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Mechanosensation in leaf veins
Tsu-Hao Yang, Aurore Ch�etelat, Andrzej Kurenda†, Edward E. Farmer*

Whether the plant vasculature has the capacity to sense touch is unknown.We developed a quantitative assay to
investigate touch-response electrical signals in the leaves and veins of Arabidopsis thaliana. Mechanostimulated
electrical signaling in leaves displayed strong diel regulation. Signals of full amplitude could be generated by
repeated stimulation at the same site after approximately 90 minutes. However, the signals showed intermedi-
ate amplitudes when repeatedly stimulated in shorter timeframes. Using intracellular electrodes, we detected
touch-responsemembrane depolarizations in the phloem. On the basis of this, wemutatedmultiple Arabidopsis
H+-ATPase (AHA) genes expressed in companion cells. We found that aha1 aha3 double mutants attenuated
touch-responses, and this was coupled to growth rate reduction. Moreover, propagating membrane depolari-
zations could be triggered by mechanostimulating the exposed primary vasculature of wild-type plants but not
of aha1 aha3 mutants. Primary veins have autonomous mechanosensory properties which depend on P-type
proton pumps.
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INTRODUCTION
Plants can be exquisitely sensitive to gentle mechanostimulation.
For example, touching stems can almost instantly block phloem
carbon translocation in bean (Vicia faba) and in cotton (Gossypium
hirsutum) (1). These findings highlight the fact that even gentle
nondamaging touch stimuli have rapid effects on fundamental
physiological processes underlying plant growth. Arguably better
known than the rapid touch-response inhibition of carbon trans-
port is the role of the phloem in electrical signaling in carnivorous
plants. In many of these plants, prey capture is initiated when
insects stimulate sensory hairs (trichomes) on the leaf epidermis.
This is the case for the Venus flytrap (Dionaea muscipula) (2) and
in sundews (Drosera spp.) (3). In the case of the Venus flytrap, elec-
trical signals triggered by trap hair movements propagate in the
phloem leading to trap closure, e.g., (4, 5). Other touch responses
appear to be largely trichome independent but still require electrical
signaling in the phloem and possibly other vascular cell popula-
tions. This is, for example, the case of touch-stimulated leaf move-
ments in the sensitive plantMimosa pudica (6, 7). Moreover, while
the trichomes of Arabidopsis thaliana are clearly mechanosensory,
e.g., (8, 9), Arabidopsis leaves which lack trichomes still respond to
gentle bending by producing the defense mediator jasmonate (10).
This means that mechanosensory cell types might not be restricted
to the epidermis. While electrical signals can be propagated in the
phloem in response to leaf surface stimulation (4–6), the mechano-
sensory properties of sub-epidermal tissues or cell populations have
not been studied in detail.
Using A. thaliana as a model, we focused on trichome-indepen-

dent electrical events elicited bymechanostimulation of adult-phase
leaves. A suitably rapid and reproducible assay was necessary for
screening a large number of plants. Diverse methods have been
used successfully to touch-stimulate Arabidopsis leaves. These
include leaf bending (10, 11), brushing (9, 12–14), or falling water
droplets (9, 15). However, the forces (and durations) of stimulation
applied with these techniques may differ between researchers. To

investigate mechanosensation electrical signaling in the alga
Chara, Shimmen (16) dropped glass tubing onto these giant cells.
We developed a mechanostimulation method using spherical
glass beads of known masses which were dropped onto leaf surfaces
from a predetermined elevation. With video microscopy, we esti-
mated dwell times on the leaf surface, and coupled to velocity cal-
culations, we estimated applied forces. Using this simple method,
we asked whether veins themselves respond to touch stimulation
in the absence of extravascular tissues. That is, can veins act as me-
chanosensors and, if so, which cells in veins are likely to be mecha-
nosensory? Previous work showed that the leaves of Arabidopsis
produce electrical signals when they are brushed (12). However,
whether this process is trichome dependent has, to our knowledge,
not been reported. The Degli Agosti study (12) used electrodes in-
serted into leaf tissues. In the present work, we found that noninva-
sive surface electrodes also detected touch-response electrical
signals in Arabidopsis. This allowed high-throughput analyses in
which potential complications due to tissue damage could be elim-
inated. In this way, we were able to extend our study to genetic anal-
yses with the goal of identifying genes involved in touch-response
electrical signaling.
For mutational analyses aimed at altering mechanosensation-

induced electrical signaling, we targetted Arabidopsis H+-ATPase
(AHA) genes expressed in the phloem. This gene family was
chosen since it is largely responsible for maintaining plasma mem-
brane potentials (17). Furthermore, AHA1 is known to help restore
membrane potentials after wounding (18). The AHA family in A.
thaliana has 11 representatives, and the experiments we performed
took into account possible redundancy among members of this
family as has been shown elsewhere, e.g., (19, 20). Further compli-
cating genetic analyses, loss-of-function mutations in some AHAs
are male gamete-lethal (21). This precludes maintaining loss-of-
function mutants and even generating homozygotes by crossing
heterozygotes. We overcame this obstacle by using CRISPR-Cas9
mutagenesis and working with first-generation (T1) transformants
carrying biallelic or homozygous mutations.
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RESULTS
To develop a method suitable for the mechanostimulation of differ-
ent parts of the leaf, we tested a protocol in which spherical borosi-
licate beads were dropped onto expanded leaves of 5-week-old
rosettes. Noninvasive surface electrodes were placed at 0.5-cm inter-
vals along the midvein acropetal to the bead impact site at positions

E10 and E20 and basipetal to the impact site at positions E1 and E2
(Fig. 1A). Leaves were supported below the bead impact points and
pickets, marked to indicate elevations for bead dropping (fig. S1),
and were placed gently in the soil. Plants were then rested for 2 to
3 hours in the light. When 4-mm-diameter beads weighing 84.8 ±
1.0 mg were dropped 2 cm onto the adaxial petiole/lamina junction,

