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A micro-cantilever technique applied to individual leaf epidermis cells

ofintact Arabidopsis thaliana and Nicotiana tabacum synthesizing
genetically encoded calciumindicators (R-GECO1 and GCaMP3) revealed
that compressive forces induced local calcium peaks that preceded delayed,
slowly moving calcium waves. Releasing the force evoked significantly faster
calcium waves. Slow waves were also triggered by increased turgor and fast
waves by turgor dropsin pressure probe tests. The distinct characteristics
of the wave types suggest different underlying mechanisms and an ability of
plants to distinguish touch from letting go.

Mechanical stimulation affects plant growth and development'.
Cytosolic calcium ([Ca*'].,,) appears involved because mechanical
stimuli often trigger [Ca*'].,, transients’ and enhance the expression
of calmodulin-related genes®. The opening of Ca**-permeable ion chan-
nels will allow Ca*" to move from organelles and/or apoplast into the
cytosol*’, and mechanosensitive Ca*" channels are well known from
plants®®. [Ca®"],,, activates calmodulin, which then associates with
calmodulin-binding transcription activators (CAMTASs) that bind to
specific DNA motifs®'°. Promoters carrying CAMTA-binding motifs
are overrepresented among touch-inducible genes", suggesting that
[Ca®].,, responses to mechanical stimuli affect gene expression via
calmodulinand CAMTAs".InArabidopsisleaves, the mechano-induction
of gene expression correlated with the zones covered by slow (-1 um s™)
[Ca*].,. waves originating from mechanically stimulated, epidermal tri-
chomes", supporting theideathat trichomes act as mechanosensors™",
However, numerous plant species are glabrous, and natural accessions
of Arabidopsisvary from hairless to densely covered'®". To see whether
epidermal cell types other than trichomes possess mechanosensory
capabilities, we developed a micro-cantilever system that permits the
reversible, non-invasive application of defined forces to individual
pavement cellsin intact plants under microscopic observation.

To study [Ca*"]., responses to mechanostimulation in A. thaliana
expressing the fluorescent calcium indicator R-GECOI (ref. 18),
intact plants were mounted on a confocal microscope stage so that

quantifiable forces could be applied to individual pavement cells in
an abaxial leaf epidermis with micro-cantilevers (Supplementary
Fig. 1). The responses were recorded, and [Ca*'].,-dependent fluo-
rescence was analysed by averaging the fluorescence intensities of
all pixels of the same distance from the point of impactin 1 um steps;
the meanintensities were plotted versus distance and time. In testsin
which the cantilever rested on the cell for >3 min before being lifted
offagain, this approachidentified three distinct responses (Fig. 1a).
In a set of 84 experiments conducted on 12 plants, an individual
cell was subjected to a force of 0.1-12 mN. [Ca*],, always increased
immediately in that cell but dropped again within 10-15 s. This initial
response (Fig.1a,b) spreadinto anadjacent cellin only 8% of the tests.
In all experiments, a wave of increased [Ca*],, started to move radi-
ally from the point of impact at 20-50 s after stimulus application.
This slow wave (Fig. 1a,b) dissipated after 3-5 min. In about half of
the experiments, the removal of the cantilever at this time induced
a[Ca™],,, wave that propagated visibly faster than the one induced
by cantilever placement. This fast wave dissipated within 1 min
(Fig.1a,b). Similar responses were recorded in Arabidopsis synthesiz-
ing the alternative calcium sensor, GCaMP3 (Fig. 1b). The propagation
of fast waves, quantified as the expansion of the circular areaenclosed
by the travelling fluorescence maximum, proceeded threefold faster
than that of slow waves with both sensors (Fig. 1c). Using the long-
est distance from the point of impact at which a wave’s maximum
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Fig.1|Non-invasively evoked responses of cytosolic calcium to mechanical
stimulation in pavement cells of the Arabidopsis abaxial leaf epidermis.

a, Standard experiment in which a defined compressive force was transiently
applied to aleaf epidermis pavement cell by a micro-cantilever. Cantilever
movements to and from the cell surface and the expected turgor shifts are
outlined on top. Inthe middle, fluorescence intensities from a representative
experiment (averaged for pixels of the same distance from the point of impact
(position 0)) are plotted on a distance-versus-time field (cantilever placement
was at 0 s, and removal was at 320 s). POI, point ofimpact; IR, initial response;
SW, slow wave; FW, fast wave. Below, representative video frames are shown
(Supplementary Video1). b, Time courses of relative changes of [Ca*'],,-
dependent fluorescencein acircle of radius 200 pmaround the cantilever’s point
ofimpact (placement at O s, removal at 320 s) are similar for the two calcium
sensors, R-GECO1and GCaMP3. The graphs represent means + s.e. (R-GECOL:
n=10, five biological replicates; GCaMP3: n = 6, three biological replicates;

