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Mechanodetection of neighbor plants elicits
adaptive leaf movements through calcium
dynamics

Chrysoula K. Pantazopoulou 1 , Sara Buti 1, Chi Tam Nguyen 2,
Lisa Oskam 1, Daan A. Weits 1, Edward E. Farmer 2, Kaisa Kajala 1 &
Ronald Pierik 1,3

Plants detect their neighbors via various cues, including reflected light and
touching of leaf tips, which elicit upward leaf movement (hyponasty). It is
currently unknown how touch is sensed and how the signal is transferred from
the leaf tip to the petiole base that drives hyponasty. Here, we show that touch-
induced hyponasty involves a signal transduction pathway that is distinct from
light-mediated hyponasty. We found that mechanostimulation of the leaf tip
upon touching causes cytosolic calcium ([Ca2+]cyt induction in leaf tip tri-
chomes that spreads towards the petiole. Both perturbation of the calcium
response and the absence of trichomes reduce touch-induced hyponasty.
Finally, using plant competition assays, we show that touch-induced hypo-
nasty is adaptive in dense stands of Arabidopsis. We thus establish a novel,
adaptive mechanism regulating hyponastic leaf movement in response to
mechanostimulation by neighbors in dense vegetation.

Plants growing athighdensities compete for resources, including light.
Light quality changes are generally known to be received as a neighbor
detection cue. The best-established above-ground neighbor detection
signal is the reduction of the red (R) to far-red (FR) light ratio (R:FR)1

following from waveband-specific absorption (R) and reflection (FR)
properties of leaves. Plants respond to reduced R:FR through shade
avoidance syndrome (SAS) responses2,3, with a central role for PHY-
TOCHROME INTERACTING FACTORS (PIFs)4–6. SAS includes petiole,
stem, and hypocotyl elongation, apical dominance, early flowering,
and hyponasty (upward movement of the leaf)7–9. Interestingly, dif-
ferent responses are elicited, depending on where low R:FR is per-
ceived: Local-FR enrichment of the leaf tip induces differential petiole
elongation in the abaxial side of the petiole causing hyponasty, while
local FR enrichment of the petiole leads to petiole elongation without
hyponasty10. Although FR-enrichment by neighbors is a ubiquitously
occurring early neighbor detection cue, it is complemented, and
sometimes even preceded by, another neighbor detection cue in
rosette plant canopies: touching of neighboring leaf tips11.

In response to this mechanostimulation of the leaf tip a differ-
ential growth response is triggered in the petiole leading to hyponasty,
reminiscent of the low R:FR-induced hyponastic response. This hypo-
nastic leaf movement creates a vertical canopy structure that then
generates the classic FR light reflection leading to R:FR signaling in
plants11. The mechanisms involved in detecting and spatially relaying
the mechanostimulation from leaf tip to base are currently unknown.
Mechanostimulation responses and wounding are primarily regulated
by the plant hormone jasmonic acid (JA)12,13. Wound responses involve
long-distance signaling between thewound anddistal tissues that both
elicit a rise in JA, and whose JA response patterns are connected via
membrane depolarizations processed via Glutamate-receptor-like
proteins (GLRs)12,14–17. Wounding, or mechanostimulation stimulates
increases in cytosolic calcium [Ca2+]cyt. with the GLRs controlling this
induction13,17–22.

Here, we investigate how leaf tip touching is sensed and signaled
over the leaf in order to induce differential growth in the petiole base.
We show that the signaling mechanisms of touch-induced hyponasty
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are fundamentally different from those involved in low R:FR light-
mediated hyponasty. In a transcriptome survey, we observed strong
enrichment of JA- and abscisic acid (ABA)-associated genes, whereas
the canonical auxin pathway was not induced, unlike R:FR-mediated
leaf movement. We associated the transcriptome signatures with
mechanical stimulation responses, happening specifically in the leaf
tip. Using the GFP-based GCaMP3 biosensor, we observed that
mechanostimulation of the leaf tip promotes [Ca2+]cyt induction and
spread towards the petiole in aGLRs-dependentmanner. Interestingly,
this [Ca2+]cyt increase is triggered from the trichomes, the very first
tissue to interact between two touching leaves.We show that these are
not just the first cells to contact neighbors; they also play an important
role in inducing the response, since trichome-less mutants have
strongly reduced touch-induced hyponasty.