Fig. 1. Mechanostimulation-induced surface electrical signals in the WT. (A) Experimental design: Surface potential changes were recorded on the stimulated leaf in
response to dropping an 84.8 ± 1.0mg bead from an elevation of 2 cmonto the blade/petiole junction (yellowarrow). E1, E2, E10 , and E20 represent the positions of surface
electrodes. (B) Amplitude and (C) duration measured at electrode position E2 at 11:00, 12:00, 14:00, and 16:00 which represent the time points of 3, 4, 6, and 8 hours after
ZT. Bars are means ± SD (n = 7 to 8). Letters indicate significant differences, Tukey post hoc test: P < 0.05. Data were from two combined experiments (one for 11:00/14:00
and one for 12:00/16:00). (D) Velocities of electrical signal between electrodes. Bars are means ± SD. (n = 6). Student t test: P < 0.05. ns, not significant. (E) Representative
surface potentials at the different electrode positions. (F) Amplitudes for electrical signals detected at different electrode positions. (G) Duration for electrical signals
detected at different electrode positions. Data points on the abscissa were not used for statistical analyses. Bars are means ± SD. (n = 6 to 10). Letters indicate significant
differences, Tukey post hoc test: P < 0.05. Data in (D) to (G) are from experiments performed between 14:00 and 18:00 (ZT = 6 to 9). Data in (F) and (G) were from two
combined experiments (one for E10/E20 and one for E1/E2).
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this stimulated electrical signaling. However, during these initial ex-
periments, we noted that electrical signals were detectable in after-
noons but not in mornings. We therefore monitored the electrical
responses of Arabidopsis rosettes to bead stimulation at different
times of day. No electrical responses were detected at a Zeitgeber
time (ZT) of 3 hours, and responses were intermediate at ZT = 4
hours (Fig. 1, B and C). At 6 hours after lights were switched on
(ZT = 6), the responses monitored at electrode position E2 were
similar to those monitored 8 hours (ZT = 8) after lights on (Fig.
1, B and C).
In the wild type (WT), the velocities of the electrical signals mea-

sured between electrodes either side of the impact site were similar
(1.0 to 1.5 mm/s, equating to 6 to 9 cm/min) (Fig. 1D). Depending
on electrode placement, the electrical signals had different architec-
tures. In general, the signals were slightly asymmetrical with the de-
polarization phase being of shorter duration than the repolarization
phase (Fig. 1E). Signals were detected at the E10 and E20 positions on
the midvein were of significantly lower amplitude compared to
those measured on the petiole and the electrode placed at the E20
position failed to reproducibly detect events triggered by falling
beads (Fig. 1F). That is, signal amplitudes were highest on the basi-
petal petiole and lowest nearer the leaf apex. Depolarization dura-
tions recorded on the petiole and on the midvein was similar and
fell in the region of 4 to 6 s (Fig. 1G).

Repeated mechanostimulation generates signals with
intermediate amplitudes
We calculated the theoretical momentum of a 4-mm-diameter bead
released from 2-cm elevations (fig. S2A). Then, using video micros-
copy, we measured dwell times of the beads between the moment
they contacted the adaxial midvein at the lamina/petiole junction
until the moment they lost contact after rebounding (fig. S2B).
On the basis of these recordings, an average force of 38 mN was cal-
culated for the 4-mm-diameter beads weighing 84.8 ± 1.0 mg (fig.
S2, C and D). From extrapolation of these data, we estimated forces
for the following beads also dropped from 2-cm elevations onto
lamina/petiole junctions: 2-mm diameter (7.1 ± 0.8 mg): 3.2 mN;
3-mm diameter (38.6 ± 1.9 mg): 17 mN; 5-mm diameter (169.7 ±
2.2 mg): 76 mN. In summary, dropping 4-mm-diameter beads 2 cm
onto the leaf/petiole junctions reproducibly triggered electrical sig-
naling that could be detected along the main vein on either side of
the impact site. The three other bead diameters (2, 3, and 5 mm)
were investigated for their abilities to trigger electrical signals re-
corded at electrode E2. These experiments shown in fig. S3 (A
and B) revealed that 5-mm-diameter beads dropped 2 cm onto
petiole/lamina junctions and exerting an estimated force of 76
mN triggered reproducible surface potentials monitored at the E2
(basipetal petiole) position. Three-millimeter-diameter beads exert-
ing a calculated force of 17 mN also triggered reproducible signals.
However, 2-mm-diameter beads (3-mN estimated force) did not
consistently elicit electrical activity in the assay. In each case,
when electrical signals were detected at the same position on the
leaf, they had similar amplitudes and durations. We then asked
whether these signals corresponded to action potentials (APs).
APs are all-or-none signals with discrete refractory periods (22).

We investigated whether there was a refractory period between elec-
trical signals triggered by bead mechanostimulation. To do this,
beads were dropped twice onto the same site at the petiole/lamina
junction, and electrical signals were monitored at electrode position

E2. When 4-mm-diameter beads were dropped onto leaves with
only 30- or 60-min intervals between stimulations, the second
signals were of intermediate amplitudes. The resting time necessary
to produce a second depolarization amplitude similar to the first
one was in the order of 90 min (Fig. 2, A and B). We noted that
similar timeframes were reported for the recovery mechanostimu-
lation-inhibited phloem transport (1).