compare Supplementary Videos1and 2). AF, change in fluorescence intensity;
F,, background intensity. c, Wave propagation (expressed as the growth of the area
within the expanding circle of maximal fluorescence) of slow and fast waves in
wild-type Arabidopsis expressing R-GECO1 (top; n = 10, five biological replicates)
and GCaMP3 (bottom; n = 7, three biological replicates). Each shaded area covers
the mean + s.d. d, Relationships between the force applied and the distance

from the cantilever’s point of impact to which slow waves (top; n = 59) and fast
waves (bottom; n = 39) propagated before their maximum fluorescence intensity
declined to <130% of the background level. e, Experiment in which the removal
ofthe cantilever 5 s after its placement (at time O) triggered the initial response,
fast wave and delayed slow wave simultaneously. f, Responses to cantilever
placement (0 s) and removal (380 s) in pavement cells of Nicotiana tabacum
(R-GECO1: means + s.e.,n =5, three biological replicates) resembled those in
Arabidopsis (compare b; Supplementary Video 3).

fluorescenceintensity was >30% above background level as anestimate
of propagation distance, we found the latter to correlate with applied
force for slow but not for fast waves (Fig. 1d). As already noted, fast
waves occurred in only afraction of the experiments; their frequency
tended toincrease with increasing force (Supplementary Fig. 2). Inter-
estingly, all three responses developed in parallel and overlapped in
14 of 57 experiments (25%; Fig. 1e) in which cantilevers were removed
<10 s after touching a cell. In the remaining experiments, an initial

response occurred with either a slow wave (61%) or a fast wave (14%;
Supplementary Fig. 3).

In Nicotianatabacum expressing R-GECOI, abaxial leaf epidermis
cells did not respond to forces under 8 mN. Greater forces triggered
similar responses as in Arabidopsis (Fig. 1f).

Applying compressive forces toacell increases intracellular pres-
sure, and releasing them decreasesit. To further elucidate the relation-
ship between turgor shifts and [Ca®'],,, responses, we manipulated
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Fig.2|Invasively evoked cytosolic calcium responses to mechanostimulation
in pavement cells of the abaxial Arabidopsis leaf epidermis, and comparison
of propagationrates. a, Turgor in an individual cell was increased to 0.8 MPa
afterimpalement (O s) with a pressure probe and brought to ambient pressure
410 s later (compare Supplementary Video 4). Fluorescence intensities averaged
for pixels of the same distance from the insertion (position 0) are plotted ona
distance-versus-time field below the turgor graph. b, Relative changes of [Ca*'] .-
dependent fluorescencein acircle of radius 200 pmaround the insertion plotted
versus time (means +s.e.; n =10, five biological replicates). ¢, Propagation rates
(velocities of the growth of the area within the circle of maximal fluorescence) of
fast (left) and slow waves (right) averaged over the period from 20 to 30 s after
the onset of the response. Allindividual measurements (7 < n <12) are shown for
waves induced by cantilevers (CL) and pressure probes (PP), with calcium sensor
R-GECO1 or GCaMP3. Each fast-wave velocity differs significantly from each slow-
wave velocity (P < 0.0001; Student’s ¢-test, two-tailed).

turgor with pressure probes in cells of Arabidopsis R-GECOL1 plants.
Impalement triggered a radial spread of [Ca*'].,, that resembled early
stages of fast waves (Fig. 2a,b). This wave faded when pressure was
increased and maintained at a higher level, and a low-intensity slow
wave developed instead (Fig. 2a,b). When fluorescence intensity had

returned to near resting level, pressure reduction always triggered
a high-intensity fast wave (Fig. 2a,b). To compare waves triggered
by different stimuli, we analysed the velocities of wave propagation
averaged over a period when fast waves, the more rapidly dissipat-
ing type, showed particularly clearly (that is, from 20 to 30 s after
the first sign of wave formation). The propagation rates of slow and
fast waves induced by pressure probes were indistinguishable from
those triggered by micro-cantilevers (Fig. 2c). This confirmed that
slow waves were a response to turgor increases, whereas fast waves
followed turgor drops.

