymmetry observed in NP(o)
distribution for decreasing and increasing frequencies (Fig. 4E
and SI Appendix, Fig. S5A) likely reflects the diminution of the
number of active channels over the experiment. Since we were
not able to recover activity, even after 15 min without applying
any pressure, we attributed this decrease in the number of active
channels to a rundown. SI Appendix, Fig. S5 illustrates the effect
of frequencies on NP(o), τopen, and τclose obtained for a repre-
sentative recording. Under oscillatory stimulation, NP(o) in-
creased, τopen did not change, while τclose decreased compared to
the static stimulation. In order to further quantify the opening
and closing oscillation dependency of MSL10, we compared
open- and close-time constants obtained from five patches, ei-
ther under static or dynamic conditions. We measured a mean
open-time constant under static condition of τopen static = 14.7 ±
1.9 ms (n ≥ 5). This time constant is not appreciably affected by
oscillatory stimulation with a τopen oscillation relative to static
above 1 (Fig. 4F). The mean close-time constant τclose decreased
significantly from τclose static = 164.5 ± 24.8 ms to τclose oscil-
lation = 106.4 ± 17.6 ms (all frequencies, n ≥ 5). The ratios τclose
osc/τclose stat were lower than 1 (Fig. 4G), suggesting that MSL10
spends less time in the closed state due to an increase in their
opening probability upon oscillatory stimuli.

MSL10 Channel Behaves as a Double-State Oscillatory Transduction
System. Mammalian Piezo1 and Piezo2 have been reported to
behave as pronounced frequency filters (12), thus allowing
transduction of repetitive mechanical stimuli at a given fre-
quency. This was attributed to their strong inactivation. With
MSL10, contrary to what has been observed in the bacterial
MscS (26, 27), we did not observe a strong inactivation, but still
we observed a clear oscillation dependence of channel activity in
a wide range of frequencies. We tested, using a simple model, if
this may come from the natural kinetic of opening and closing as
a function of the tension. To do so, we implemented a two-state
model not based on parameters obtained in static conditions
(Fig. 2) but instead on parameters obtained in oscillatory con-
ditions (Fig. 4 and see Methods). By simulating oscillatory stim-
ulation, we were able to fit the model to the experimental data
obtained upon oscillatory stimulation of MSL10 (Fig. 5). We
derived kinetic parameters in the typical range of MSL10 acti-
vation ,(Ko = 2.0 s−1,Kc = 14 s−1,Po = 7.1tnqhx2002;mmHg,
and Pc = 9.0 mmHg, with Ko(respectively,Kc)), the opening
(respectively, closing) rate at the pressure Pmean, and Po and Pc
the characteristic pressure on which the kinetic constants are
varying, Fig. 5A) and compatible with the parameters obtained in
static conditions (Fig. 2). The two-state model thus fits our data
(Fig. 4) despite its lack of explicit frequency dependency (Fig.
5A), and is sufficient to explain the oscillatory dependence of
the response.
The low-frequency amplification of the channel can be explained

by the nonlinear response of the channel to static pressures. At
frequencies significantly lower than the activation rates (invert of
the activation times) of the channel, the probability of channel
opening is well described by its stationary value, which follows the
curve of open probability versus pressure (Fig. 2C). As the mean
pressure is below P0.5, an increase in pressure will open more
channels than the same decrease in pressure. Thus, it is expected
that at low frequencies the ratio is greater than 1. Choosing an
initial mean pressure exactly at P0.5 will symmetrize the effects of
the increase and decrease in pressure leading to a ratio of 1
(Fig. 5B). Starting from a pressure above P0.5 will lead to a de-
crease of the ratio. The reliability of this model raises two ques-
tions: at which frequencies does the channel function and what is
the mean pressure applied to the membrane in vivo? The free
oscillations of Arabidopsis around 3 Hz that we have measured