Electrical activities are trichome-independent and activate
the jasmonate pathway
Arabidopsis trichomes are mechanosensory (8, 9). The Arabidopsis
glabra1-1 (gl1-1) mutant lacks trichomes and has altered cuticular
properties (23). Electrical activity was monitored at electrode posi-
tion E2 in response to dropping 4-mm beads onto the lamina/
petiole junction of gl1-1. Compared to theWT, we found no signifi-
cant effect of gl1-1 on electrical events with our assays (fig. S4A). To
test whether mechanostimulation-induced surface potentials re-
quired a functional jasmonate pathway, we used the same assays
this time with a loss-of-function allene oxide synthase (aos)
mutant (24). This mutant did not affect surface potential produc-
tion in our assays (fig. S4B). Mild mechanostimulation stimulates
activity of the jasmonate pathway (10, 25, 26). To investigate induc-
tion of jasmonate signaling, a reporter gene comprising the jasmo-
nate-inducible ALLENE OXIDE SYNTHASE (AOS) promoter
driving expression of nuclear-localized Venus fluorescent protein
AOSpro::3x-NLS-Venus (27) in the WT was used. Fluorescent
imaging 4 hours after bead dropping showed reporter activation
near the bead drop site (fig. S4C). We found that bead stimulation
caused the accumulation ofAOS transcripts inWT plants (fig. S4D).

Electrical signals are detected after mechanostimulating
exposed veins
We next compared electrical responses measured over the midvein
to those in the lamina. Using the experimental design shown in Fig.
3A, we found that dropping 4-mm-diameter beads onto petiole/
lamina junctions elicited signals in the lamina (monitored at the
E200 position) that had different architectures (Fig. 3B), lower ampli-
tudes, and shorter durations (Fig. 3C) than those detected on the
primary vein at position E10. We then tested whether touch-re-
sponse electrical signals could propagate through vein tissue from
which extravascular cells had been removed. Sections of the petiolar
primary vein approximately 1 mm long were surgically exposed as
shown in Fig. 3D. Electrical signals generated by mechanostimula-
tion could be detected distal to the site of extravascular tissue
removal (Fig. 3E).
To investigate the possibility that the vasculature could itself act

as a mechanosensor in the absence of extravascular tissues, primary
veins from expanded leaves were exposed as described previously
(28). This method involves gently pulling the petiolar sheath off
the main vein, leaving the exposed vein attached to the petiole as
illustrated in Fig. 3F. For experiments, veins were exposed in the
morning at ZT = 1 to 2 hours and were immediately laid on
glucose-containing agar strips as shown in Fig. 3G. The plant was
then placed in the light at high humidity for a further 4 hours. At
that time, beads (4-mm diameter, 85-mg masses) were dropped
from an elevation of 2 cm onto the vein at a distance of 1 cm
from where it was attached to the petiole. Electrodes on the petioles
were used to monitor mechanostimulated electrical activity. In four
of nine experiments, electrical signals were successfully monitored
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in the intact petiole distal to the bead impact site on the vein (Fig.
3H). These signals had amplitudes (approximately 20 mV; Fig. 3H)
lower than those measured at the same position in intact plants (Fig.
1F). To further examine vascular autonomy in mechanosensation,
we used WT plants expressing the cytosolic Ca2+ reporter GCaMP3
under the UBIQUITIN 10 promoter (29). When beads were
dropped onto the exposed primary veins of these plants, Ca2+
signals propagated basipetally away from the impact site (movie S1).
Having established that veins could produce electrical signals, we

investigated whether phloem cells were excitable in response to bead
stimulation. Using the aphid Brevicoryne brassicae as a living elec-
trode with which to probe plant-derived electrical activity (30), we
probed sieve elements during mechanostimulation. Beads of diam-
eter 5 mm were dropped from 2 cm above the leaf onto the lamina/
petiole junction to apply mechanostimulation. Aphids fed most fre-
quently on the laminal midvein (equivalent to position E10) approx-
imately 1 cm from the bead impact site (Fig. 4A). Induced
membrane potential changes were monitored during the aphid
feeding phase as described (30). A representative signal is shown
in Fig. 4B. Additional measurements under the same conditions
were used to monitor surface potentials. Phloem signals had
similar amplitudes to surface potentials (Fig. 4C), but the durations
of the phloem signals were significantly shorter than those of the
surface potentials (Fig. 4D).

glr and msl10 mutations affect mechanostimulated
electrical activity
Ion channels with genetically verified roles in wound-response elec-
trical signaling include GLUTAMATE RECEPTOR-LIKE (GLR)
GLR3.3 and GLR3.6 (31) and MscS-Like 10 (MSL10) (32).
Mutants in the genes encoding these proteins were tested in the

mechanostimulation assay. The glr3.3 glr3.6 double mutant attenu-
ated membrane depolarization amplitudes (fig. S5A) but did not
affect their durations (fig. S5B). By contrast, an msl10 mutant did
not display significantly altered membrane depolarization ampli-
tudes (fig. S5C). Signal durations were diminished at bordlerline
significance in msl10 relative to the WT (fig. S5D). We then
sought further genes which might function in touch-response elec-
trical signaling.

Proton pumps underlie touch-response membrane
potential changes
Using three guide RNAs per gene (table S1), we targeted a quartet of
AHAs (AHA1, AHA3, AHA8, and AHA11) that are most abundant-
ly expressed in phloem companion cells according to You et al. (33).
These experiments produced two lines (A11 and A24) with clearly
defined mutations in AHA1 and AHA11 (fig. S6, A and B). No mu-
tations in AHA3 or AHA8 were detected in these plants, and the
plants at the T1 stage all had WT-like growth rates and phenotypes
(fig S6, C and D). Using the experimental design in fig. S6E, no
effect of the aha1 aha11 double mutant on mechanosensation
was detected (fig. S6, F and G). From the same transformation,
one line carrying a putative homozygous mutation(s) in AHA3
and a putative heterozygous mutation(s) in AHA8 (line 21) was
backcrossed with the WT and genotyped (Fig. 4E) using primers
shown in table S2A. Seeds from the backcross were selected, and
plants carrying putative homozygous aha3 mutations were tested
in the bead assay (Fig. 4F). Aweak but statistically significant reduc-
tion in membrane depolarization amplitude relative to the WT was
detected in these plants (Fig. 4G). Pollen carrying loss-of-function
aha3mutations is not viable (21), and we found that plants carrying
putative homozygous or biallelic aha3 mutations were sterile (Fig.