Results and discussion
Distinct signaling pathways regulate touch- and FR-induced
hyponasty
In the non-vertically structured canopy of a young Arabidopsis stand,
touching neighboring leaves is the earliest mode of above-ground
neighbor detection, eliciting hyponasty11. This response entails
approximately 20 degrees of upward movement in 24h exposure
against an inert transparent tag mimicking a neighbor leaf (Fig. 1a, b
and Supplementary Fig. 1a)11, and this is further increased after 48 h
(Supplementary Fig. 1a). Similar responses are observed in the unre-
lated species Nicotiana benthamianawhere the response also remains
local to the leaf perceiving touch, (Supplementary Fig. 1b–d), indicat-
ing that touch-induced hyponasty is not restricted to Arabidopsis. We
have recently shown that local reduction of phytochrome activity in
the leaf tip through local FR enrichment, on approximately the same
position as where leaf-leaf mechanical interactions occur, induces a
similar magnitude of hyponasty10 (Fig. 1c). This FR-induced hyponasty
acts through PHYTOCHROME INTERACTING FACTOR (PIF)4, PIF5 and
PIF7 that activate the auxin pathway, at least partially through YUCCA
(YUC)8 and YUC9 gene expression10. The resulting elevated auxin is
transported and indeed pin3pin4pin7 triple mutants are not hypo-
nastic in response to FR treatment10,23. We, therefore, started out by
verifying if this pathway is also activated to regulate touch-induced
hyponasty. Interestingly, the severe shade avoidancemutants pif4pif5,
pif7, pin3pin4pin7, and yuc2yuc5yuc8yuc9, all showed a wild-type
hyponastic response to touch (Fig. 1d–f), whilst being fully irrespon-
sive to FR application (Fig. 1g–i). Another auxin biosynthesis mutant
wei8/sav3 and the yuc8 single mutant also showed a wild-type-like
touch-induced hyponastic response (Supplementary Fig. 1e, f).
Therefore, despite the phenotypic similarity of these two responses,
the signaling pathway of touch-induced hyponasty is unique from the
core shade avoidance pathway.

Transcriptome analysis reveals specific regulation in petiole
versus leaf tip
To unveil the mechanisms of touch-induced hyponasty in depth, we
analyzed transcriptome data (using Affymetrix ArabidopsisGene 1.1 ST
arrays), comparing the site of perception (leaf tip) and the site of
action (petiole base) (Fig. 2a) under control and touch conditions. We
found similar numbers of up- and downregulated genes between the
two tissues (Fig. 2b), but interestingly there was nearly no overlap in
differentially expressed genes (DEGs) (Fig. 2c), indicating that different
parts of the leaf have distinct transcriptional responses to touch. We
then compared the touch-induced hyponasty transcriptome data with
the previously published local FR-induced hyponasty transcriptome
data that were collected from the same leaf tissues and under identical
conditions in the same run of experiments10. Touch induced only a
minor number of DEGs (less than 100) compared to the low R:FR
treatment (over 700 DEGs) in the leaf tip, and also in the petiole base
thenumberofDEGs in lowR:FR treatment is almost 5 timeshigher than

in the touch treatment (Supplementary Fig. 2a). Amongst the leaf tip
DEGs only 35 genes overlapped between touch and low R:FR treat-
ments. Although this is approximately half of the touch-induced genes,
the genes themselves (Supplementary Data 1) are not typically asso-
ciated with the canonical shade avoidance machinery, but rather with
abscisic acid (ABA) response, jasmonic acid (JA) metabolism and cell
wall homeostasis (Fig. 2d, Supplementary Fig. 2b). Next, we compared
the touch-induced DEGs from the tip with previously published
mechanostimulation-induced DEGs24–26 (Supplementary Fig. 3, Sup-
plementary Data 2). We found significant overlap with brushing and
GL1-dependent and independent response24,26 (Supplementary Fig. 3a,
b) while there was no significant overlap with MYC2 MYC3 MYC4-
dependent water spray response and the MYC2-regulon25 (Supple-
mentary Fig. 3c, d, Supplementary Data 2).

Since the Gene ontology (GO) enrichment analysis indicated
enrichment of JA and ABA-related processes in the leaf tip and petiole
base (Fig. 2d), we tested the role of JA on touch-induced leaf hypo-
nasty. Application of exogenous MeJA (50 and 100μM Methyl jasmo-
nate) to the leaf blade did not inhibit touch-induced hyponasty.
However, higher concentration (200μM)ofMeJA partially suppressed
hyponasty maybe due to the decrease in petiole elongation (Supple-
mentary Fig. 4a). The touch response was not different from the wild-
type in the JA biosynthesis mutants lox2, loxQ (lox2lox3lox4lox6) and
aos and in the JA receptor mutant coi1-34 (Supplementary Fig. 4b, c).
MYC transcription factors act downstream of JA activation and
although the myc single mutants were similar to the wild-type, the
myc2myc3myc4 triple mutant had a mildly reduced response (Sup-
plementary Fig. 4d, e) with a similar local-FR-induced hyponasty
response (Supplementary Fig. 4f). Since the transcriptome analysis
also revealed ABA signatures in the petiole base, we first applied ABA
to the petiole, which reduced hyponasty only at the highest con-
centration (Supplementary Fig. 4g), probably due to an overall inhi-
bition of petiole growth (Supplementary Fig. 4h). Mutants for ABA
biosynthesis (aba2-1, aba3-1), ABA perception (pyr1pyl1pyl2pyl4,
referred to as abaQ) and ABA signaling (areb1areb2abf3abf1, referred
to as arebQ) all responded similarly to Col-0 wild-type (Supplementary
Fig. 4i–k). Summarizing, ABA and MeJA application can limit petiole
growth and thereby hyponasty, but awide variety ofmutants for the JA
and ABA pathways suggest no major role for these two hormones in
touch-induced hyponasty.