A B

Fig. 3. MSL10 channel activity is dependent on the frequency of the pres-
sure stimulation. (A) Channel activity is greater upon oscillatory pressure
stimulation compared to static pressure stimulation. Representative record-
ing of single-channel activity of MSL10 in response to static pressure fol-
lowed by an oscillatory pressure stimulation of 3 Hz at +15/−15 mmHg. (B)
Channel activity decrease when increasing the excitation frequency from 4
to 20 Hz. MSL10 activity is recorded in the excised outside-out-patch con-
figuration, in response to static (0 Hz) or oscillatory pressure stimulation of
+15/−15 mmHg at 3, 4, and 20 Hz. The membrane potential is clamped
at −186 mV. MSL10 protein is transiently expressed in (Δ5) protoplasts. Ionic
conditions are described in Methods.
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(Fig. 1A) are within the range of low frequencies in the model for
which oscillatory stimulations are more efficient than static (Fig.
5B) and are well described by the Boltzmann response. For the
mean pressure applied in vivo, one should expect to have two
contributions: a baseline due to the turgor pressure, and an addi-
tional one due to the bending during the plant oscillation, pro-
portional to the amplitude of the plant oscillations. Thus, for a
plant in resting conditions, the MSL10 channel is expected to be in
the lower portion of the Boltzmann curve (Fig. 2C) wherein the
channel is closed. One might speculate that for low or moderate
wind, the baseline tension in the membrane lies in a domain of the
Boltzmann curve below P0.5. In these conditions, channel activity is
amplified by oscillatory stimulation and efficiently transduces this
signal into cellular ion fluxes. On the other hand, under strong
wind, the baseline tension in the membrane would correspond to a
domain of the Boltzmann curve above P0.5. In these conditions,
channel activation by sinusoidal stimulation would be lower than
under static stimulation, therefore damping signal transduction and
preventing excessive response to high wind. This might represent a
homeostatic behavior amplifying channel activity for plants under
low wind but decreasing channel activity for strong wind.
At high frequency, we predict a ratio larger than 1, whatever

the initial mean pressure. This effect is due to higher pressure
sensitivity for opening than for closing the channel, but is harder
to explain intuitively. Interestingly, the characteristic frequency
at which the channel changes from one regime to the other one
does not seem to depend on the mean pressure. We are currently
not able to link the channel response at frequency higher than
10 Hz to a given cellular physiological function.
Our finding also raises the question of how oscillations oc-

curring at the scale of the plant organ could be relayed at the
scale of the cell membrane. We know that a mechanical stimu-
lation, in order to be efficient (in term of physiological re-
sponse), should produce a tissue/cell deformation (28, 29). In a
previous study on Arabidopsis (30), sinusoidal sweep excitation,
mimicking wind, combined with high-speed imaging allowed us
to estimate several modal frequencies and the corresponding
spatial localizations of deformation. The spatial localizations of
the deformation are compatible with the localizations of MSL10
expression in the plant as measured here (Fig. 1B). Therefore, to
link membrane and organ scales we propose a qualitative model
in which tissue/cell deformation induced by mechanical oscilla-
tions would induce local membrane tension able to trigger
MSL10 channel. However, a full assessment of this hypothesis
requires the modeling of the flowering stem. This approach must

take into account the viscoelastic properties of the cell wall and
of the plasma membrane, and the anchoring of the plasma
membrane to the cell wall at specific points (31). Then, based on
the deformation all along the flowering stem during oscillatory
movement, an estimation of the distribution of membrane ten-
sion variation along the shoot could be designed. Once this
model of stem bending is developed it will help to link oscilla-
tions at the whole plant and the cellular scales.

Conclusion
In plants, the functions of plasma-membrane-located MSLs are
unknown, with the exception of MSL8, which was shown to be
involved in pollen hydration (32). Although it is involved in cell-
swelling response (33), functions assigned to MSL10 have not
been yet specifically identified. Actually, MSL10 was shown to
induce cell death, but this effect was found to be separable from
its MS ion channel activity (34, 35). In the present study we
provide compelling evidence that MSL10 acts not only as a
classical transducer of sustained force but also as a transducer of
mechanical oscillations. In plant cells, anions accumulate in the
cytoplasm (36, 37). Then the highly negative plasma-membrane
potential together with the anion concentration gradient drive
passive fluxes of anions out of the cell through plasma-mem-
brane anion permeable channels. Given its large conductance
and its selectivity in favor of anions (17, 18) fluxes mediated
through MSL10 will depolarize the plasma membrane, making
this channel a potent actor of mechanoelectric signaling (38).
This study shows that MSL10 might represent a system of

oscillatory perception in plants. Our findings open avenues for
studying the molecular mechanisms involved in the perception of
oscillations that allows environmental adaptation.