Fig. 2. Characteristics of mechanostimulation-induced surface electrical signals. The monitoring electrode was placed at position E2, and beads were dropped onto
petiole/lamina junctions. The distance between E2 and the bead impact site was 1 cm as shown in main Fig. 1A. Experiments were performed between 14:00 and 18:00
(ZT = 6 and 9). (A) Representative surface potential changes of two consecutive bead (85 mg) stimulations on the same plant with 30-, 60-, and 90-min intervals. (B)
Amplitude and duration. Data points on the abscissawere not used for statistical analyses. Bars are means ± SD. (n = 8 to 13). Student t test: ***P < 0.001, **P < 0.01. All the
recordings were measured at electrode position E2.
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4H). Given theweak effect of aha3mutation and potential complex-
ities from mutated aha8, these experiments were considered to be
insufficient.
Work on AHA8 was abandoned and we focused on obtaining

aha3 mutations in aha1 aha11 backgrounds. For this, the A11
double mutant was retransformed with guide RNAs targeting
AHA3. A portion of these T1 plants displayed clearly reduced
growth rates (fig. S7A). The AHA3 alleles in these plants were

sequence-confirmed (table S3) using primers shown in table S2B.
Eight verified aha1 aha3 aha11 triple mutants were bead-stimulated
(fig. S7B) and were found to have strongly altered membrane depo-
larization amplitudes relative to theWT (fig. S7C). These plants did
not produce siliques (fig. S7D). These data indicated that loss of
function in AHA3 in the aha1 aha11 background strongly affected
mechanosensation. To discover which of the two mutated AHAs
(AHA1 or AHA11) enhanced the weak mechanosensation

Fig. 3. Mechanosensation in the primary vein. (A) Experimental design: E10 and E200 are the positions of surface electrodes. Electrodes were 5 mm distant from the
stimulation site indicated with a yellow arrow. The support below the stimulation site is not shown. (B) Representative surface potential changes recorded on the stim-
ulated leaf in response to dropping an 85-mg bead from an elevation of 2 cm onto the blade/petiole junction. (C) Amplitude and duration (n = 10). (D) Experimental
design to test signal propagation through a vein lacking surrounding tissues. Scale bar, 1 cm. (E) Amplitude and duration of signals transmitted through veins lacking
surrounding tissues. (n = 5) (F) Scheme showing exposed vein and placement of the recording electrode (E2). The bead impact site is 1 cm from the petiole sheath. (G)
Experimental design for vein mechanostimulation. Scale bar, 1 cm. For (D) and (G), electrode position (white arrowhead) and bead impact site (orange arrow). (H) Am-
plitude and duration (n = 9). Data points on the abscissa were not used for statistical analyses. Bars are means ± SD. Student t test: **P < 0.01, ***P < 0.001. Experiments
were performed between 14:00 and 18:00 (ZT = 6 to 9).
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phenotype of loss-of-function aha3 mutants (Fig. 4G), two double
mutants were produced: aha1-7 aha3 in which the aha1-7 Transfer-
DNA (T-DNA) insertion mutant from (18) was used and aha3
aha11. The aha1-7 aha3 mutants grew more slowly than the WT
(Fig. 5A) and were infertile (Fig. 5B). When tested in mechanosti-
mulation assays (Fig. 5C), aha1-7 aha3 showed a strong reduction in
mechanosensation-induced electrical signal amplitude with a

statistically insignificant effect on duration (Fig. 5D). Sequencing
of the aha1 aha3 and aha3 aha11 lines tested confirmed that they
carried homozygous or biallelic aha3 mutations (table S3). The
aha3 aha11 mutants showed no evident mechanosensation pheno-
types (fig. S8A); however, we noted weakly reduced growth rates
(fig. S8B) and infertility (fig. S8C). Using the experimental design
in Fig. 5E, we then compared the mechanosensitivity of WT and

Fig. 4. Mutations in phloem-expressed AHAs at-
tenuate mechanoresponse electrical signaling.
Detection of touch-response electrical signals in
phloem sieve elements. (A) Experimental design. The
bead impact site is indicated with a yellow arrow. EPG
represents the electrical penetration graph (EPG)
electrode attached to a feeding aphid (white circle).
(B) Recording of phloem electrical activity. The black
arrowhead indicates the moment of stimulation; 5-
mm-diameter bead dropped 2 cm onto the petiole of
the leaf. Note that the leaf was not supported. Am-
plitude (C) and duration (D) of mechanostimulation-
induced surface potentials measured in the same
region and phloem electrical signals. Surface elec-
trode: n = 9; phloem electrode: n = 12. Error bars are
mean ± SD. Student t test: ***P < 0.001. Experiments
were performed between 14:00 and 18:00 (ZT = 6 to
9). Biallelic aha3 CRISPR-Cas9 mutations attenuate
mechanostimulation-induced electrical signals. (E)
Genotyping PCR for AHA3 and AHA8. Red triangles
indicated the biallelic aha3mutants in T1 (no. 21) and
in backcrossed (BC) generations. (F) Experimental
design. Four-millimeter diameter (85 mg) beads were
used to stimulate leaves the blade/petiole junction
(yellowarrow). Electrical signals weremeasured at the
E2 position. (G) Amplitude and duration of mecha-
nostimulation-induced electrical signals. Bars are
means ± SD. (n = 5 to 8). Student t test: ***P < 0.001;
*P < 0.05. (H) Siliques of WT and male-sterile aha3
mutants. Scale bar, 1 cm.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Yang et al., Sci. Adv. 9, eadh5078 (2023) 20 September 2023 6 of 12