When a cantilever touched a cell, [Ca*'],,, rose immediately but
decreased again within seconds (IRin Fig.1a,b). A cantilever obviously
exertsacompressive force, whichincreases turgor pressure. The result-
ingdisturbance of the cell’s osmotic equilibrium drives water across the
plasmamembrane until equilibrium turgor is reestablished”. Measured
half-times of such turgor relaxations typically range around 10 s, but
values <1 sare not unusual®®?. The initial response thus coincided with
water efflux and the consequent rise of intracellular osmolarity and
drop of extracellular osmolarity that were induced by the mechanically
evoked turgorincreases (indicated in Fig. 1a, top). This alone does not
prove causality, though. Cell wall deformation caused by the cantile-
ver may also activate mechanosensitive Ca** channels independently
of turgor pressure via increased membrane tension® or cytoskeletal
force transmission®,

Theinitial response to cantilever placement was followed by a slow
[Ca™]., wave withadelay of tens of seconds (SW inFig. 1a,b). Evidently,
the induction of slow waves required a time-consuming mechanism,
anditseemed toencode quantitative stimulus features, as the distance
travelled by slow waves correlated with the force applied (Fig. 1d). Slow
waves also formed when turgor was elevated over extended periods
with pressure probes (Fig. 2a,b), but not when cells were impaled with-
outsubsequent turgorincrease (Supplementary Video 5). While turgor
rises evidently were essential for eliciting slow waves, turgor increases
probably relaxed within secondsin cantilever experiments as discussed
above. The decisive factor evoking slow waves therefore might not
be the turgor increase as such, but the resulting water efflux from the
cell and the concomitant changes in intracellular and extracellular
osmolarity. Observed half-times of hydrostatically induced turgor
relaxations imply that water potential changes propagate at rates
similar to that of diffusional mass flow. Asimple, plausible mechanism
of slow-wave translocation could thus be based on the diffusive dissipa-
tion of disturbances of intracellular and/or extracellular osmolarity.
Since the magnitude of the postulated osmolarity disturbance depends
on the turgor shift induced and thus on the force applied, such a
diffusive mechanism could account for the correlation between
applied force and distance travelled by slow waves (Fig. 1d).

[Ca*]., waves propagating significantly faster than slow waves
(Fig. 2c) were always observed when turgor drops were induced by
pressure probes (FW in Fig. 2a,b) and occurred in roughly half of the
cantilever tests upon removal of the cantilever (Supplementary Fig. 2).
Because these stimuli caused at least transient turgor decreases, the
simplest hypothesisis that fast waves are triggered directly orindirectly
by local turgor drops. However, the widths of the zones of elevated
[Ca*].,, were often less than the dimensions of the pavement cells,
andthese zones appeared to move over the epidermis independently
of cell boundaries (Supplementary Fig. 4). Turgor drops cannot be
theimmediate causes of such subcellular increases of [Ca*"],,,when a
fast wave passes, unless zones of substantially decreased turgor with
diameters much below that of a cell moved slowly through individual
cells. This seems physically impossible. Our observations could be
explained by the release of achemical signal, possibly anamino acid* or
areactive oxygen species®, into the apoplast where the walland plasma
membrane deform due to the removal of the cantilever, followed by dif-
fusion of that signalin the apoplast. Where the chemical signal reaches
athreshold concentration, it could activate mechanisms causing local
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risesin [Ca*'].,,, suchas Ca* channels. These mechanisms would soon
have to turninactive again, toaccount for the limited extension of the
zone of elevated [Ca™*],,.. In this scenario, the periclinal outer walls of
the epidermal cells provide aplanar layerinwhich signalling substances
diffuse in all directions at similar velocities. This structural feature
could explain the almost perfectly circular appearance of fast waves
(Supplementary Videos1, 2,4 and 5).

Mechanically stimulated trichomes apparently initiate a single
type of [Ca®],,, wave that correlates with effects on gene expression
in surrounding cells”. Here we demonstrated mechanically induced
[Ca®].,,wavesin pavement cells, which may explain mechanical respon-
siveness in glabrous (that is, trichome-less) plants. In pavement cells,
slow waves followed stimuli that increased turgor, while fast waves
occurred when turgor dropped. The two wave types also differed in
their lag phases after a stimulus, their propagation rates, the depend-
ence of their propagation distances on the force applied and their
lifetimes before dissipation. Moreover, overlapping slow and fast waves
occurredin parallel under certain conditions (Fig. 1e and Supplemen-
tary Fig.3). Allthisindicates distinct underlying mechanisms. To reveal
how plants utilize the resulting potential to distinguish touch from
letting go in a physiologically meaningful way, a reliable separation
of the response types through carefully controlled force application
procedures willberequiredin future studies. This will also facilitate the
identification of mutants lacking one of the response types.