Methods
Histology. Transgenic Arabidopsis lines used for histochemical studies and
carrying the pMSL10::GUS promoter-reporter gene fusion were obtained
previously (17). In order to perform detection of GUS activity on whole plant,
plants were grown on agar plate. In this culture condition, mature plants
with flowering stem have a reduced height of ∼4 cm and are suitable for
staining. Tissue was fixed for 30 min in ice-cold 90% acetone, then incubated
overnight at 37 °C in 0.5 μg/mL 5-bromo-4-chloro-3-indoyl β-glucuronic acid,
100 mM NaPO4 (pH 7), 0.1% Triton X-100, 5 mM potassium ferrycyanide, and
10 mM ethylenediaminetetraacetic acid. Samples were then dehydrated
through an ethanol series and photographed with a camera or with a Nikon
AZ100 MultiZoom macroscope (objective: AZ-Plan Apo 1× NA 0.1 WD
35 mm [Nikon]).

Callus Initiation and Maintenance. Arabidopsis thaliana (Col-0 accession) sur-
face-sterilized seeds were sown on “initiation medium” containing 4.3 g/L
Murashige and Skoog salts (MS, Sigma-Aldrich), 2% sucrose, 10 mg/L myo-
inositol, 100 μg/L nicotinic acid, 1 mg/L thiamine-HCl, 100 μg/L pyridoxine-
HCl, 400 μg/L glycine, 0.23 μM kinetin, 4.5 μM 2,4-D, 1% Phytagel (pH 5.7).
For callus generation, seeds were cultured on horizontal plates in a growth
chamber (Sanyo MLR-350) at 21 °C with a 16-h photoperiod under 120
micromol photons m-2 s−1, provided by neon tubes PHILIPS Master TL-D
90 36w/965 (2/3) and OSRAM Fluora L36w/77 (1/3), for 15 d. Calli were then
transferred (same growth chamber) onto “maintenance medium” contain-
ing 4.3 g/L MS salts (Sigma-Aldrich), 2% sucrose, 10 mg/L myo-inositol,
100 μg/L nicotinic acid, 1 mg/L thiamine-HCl, 100 μg/L pyridoxine-HCl, 400 μg/L
glycine, 0.46 μMkinetin, 2.25 μM 2,4-D, 1% phytagel, (pH 5.7), and subcultured
every 15 d onto fresh “maintenance medium.”

Protoplast Isolation and Transient Transformation. Calli from Arabidopsiswere
digested for 15 min at 22 °C under hyperosmotic conditions (2 mM CaCl2,
2 mM MgCl2, 1 mM KCl, 10 mM MESs [pH 5.5]), 0.2% cellulysine (Calbio-
chem), 0.2% cellulase RS (Onozuka RS, Yakult Honsha Co.), 0.004% pecto-
lyase Y23 (Kikkoman Corporation), 0.35% BSA (Sigma), and mannitol to 600
mOsmol. For enzyme removal, the preparation was washed twice with 2 mM
CaCl2, 2 mM MgCl2, 10 mM MES (pH 5.5), and mannitol to 600 mOsmol. For
protoplast liberation, the preparation was incubated with 2 mM CaCl2, 2 mM
MgCl2, 10 mM MES (pH 5.5), and mannitol to 280 mOsmol. Filtering the
suspension (through an 80-μm nylon mesh) yielded protoplasts. For transient

A

Frequency (Hz)
0.3 1 3 10 30 10 3 1 0.3

N
P(

o)
 o

sc
ill

at
or

y/
st

a�
c

1

0

2

3

4

5

6

100

B

Frequency (Hz)