Fig. 5. Effect of aha1 aha3mutations onmechanostimulation-induced electrical signals. (A) Rosette phenotype of 5-week-oldWT and 7-week-old aha1 aha3 plants.
Scale bar, 1 cm. (B) Siliques of WT and aha1 aha3. Arrowheads indicate failure of aha1 aha3 to produce siliques. Scale bar, 1 cm. (C) Experimental design for mecha-
nostimulation of leaves. Plants were stimulated by dropping a 4-mm-diameter bead from an elevation of 2 cm onto the blade/petiole junction (yellow arrow). (D) Am-
plitude and duration of mechanostimulation-induced electrical signals in leaves. Bars are means ± SD (n = 5). Student t test: ***P < 0.001. (E) Experimental design for
mechanostimulation of exposed veins with 4-mm-diameter beads. The yellow arrow indicates the impact site. (F) Amplitude and duration of mechanostimulation-
induced electrical signals in veins. Data points on the abscissa were not used for statistical analyses. Bars and means ± SD (n = 7 to 9). Student t test: ***P < 0.001.
(G) Staining pattern produced by AHA3pro::AHA3-GUS expression in a leaf of a 4-week-old plant. Scale bar, 1 mm. The aha1-7 allele from (18) was used to construct
aha1 aha3 mutants.
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aha1-7 aha3 veins. Approximately half (five of nine) of WT veins
produced electrical signals in response to bead stimulation,
whereas these signals were invariably undetectable in the mutant
(Fig. 5F). Last, DeWitt and Sussman (34) discovered AHA3
protein in companion cells in major and minor leaf veins. Plants
expressing an AHA3pro::AHA3-GUS fusion protein were generated.
β-Glucuronidase activity was observed in all three leaf vein orders
throughout the leaf (Fig. 5G).

DISCUSSION
The touch-response signal is not an AP
Using parallel experimental designs and genetic analyses, we detect-
ed and manipulated touch-response electrical signals in both leaves
and veins. Mechanostimulation-induced electrical signals in leaves
were undetectable in the first 3 hours of morning light, becoming
reproducibly detectable approximately 6 hours after illumination.
The transcript levels of many touch-inducible genes in Arabidopsis
increase in darkness (11). However, we are unaware of reports of
time-of-day–dependent mechanosensitivity or electrical signaling
in this plant. APs in metazoans are typically all-or-none signals.
That is, after a refractory period, the signal produced by a second
stimulus to the same individual is essentially identical in amplitude
to that produced by the first stimulus (22). Signals with these char-
acteristics are well known in plants, for example, the Venus flytrap,
e.g., (35). By contrast, intermediate amplitudes were generated in
Arabidopsis when the interval between successive bead mechanos-
timulations was less than 90 min. This distinguishes the signals we
monitored from canonical APs. Other non-AP signals, typically
with longer durations than those we measured, can be produced
in response to stem bending (36).

P-type proton pumps function in mechanosensation
We found that a glr3.3 glr3.6 double mutant in which leaf-to-leaf
wound-response electrical signaling is impaired (31), also weakly
attenuated touch-induced electrical signals. Finding an impact of
this double mutant on touch-response electrical signaling high-
lights a partial mechanistic overlap between touch and wound sig-
naling. However, since glr3.3 glr3.6 failed to eliminate touch-
response signals, we sought other genes which might play a role
in this process. The diverse mechanisms of mechanosensation in
bacteria (37), mammals (38), insects (39), and plants (40, 41) all
require transmembrane ion and/or proton fluxes, and several ion
channels potentially involved in leaf mechanosensation have been
identified (42, 43). In contrast, the roles of proton pumps in mecha-
nosensation are poorly characterized. AHAs are primary determi-
nants of membrane potential in plants (17), and the touch-induced
movements in M. pudica are thought to depend on proton pumps
(44). This, and the fact that touch-stimulated electrical signals could
be detected in sieve elements, led us to target four proton pumps
expressed in the phloem: AHA1, AHA3, AHA8, and AHA11.
Since the AHA3 gene is essential for pollen viability (21), we had
to work on T1 generation plants and to create homozygous or bial-
lelic mutants in single rounds of CRISPR-Cas9 mutagenesis. Initial
findings that aha3 mutation weakly attenuated electrical signaling
prompted further CRISPR-Cas9 mutagenesis, which led to the
finding that strong electrical signal attenuation occurred in aha1
aha3 double mutants.

What, if any, is the biological relevance of the observations of
diel electrical signaling in response to mechanostimulation? In
the timeframe of 6 to 9 hours after the end of the night, forces es-
timated to be as low as 17 mN consistently provoked electrical sig-
naling. Similar if not larger forces would be generated by falling
raindrops. The fact that mechanostimulation-induced local jasmo-
nate signaling suggests a connection to plant defense. Under some
conditions (such as penetration of developmental layer 3 by sucking
invertebrates), there may be advantages of locally inducing jasmo-
nate pathway activity. We note, however, that the long recovery
periods between full-amplitude touch-response electrical signals
might preclude strong stimulation of defenses. What is of interest
is the connection of touch-induced jasmonate induction and
phloem P-type H+-ATPases. Insects and pathogens manipulate
the activities of plasma membrane proton pumps (45, 46). Our ob-
servations draw attention to the fact that organisms that can manip-
ulate phloem AHAs may strongly affect plant defense and
plant growth.