Methods

Plant material and growth conditions

Arabidopsis thaliana seeds were sown in soil (Professional Grow-
ing Mix, Sun Gro Horticulture) and stratified for 2 d at 4 °C prior to
growing for 7 d in a growth chamber under short-day conditions
(10 h light, 100 pumol m2s™ at 24 °C; 14 h darkness at 18 °C). Indi-
vidual seedlings were transferred to custom-built pots suitable for
microscopy and grown for another three weeks before experiment-
ing. Arabidopsis UBQIO::R-GECOI (ref. 26) and 355::GCaMP3 (ref. 27)
(agift fromK. Tanaka, Washington State University) were cultivated
in the same way.

Nicotiana tabacum cv.Samsun was grown analogously butat16 h
light (25 °C)/8 h darkness (18 °C). Stable N. tabacum UBQ10::R-GECO1
transformants were generated by Agrobacterium-mediated transfor-
mation followed by tissue culture®®. To design the reporter construct,
R-GECO1 was amplified from genomic DNA of the A. thaliana sensor
line using proofreading Phusion polymerase (New England Biolabs)
and two oligonucleotides (forward, GTTTTTCTGATTAACAGACTAGT
GATGGTCGACTCTTCACGT; reverse, CATCTTCATATGAGCTCCTAC
CTACTTCGCTGTCA). Subsequently, the PCR product was inserted into
apG2.0::UBQI10::MCS::HSPterm HYG vector® by Gibson cloning (New
England Biolabs). The reaction mix was heat-shock-transformed into
Escherichia coli TOP10 chemically competent cells (Thermo Fisher).
Correct resulting plasmids were selected on Kanamycin, prepped,
sequenced and transformed into Agrobacterium strain GV3101 via
electroporation.

Cantilever production and characterization
Borosilicate glass filaments were made from BR-100-10 glass rods
(1.0 mm outer diameter; Sutter Instruments) using a Sutter model
P-2000 micropipette puller. This process yielded two rods connected
by afineglassthread. Filaments with diameters of 50-100 um were cut
from the thread and glued to an untreated glass rod with Loctite 352
(Henkel AG), aUV-curableresin. The tip of the filament was broughtinto
contact with the heating coil of the puller to dull the edges.
Cantilevers of length L and diameter d were attached obliquely (in
the vertical plane) to a micromotor that allowed vertical movement
relative to a sample. When the cantilever tip contacted the sample, a
force was exerted onthe sample. For small deflections, force increases
linearly with deflection h, according to linear beam theory*°:

Force = 3n ﬂ
64 3
where E = 64 GPais the elastic modulus of the cantilever and md*/64 rep-
resents the moment of inertia for a solid cylindrical rod. We highlight
four assumptions that underpin the linear beam model: (1) the load
is applied at the tip, (2) the deflections are small relative to the beam
diameter, and the beamis neither (3) displaced nor (4) deflected at the
point of attachment. Finally, we assumed that the elastic modulus E of
theborosilicate glass filaments is unaffected by the fabrication process.
To account for deviations from ideal beam theory, the system
was calibrated using an AL1105 analytical scale (Ohaus). Cantilevers
were lowered onto a plate until the force reading deviated from zero.
Subsequently, the displacement 4 was increased in increments of
5 pumfrom O to 50 pm, inincrements of 10 pm from 50 to 100 pm and
inincrements of 100 pm from 100 to 1,000 pm. Concurrently, force
was monitored (Supplementary Fig. 5). The calibration confirmed the
linear relationbetween hand force. However, to account for deviations
from the ideal conditions in our experiments (1-4 listed above), we
introduced a correction factor in the beam equation. On the basis of
calibration experiments with individual cantilevers, this factor was
alwaysrelatively close to unity, and the linear model could be applied
within the limits of the calibration.

Experimental procedures

Apotwithanindividual Arabidopsis was placed sideways on the stage of
aleicaTCSSP8 Confocal Laser-Scanning Microscope (Leica Microsys-
tems). A petiole was carefully twisted so that the abaxial epidermis of
aleaf of theintact plant,immobilized on the stage using double-sided
carpet tape, could be monitored (Supplementary Fig. 1). Images were
taken with a hybrid detector and a x20 water-immersion lens (Leica
Microsystems, objective no.506147) at 512 x 512 resolution, scan speed
400 Hz, line averaging of 2 and pinhole set to 3 AU. R-GECOI1 (excita-
tion/emission, 561/580-620 nm) and GCaMP3 (excitation/emission,
488/500-550 nm) signals were recorded by time-lapse photography
at 0.38 frames per second (2.6 s interval between images). Mounted
plants were allowed to acclimate for 1 h. With the epidermis below the
focal plane, thebottom edge of the cantilever tip was brought into focus
(micromanipulator position zero). The cantilever was thenlifted, and
the epidermis was broughtinto focus. Before the cantilever was moved
downwards to apply force, at least 25 frames (65 s) were collected to
quantify the background fluorescence intensity, F,,.