0.1 1 10

N
P(

o)
 o

sc
ill

at
or

y/
st

a�
c

1

0

2

3
__ Pmean ≤ P0.5
__ Pmean = P0.5
__ Pmean ≥ P0.5

Fig. 5. Modeling of MSL10 channel as a classical double-state system. The
channel is modeled as a two-state (open–close) system, with rates classically
changing exponentially with applied pressure. No specific frequency de-
pendence is introduced. (A) Adjustment of the model to experimental data.
Model predictions (blue circles) are superimposed over data from Fig. 3E. (B)
Prediction of the NP(o) ratio between oscillatory/static mean pressure for
different initial mean pressure, using the same parameters. Blue: parameters
obtained from the experiment (mean pressure 7.6 mmHg below P0.5). Red:
mean pressure taken as P0.5. Black: mean pressure increased by 7.6 mmHg
with respect to P0.5.
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expression, protoplasts were cotransformed as described by Haswell et al.
(17). Silent protoplasts obtained from quintuple mutant (Δ5) Arabidopsis
calli were cotransformed with 2.5 μg p35S::GFP in the p327 vector and with
10 μg p35S::MSL10 in the pAlligator2 vector. We only used fluorescent
protoplasts, indicating a cotransformation event, for patch-clamp experi-
ments. As controls for transfection, we tested patches from Δ5 cells trans-
fected with soluble GFP alone (n= 5) and found no mechanically activated
currents in the pressure range from 0 to 60 mmHg.

Electrophysiology. Patch-clamp experiments were performed at room tem-
perature with a patch-clamp amplifier (model 200A, Axon Instruments) and
a Digidata 1322A interface (Axon Instruments). Currents were filtered at 1
kHz, digitized at 4 kHz, and analyzed with pCLAMP8.1 and Clampfit 10
software. During patch-clamp recordings, the membrane potential was
clamped at −186 mV and the pressure was applied with a High-Speed
Pressure-Clamp system (39) (ALA Scientific Instrument), allowing the appli-
cation of precise and controlled pressure pulses or continuous sinusoidal
variations in the pipette (21). Media were designed in order to eliminate
stretch-activated K+ currents whereas the Ca2+ current is negligible com-
pared to the Cl− current. Isolated protoplasts were maintained in bathing
medium: 50 mM CaCl2, 5 mMMgCl2, 10 mMMES-Tris, and 0.25 mM LaCl3 (pH
5.6). Membrane seal with low resistance (<1 GΩ) and with unstable current
after excision were rejected. The pipettes were filled with 150 mM CsCl,
2 mM MgCl2, 5 mM EGTA, 4.2 mM CaCl2, and 10 mM Tris-Hepes (pH 7.2),
supplemented with 5 mM MgATP. We adjusted the osmolarity with man-
nitol to 450 mOsmol for the bath solution and 460 mOsmol for the pipette
solution using an osmometer (type 15, Löser Meßtechnik). Gigaohm resis-
tance seals between pipettes (pipette resistance, 0.8–1.5 MΩ), coated with
Sylgard (General Electric) and pulled from capillaries (Kimax-51, Kimble
Glass), and the protoplast membranes were obtained with gentle suction
leading to the whole-cell configuration, and then excised to an outside-out
configuration. The current–pressure relationship data were fitted to a
Boltzmann function

I = Ir + Im
1

1 + e(P0.5−P)=Pc
,

where Ir is the background current at zero pressure, Im is the maximum
steady-state current intensity, Pc is the slope of the tangent at inflection
point, and P0.5 is the pressure of half activation.

The current activation kinetics were fitted with a monoexponential
function

F t( ) = Ae−t=τ + C,

where A is current-scale coefficient, τ is the time constant, and C is maximum
current intensity.

MS channels respond to membrane tension, which itself depends on the
pipette (and patch) geometry (40, 41). Thus, as the membrane geometry is
slightly different from one patch to another (SI Appendix, Fig. S2 A and D),
Boltzmann functions were determined for each patch individually, prior to
oscillatory pressure stimulation application (SI Appendix, Fig. S2A). This al-
lows delivering the oscillatory pressure in the same zone of membrane
tension sensitivity. The amplitude of the oscillation was +15/−15 mmHg from
a mean-pressure baseline that we choose slightly below (5–10 mmHg) the
P0.5 (Fig. 4A).

Statistical Analysis. The data were analyzed using Student’s t test and analysis
of variance. Comparison of NP(o) at different frequencies (Fig. 4 and SI
Appendix, Fig. S5) were analyzed with rank sum test. NP(o)osc was deter-
mined for each oscillatory sinusoidal pressure frequency (0.3–30 Hz) and
NP(o)stat for each static stimulation prior to frequency stimulation. In Fig. 4E
we present the ratio NP(o)osc/NP(o)stat called NP(o) ratio. The same principle
is applied for Topen ratio and Tclose ratio (Fig. 4 F and G).