A potential link between growth rate and electrical
signaling
Our findings suggest that the ability to produce mechanoresponse
electrical signals relates directly or indirectly to the principal trans-
port functions of the phloem. In nature, leaves and branches oscil-
late in the wind, and oscillations can activate mechanosensitive
channels like MSL10 (47). Having a touch-response mechanism
that does not fire at full power with each stimulation would allow
phloem function to continue and therefore would permit normal
physiological function. Related to this, when a phloem-expressed
AHA gene in tobacco was down-regulated, the resultant plants
were stunted (48). Here, an association between growth rate and
electrical signaling was observed repeatedly in plants carrying con-
firmed homozygous or biallelic aha3 mutations in aha1 loss-of-
function mutant backgrounds. While the aha1 aha11 double
mutants grew at rates similar to theWT, the growth rate/excitability
association was evident in aha3 mutants in aha1 aha11 back-
grounds (fig. S7), aha3 mutations in the aha11 background
(where the effect was weak; fig. S8), and aha3 mutants in the
aha1 background (Fig. 5). In summary, AHA3 gene function in
an aha1 background is vital for mechanosensation-response electri-
cal signaling and, in these plants, touch-induced electrical signaling
is connected to overall rosette growth rate. Repeated daily bending
or brushing of Arabidopsis leaves induces jasmonate production
and causes thigmomorphogenesis (10) via transcriptional pathways
which are both jasmonate dependent and independent (14). It
remains to be seen whether the electrical activities we detected
relate in any way to thigmomorphogenesis.
AHA3 protein localizes to companion cells (34), and proton gra-

dients, together with K+ transport, are essential for phloem loading
(34, 49). Previous reports showed that stimuli including cold-shock
or current injection triggered electrical signals in the phloem and
simultaneously inhibited phloem translocation in maize (50). Fur-
thermore, spontaneous changes in membrane potential in trees can
occur in diel time scales and are related to physiology, in particular
transpiration rates, e.g., (51). In a fascinating parallel with our find-
ings, a previous study (52) found that current injection excited leaf
movements in M. pudica. Those leaf movements were minimal in
the early morning and reached a maximum around midday. We
speculate that the production of mechanostimulation-induced
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electrical signals observed in our study is coupled to diel changes in
phloem physiology. If so, these electrical signals (which are readily
detectable at the leaf surface) could provide powerful, noninvasive
read-outs of phloem status. Our results highlight the fact that, in an
adult-phase plant, mechanoresponsive electrical signaling in the
phloem is linked tightly to fundamental physiological processes un-
derlying growth. Such a link is generally not the case for mechano-
sensation in metazoans. In animals, neuron ablation frequently
annihilates specific behavioral responses without strongly affecting
growth rates, e.g., (53).

Veins act as mechanosensors
Evidence consistent with autonomous mechanosensory properties
of vascular cell populations is lacking. Using exposed primary veins
attached to their WT parent plants and devoid of surrounding cells
from developmental layers 1 (epidermis) and 2 (mesophyll), we
found that electrical signals could be generated in response to
bead impact. By contrast, the exposed primary veins of aha1 aha3
mutants did not produce measurable electrical signals uponmecha-
nostimulation. Moreover, and consistent with autonomous vascular
mechanosensation, cytosolic Ca2+ transients triggered by falling
beads propagated axially along exposed veins away from bead
impact sites. Parallel analyses of electrical signaling in leaves and
veins showed that attenuation of vascular electrical signals correlat-
ed with the reduction of signals measured on leaf surfaces. AHA3,
the only individual gene product we studied which, when mutated,
affects mechanostimulation-induced electrical signals, localizes to
companion cells in both major andminor veins (34). We confirmed
and extended these observations, finding AHA3 protein throughout
the vasculature in primary, secondary, and tertiary veins. To con-
clude, the primary vasculature can act as an autonomous mechano-
sensory structure; our results now raise the possibility that this is the
case for other vein orders.
The following aspects will need consideration in future work. Al-

though we have calculated forces applied to leaves, these are only
estimates. The time of day, plant age, growth, watering conditions,
and turgor may influence the real forces experienced by plants.
Albeit highly informative, the strong effects of aha1 aha3mutations
on growth mean that WT and aha1 aha3 plants of the same age
cannot be compared. We have not measured absolute membrane
potentials. This leaves open the possibility that resting membrane
potentials are lower in aha1 aha3 mutants than in the WT.
Related to this, we do not know the mechanism underlying
touch-response phloem membrane depolarization. Last, vein ex-
traction inflicts substantial stress, breaking junctions between the
primary and secondary vasculature (28). Potentially related to
this, the amplitudes of depolarizations detected when exposed
veins were stimulated were lower than those monitored on intact
leaves. If damage to vein junctions or the stress of vein exposure
is not responsible for these low amplitude depolarizations, then
nonvascular cells in the vicinity of the mechanostimulated region
might contribute to electrical activity measured on the leaf
surface. If so, then the fascinating question of how electrical
signals are coordinated between developmental layer 3 (the vascu-
lature) and layers 1 and 2 must be addressed.

MATERIALS AND METHODS
Plant material and growth conditions
A. thaliana (Columbia, Col) plants were grown in soil in 7-cm-di-
ameter pots in short days (10 hours light, 120 μE m−2 s−1 at 22°C
and 14 hours darkness at 18°C) at 70% relative humidity. Assays
were conducted with plants at the 5- to 6-week stage. Mutants in
the Col background used in this study were glr3.3 (SALK_099757)
and glr3.6 (SALK_091801) (31), msl10-1 (SALK_076254) (54), and
aha1-7 (SALK_065288) (18). The aos mutant in the WT back-
ground was from (24). WT plants expressing UBQ10promoter::G-
CaMP3 in the WT background were from (29).