For turgor manipulations of single cells, micropressure probes
were prepared following standard procedures™. Probes mounted
on a custom-built pressure manifold were controlled by an MPC200
motorized micromanipulator (Sutter Instruments). The probes were
pre-pressurized (0.4-0.5 MPa) before impalement.

Image processing and analysis

To analyse fluorescence intensities quantitatively in cantilever experi-
ments, thexandycoordinates of the pixel where the cantilever touched
the epidermis (the point of impact) were determined on 512 x 512
pixel micrographs using ImageJ (https://imagej.nih.gov/ij/). An algo-
rithm was created to determine distances of pixels from the point of
impactand averaging the intensities for pixels of the same distance in
1 pumsteps (Supplementary Fig. 6 and https://github.com/patrickmc-
greevy/geco_data_processing.git). The times at which the maximum
fluorescence intensities were reached at different distances from the
point of impact were established from the first derivative of B-spline
interpolations using TableCurve2D (Systat Software). To determine
the time courses of the velocities at which the fluorescence maxima
moved, alternative regression models were fitted and ranked by the cor-
rected Akaike information criterion®. For all datasets, two-parameter
models provided the best fits. Wave propagation rates (dimension:
area per unit time), defined as the velocity at which the area within
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an expanding ring of maximum fluorescence intensity expands, were
calculated from these models.

Overall fluorescence intensities within a 200 pm radius around
the point of impact were determined with the Leica LAS X software
(Leica Microsystems). To quantify changes in fluorescence intensity,
AF, the difference between the intensity at a time and the background
intensity F, was divided by F,.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Additional videos of calcium responses can be found at https://doi.
org/10.5281/zenodo0.6909354. Source data are provided with this

paper.

Code availability

The algorithm created for determining average fluorescence inten-
sities at defined distances from the point of impact is available at
https://github.com/patrickmcgreevy/geco_data_processing.git.
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Data collection | Primary data (digital confocal laser-scanning micrographs) were collected using the Leica LAS X v3.1.5 software (Leica Microsystems, Wetzlar,
Germany) that comes as the standard software for controlling advanced Leica microscopes.

Data analysis Original micrographs were processed with ImageJ v1.53, https://imagej.nih.gov/ij/. Overall fluorescence intensities in defined parts of the
images were quantified with Leica LAS X v3.1.5 (Leica Microsystems, Wetzlar, Germany). MP4-versions of the supplementary videos were
produced with QuickTimePro v7.7.9 (https://support.apple.com/downloads/quicktime). B-spline interpolations, numerical derivation, and
regressions in the analysis of wave kinetics were performed with TableCurve2D (Systeat Software, San Jose CA, USA). The algorithm created
for determining average fluorescence intensities at defined distances from the point of impact is available at https://github.com/
patrickmcgreevy/geco_data_processing.git.References. Statistical tests (Student's t-tests) were performed using Vassarstats on
vassarstats.net.
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Sample size No formal pre-determination of sample sizes was attempted because, first, the experiments initially had an exploratory character, and second,
most comparisons were qualitative (e.g., "fast wave" present or not?). For the quantitative comparison of the propagation rates of slow and
fast waves (Fig. 2c), we aimed at 8-10 independent repetitions for each treatment (different calcium sensors, cantilever or pressure-probe
tests), and did not increase these sample sizes because statistical testing indicated that the two wave types differed at p<0.0001 for every
treatment (compare Fig. 2c).

Data exclusions  Data (individual video files) were excluded only when technical issues, which unavoidably occurred in a fraction of the experiments (such as a
spontaneous movement of the leaf out of the range in which the focal plane could be adjusted), made further analyses impossible.

Replication All experiments were successfully repeated in multiple leaves (technical replicates) of several individual plants (biological replicates); the
exact numbers of technical and biological replicates for each experiment reported are given in the figure legends and the main text.

Randomization  Plants for experiments were chosen randomly from large numbers of individuals cultivated together using the same equipment.

Blinding Blinding was not performed. All plant lines used showed the same phenotype and thus were indistinguishable, and since the different results
(slow wave only versus slow wave followed by fast wave) occurred in an essentially unpredictable manner in all plants, there was no possible
experimenter's bias that could have been eliminated by blinding. Other comparisons analyzed in this study concerned potential differences
between different fluorophores used and mechanostimulations applied (cantilever versus pressure-probe). It is impossible to conduct these
experiments while blinded for the techniques used.
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