Cloning and Genetics. All plasmid constructs were made with Gateway
technology (Life Technologies). The MSL10 cDNA was cloned previously into
pENTR/D-TOPO (17). This pENTR construct was then used in recombination
reactions with pAlligator (42) to create the MSL10 protein overexpression
construct (p35S::MSL10). This construct was used for transient expression in
protoplasts obtained from the quintuple mutant msl4;msl5;msl6;msl9;msl10
(Δ5+MSL10).

Modeling. We modeled MSL10 as a two-states channel: an open one (O), in
which the channel is activated, and a closed one (C) in which the channel is

completely closed. The equilibrium between the two states is given by the
classical chemical reaction:

C  ⇄
ko

kc
 O,

with ko and kc the opening and closing rates, respectively. Opening (re-
spectively, closing) rate increases (respectively, decreases) exponentially with
the applied pressure, describing the mechanosensitivity in the Arrhenius
framework:

ko(P) = Koe
P=Po , and  kc(P) = Kce

−P=Pc ,

with Po and Pc the characteristic pressure on which the kinematic constants
are varying.

In this minimal model, the open probability no(t) (number of open
channels/number of channels) varies as

dno t( )
dt

+ ko P( ) + kc P( )( )no t( ) = ko P( )    .

Thus, the open probability versus pressure curve (Fig. 2C) is given by the
stationary solution:

nostat(P) = 1

1 + Kc
Ko
e−P( 1

Pc
+ 1

Po
),

and the activation time (Fig. 2C) is

τact = 1
ko P( ) + kc P( )( )    .

This model does not contain any active oscillatory sensitivity, but the reaction
rates are affected by the changes in pressure. To determine if the model can
capture the frequency dependency of the channel response (Fig. 4E), we
simulated using MATLAB an oscillatory pressure of magnitude ΔP for a
minute:

dno t( )
dt

+ Koexp
ΔP sin 2 πft

Po
( ) + Kcexp −ΔP sin 2 πft

Pc
( )( )no t( )

= Koexp
ΔP sin 2 πft

Po
( ),

with Ko = Koe
Pmean=Po , and Kc = Kce

−Pmean=Pc .
The integral of the number of open channels during 1 min is then divided

by the number of open channels under static pressure Pmean (same equation,
with ΔP = 0). The result is directly the NP(o) ratio presented in Fig. 4E at the
frequency f.

We then used the fminsearch function of MATLAB to minimize the dis-
tance between our solution at all frequencies and our experimental results
[Fig. 4E, NP(o) ratio as a function of the frequency]. We obtained the
following parameters:

Ko = 2.0 s−1,Kc = 14 s−1,Po = 7.1 mmHg,  and  Pc = 9.0 mmHg.

This set is the minimization of a nonlinear problem, and cannot be seen as
unique. We also did not perform a sensitivity analysis to determine the
coupling between parameters. Indeed, due to the errors in the measure-
ments, due to patches variability as well as possible degradation under
sustained pressure, such analysis would bring no further information.

Note that the total number of channels is not needed due to the nor-
malization by the response at the “mean” pressure.

The set of parameters we found gives a Pmean 7.7 mmHg below P0.5, in

agreement with our experimental protocol. The obtained Ko and Kc are of
the same order than the ones estimated from the dwell time measures (see
SI Appendix, Fig. S5 B and C for static pressure):

Ko = 1
τclose

≈ 2  s,  and  Kc = 1
τopen

≈ 25 s.

Then, we used the same set of parameters and the equation to simulate the
NP(o) ratio at different frequencies (from 0.1 to 100 Hz) for the same Pmean,
for a Pmean = P0.5 and for a Pmean 7.7mmHg above P0.5 (Fig. 5).

Data Availability.All data needed to evaluate the conclusions in this paper are
presented in the main text and supporting information. The quintuple
mutant msl4;msl5;msl6;msl9;msl10 used in this study is available upon order
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at Arabidopsis Biological Resource Center (ABRC) upon the reference
Germplasm: CS69760 (https://abrc.osu.edu/stocks/number/CS69760). Accession
numbers: MSL4: At1g53470 (SALK_142497, msl4-1); MSL5: At3g14810 (SALK_
127784, msl5-2); MSL6: At1g78610 (SALK_067711, msl6-1); MSL9: At5g19520
(SALK_114626, msl9-1); MSL10: At5g12080 (SALK_076254, msl10-1).
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