Bead assay development
Beads were dropped from 2-cm elevations onto adaxial petiole/
lamina junctions as described in Fig. 1A and fig. S1. For force cal-
culations, serial images perpendicular to the fall path of the bead
were captured with a USB 3.0 monochrome DMK 33UX174
camera (The Imaging Source, Bremen, Germany) at 1000 frames/
s. These recordings were used to determine the duration of
contact between the bead and the leaf. The force was calculated ac-
cordingly (fig S2).
The following borosilicate beads were used in experiments: 5

mm diameter weighing 169.7 ± 2.2 mg (n = 12) were Nr. HH56.1
from Glaskugeln Carl Roth, Germany). Estimated approximate
force on lamina/petiole junction when dropped from 2-cm eleva-
tion: 76 mN; 4-mm diameter weighing 84.8 ± 1.0 mg (n = 12):
Z265934-1EA, Sigma-Aldrich, USA. Estimated approximate force
on lamina/petiole junction when dropped from 2-cm elevation:
38 mN; 3-mm diameter weighing 38.6 ± 1.9 mg (n = 12):
Z143928-1EA, Sigma-Aldrich. Estimated approximate force on
lamina/petiole junction when dropped from 2-cm elevation: 17
mN; 2-mm diameter weighing 7.1 ± 0.8 mg (n = 12): Z273627-
1EA, Sigma-Aldrich. Estimated approximate force on lamina/
petiole junction when dropped from 2-cm elevation: 3.2 mN.

Surface potential measurements
Silver/silver chloride electrodes were placed on the leaf 8 as de-
scribed inMousavi et al. (31). The connection between the electrode
and leaf was made with a drop of 10 mM KCl in 0.5% (w/v) agar.
The reference electrode was placed in the soil. Surface potential
signals were recorded using LabScribe3 software (iWorx Systems
Inc., Dover, NH), and signals were analyzed for depolarization am-
plitude and duration as described previously (31). The 10-mm-di-
ameter and 10-mm-length hollow columnar plastic supports (Maxi
beads 10 mm #8571, Hama, Denmark) were placed underneath and
in contact with the petiole at the lamina/petiole junction (fig. S1).
After a minimum 2-hour rest, beads were dropped from 2-cm
height onto the adaxial lamina/petiole junction. Screening for me-
chanosensation-induced electrical signaling was performed in the
afternoon (ZT = 6 to 9 hours) to avoid false positives.

Electrical penetration graph recordings
The electrical penetration graph (EPG) system used for recording
electrical signals from phloem sieve elements was as described pre-
viously (18, 30). Bead stimulation was conducted when aphids were
in the E2 feeding phase according to Tjallingii (55). Experiments
were carried out in a Faraday cage. The aphids (B. brassicae L.)
were attached with gold wires (Ø18 μm) using water-based silver
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glue (EPG Systems, Wageningen, Netherlands). Aphids were placed
on leaf 8 close to the lamina/petiole junction where they generally
fed on the midvein. The reference electrode was placed in the soil. A
calibration pulse (50 mV) was applied before each recording.
During aphid feeding, borosilicate beads 5-mm diameter weighing
169.7 ± 2.2 mg (n = 12) (Glaskugeln Nr. HH56.1, Carl Roth,
Germany) were dropped onto the petiole from 2-cm height, approx-
imately 5 mm away from the aphid electrode. No supports were
placed under leaves since we found that this sometimes caused dis-
lodgement of aphids or perturbation of the E2 phase. The
maximum electrical signal amplitude was measured from the base-
line. The signal duration was defined as the time from depolariza-
tion of half amplitude to repolarization of half amplitude.

Vein extraction
For monitoring electrical signals, midveins were extracted from the
leaves of 6-week-old rosettes (28). The midveins, still attached to
their parent plants, were placed on 0.7% agar containing ½ Mura-
shige and Skoog medium and 5% (w/v) glucose for 3 to 4 hours
before experiments. Note that several media were tested and that
veins laid onto agar lacking glucose did not produce electrical
signals. Four-millimeter borosilicate beads were used to stimulate
the exposed vein from 2-cm elevations. Electrical signals were re-
corded at the E2 position.

Calcium imaging
Exposed midveins attached to their parent 6-week-old UBQ10::G-
CaMP3 plants (29) were placed on 0.7% agar containing ½ Mura-
shige and Skoog medium, 5% (w/v) glucose, and 0.1% (w/v) red
carmine (La Pateliere, Condom, France; used to reduce optical in-
terference from the agar) for 4 hours before experiments. Four-mil-
limeter borosilicate beads were used to stimulate the exposed vein
from 2-cm elevations.

Microscopy
Five-week-old Arabidopsis plants expressing AOSpro::NLS-
3XVenus (27) were bead-stimulated and maintained in the light.
After 4 hours, the stimulated regions of leaves were observed with
an SMZ18 stereomicroscope (Nikon Instruments Europe BV, Am-
sterdam, Netherlands). Images were captured with an ORCA-
Flash4.0 (C11440) camera (Hamamatsu, Solothurn, Switzerland)
and enhanced green fluorescent protein emission/excitation filter
set (AHF analysentechnik AG, Tübingen, Germany). The same mi-
croscope, camera, and filter set were used for cytosolic
Ca2+ imaging.

Quantitative polymerase chain reaction
Total RNA was isolated with DNA-free RNA isolation protocols
(56). Total RNA (400 ng) was used to synthesize complementary
DNA with the M-MLV Reverse Transcriptase, RNase H minus
(Promega, Dübendorf, Switzerland), first-strand synthesis system.
Quantitative polymerase chain reaction (PCR) analysis was per-
formed on 10 ng of cDNAwith a homemade master mix containing
GoTaq polymerase (Promega) and 5× colorless GoTaq reaction
buffer (Promega), 0.2 mM deoxynucleotide triphosphates, 2.5
mM MgCl2, 30 nM 6-carboxy-X-rhodamine dye, and SYBR
Green in a final volume of 20 μl. Ubiquitin-conjugating enzyme
(UBC21) At5g25760 (57) was used as reference gene. AOS
(At5g42650) transcripts (58) were displayed relative to UBC21.

Generation of transgenic lines
The four phloem-expressed AHAs chosen were AHA1, AHA3,
AHA8, and AHA11. These genes were selected from supplementary
dataset 1 in (33) by filtering for AHAs. Three guide RNAs per gene
were designed in benchling website (https://benchling.com). Guide
RNAs (table S1) were cloned using the oligo annealing technique
(59) and then ligated into Gateway-entry vectors (pRU41-
pRU46), which had been linearized with Bbs I (R3539S, New
England BioLabs Inc. Allschwil, Switzerland) according to (60).
Six guide RNAs (three per target gene) were assembled into the in-
termediate vector pSF280 using Golden Gate cloning with Bsa I
(Eco31I, FD0294, Thermo Fisher Scientific. Zug, Switzerland).
For simultaneously targeting of four AHAs, two intermediate
vectors, each containing six guide RNAs, were cloned into destina-
tion vectors (pRU051 and pRU052) with the PcUBI4-2::SpCas9 (61,
62) and FastRed or FastGreen cassettes, respectively (60, 63). WT
plants were cotransformed with the two destination vectors. T1
transgenic seeds with both red and green fluorescence were
planted and genotyped. Multiple CRISPR-Cas9–mutated aha T1
lines were selected for the absence of Cas9 in the T2 generation
and genotyped to exclude potentially nonheritable somatic muta-
tions. Two independent aha1 aha11 double mutant lines were iden-
tified: A11 and A24. Line A11 has a 274T insertion and a deletion
from 874G to 1298C in AHA1. Line A11 also has deletion from
275G to 287A and 6G, 687A insertion in AHA11. Line A24 has a
274A insertion and a deletion from 874G to 1299C in AHA1 and
insertion of 8T, deletion of 286G and 287A in AHA11.
Homozygous mutations in aha3 were identified in the T1

CRISPR-Cas9–mutated generation. To maintain aha3 mutations,
the homozygous plants (male sterile) were backcrossed with WT.
Fluorescent seeds indicating the presence of Cas9 were kept as a
backcross population. In such a population, Cas9 could indepen-
dently mutate the singleWT copy ofAHA3, which increases the fre-
quency of homozygous aha3 mutations. Generation of aha1 aha3
aha11, aha1-7 aha3, and aha3 aha11 mutants: A11 line, aha1-7
(T-DNA insertion mutant from Kumari et al. (18), and an aha11
CRISPR-Cas9 mutant (AHA11 coding sequence 24-689 deletion)
line were transformed with pEC1.2::zCas9i (64, 65) and appropriate
guide RNAs (table S1) to target AHA3 in respective backgrounds.
To generate a AHA3pro::AHA3-GUSPLUS construct, the AHA3

promoter was amplified from genomic DNA (forward primer:
50-CGCGGGTACCCTGTCCCCACCATCCAACTTAT-30 and
reverse primer: 5’-AGCCCCCGGGCTTCTCTCTGTGCCTTCGT
TCA-30) and cloned with Kpn 1 and Xma 1 into pUC57 (L4 and
R1 sites). The AHA3 genomic coding sequence was amplified
(forward primer: 50-GGGGACAAGTTTGTACAAAAAAGCAGG
CTATGGCGAGTGGCCTCGAGGAT-30 and reverse primer: 50-G
GGGACCACTTTGTACAAGAAAGCTGGGTTAACGGTGTAGT
GACCAGC-30) and cloned into pDONR/Zeo (L1 and L2 sites)
using Gateway cloning (Thermo Fisher Scientific, Zug, Switzer-
land). The GUSplus gene (66) was cloned into pDONR (R2 and L3
sites) using Gateway cloning. These three constructs were subcloned
into destination vector FR34GW (R4 and R3 sites) with a FastRed
cassette (67) using Gateway LR cloning to generate theAHA3pro::A-
HA3-GUSPLUS construct. The destination construct was trans-
formed into the Col-0 background.
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GUS staining
Soil-grown 3.5-week-old plants expressing AHA3pro::AHA3g-
GUSPLUS were fixed with 90% acetone for 30 min and washed
three times with 50 mM sodium phosphate buffer (pH 7.2).
Samples were vacuum-infiltrated for three times (15 min each
time) with staining solution containing 10 mM EDTA, 50 mM
sodium phosphate buffer (pH 7.2), 1 mM K4Fe(CN)6, 1 mM
K3Fe(CN)6, 0.1% (v/v) Triton X-100, and X-Gluc (0.5 mg ml−1)
(29) and then incubated at 37°C for 16 hours. Samples were
cleared with 90% ethanol and stored in 70% ethanol. Images were
obtained with a VHX-6000 digital microscope (Keyence,
Osaka, Japan).

Genotyping and sequencing
PCR products amplified from genomic DNA of the CRISPR-Cas9
mutant plants with primers shown in table S2A were sequenced
with primers shown in table S2B. Homozygousmutations generated
clear results in sequencing. To investigate heterozygous and biallelic
mutations, PCR products from each plant were cloned with pGEM-
T Easy Vector Systems (Promega) independently. Plasmids from
single colonies were sequenced separately. In this way, two indepen-
dent alleles from each single plant were identified (table S3).

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S3
Legend for movie S1

Other Supplementary Material for this
manuscript includes the following:
Movie S1
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