Touch-induced hyponasty is mediated via changes in cyto-
solic [Ca2+]
Mechanostimulation responses are highly associated with cytosolic
calciumdynamics ([Ca2+]cyt) followingmechanical perturbation inmany
species, including Arabidopsis17,21,27–29. Specifically, mechanical pertur-
bation has been found to increase intracellular calcium by triggering
temporary changes in the cytosolic calcium concentration18,22,30,31.
Indeed, our transcriptome data showed GO enrichment of calcium ion
transport in the leaf tip upon touch (Fig. 2d). To verify if [Ca2+]cyt is
affected during touch-induced hyponasty, we used the GFP
fluorescence-based cytosolic calcium biosensor UBQ10pro::GCaMP3
that allows detection of [Ca2+]cyt fluxes in the leaf17,21,28. Upon gently
touching the 5th youngest leaf of 4-week-old Arabidopsis we recorded
the GCaMP3 fluorescence dynamics. We measured GCaMP3 fluores-
cence with a microscope positioned above the leaf, in the leaf tip
(position 1), in two subsequent positions of the primary vein of the leaf
(positions 2 and 3), the leaf blade-petiole junction (position 4) and the
middle and base of the petiole (positions 5 and 6, respectively) (Fig. 3a,
b). We observed that GCaMP3 fluorescence started to increase in 4min
(250 sec) upon gentle touch (Supplementary Movie 1) in all the posi-
tions except position 6 (Fig. 3c; Supplementary Table 1). This is sub-
stantially slower than what has been reported in wound or other touch
responses, where changes were recorded as early as 30 seconds after
stimulation17,21,29,32. Clearly, the mechanical force of stimulation in the
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experiments here is much lower than during severe wounding or even
the rapid leaf closure of carnivorous Venus flytrap upon capture of the
prey33,34. Possibly the degree or force of the mechanical stress could
affect the rapidity of induction of [Ca2+]cyt flux. Touching of the leaf tip
(position 1) led to a first calcium wave at around 7min (420 sec) with a
peak GCaMP3 signal at 13min (780 sec) upon touch in the leaf tip itself
(position 1), followed by a gradual decrease of the fluorescence signal.
These calcium waves progressed from the leaf tip through the leaf and
into the petiole, but fluorescence intensity decreased with distance

from the site of mechanostimulation (Fig. 3c; Supplementary Table 1).
The GCaMP3 fluorescence in the petiole (positions 5 and 6) was rather
weak and this may indicate only very weak [Ca2+]cyt signal reaching the
base, or a preferential localization to the abaxial side that cannot be
imaged in our microscope configuration. To verify that the observed
[Ca2+]cyt dynamics were required for touch-induced hyponasty, we used
chemical inhibitors: the Ca2+ channels inhibitor LaCl3

21,29,35 and the Ca2+

channel antagonist Verapamil35,36 and monitored the [Ca2+]cyt dynamics
through time. Exogenously applied LaCl3 and Verapamil at the leaf tip
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Fig. 1 | Touch and Local-FR-induced hyponasty have a similar phenotypic
response but different genetic basis.Differential petiole angle of Col-0 after 24h
(a, b) of touch and (b, c) local-FR treatment. n = 7 independent biological replicates
for a, c. Differential petiole angle of Col-0 compared to (d, g) pif4pif5, (e, h) pif7,
(f, i) pin3pin4pin7 and yuc2yuc5yuc8yuc9mutants after 24 h of d–f touch and
g–i local FR treatment. n = 8 biologically independent replicates for d–g and n = 7

biologically independent replicates h and i. The “W+FRtip” refers to the local FR
treatment of the leaf tip and “Touch” refers to the touch treatment of the leaf tip
with a gently positioned transparent tag next to the leaf. Data represent mean± SE.
Black dots represent the individual data. Different letters or asterisks indicate sig-
nificant differences (two-way ANOVA with Tukey’s post hoc test or unpaired t
test; p <0.05).
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resulted in a strong reduction of the touch-induced [Ca2+]cyt increase at
positions 1–6, particularly at the higher concentration (Supplementary
Fig. 5a–n). Physiological experiments with exogenous application of
LaCl3 and Verapamil on the touched leaf showed that these calcium
inhibitors strongly reduced the touch-induced hyponastic response
(Supplementary Fig. 5o, p). Although LaCl3 and Verapamil treatment
could givepleiotropic effects,weobserved that LaCl3 andVerapamil did
not affect the hyponastic response to local FR treatment at all (Sup-
plementary Fig. 5q, r), suggesting their effects to be specific to touch-
induced hyponasty. In addition, we aimed to investigate whether an
increase of [Ca2+]cyt levels without a physical touch treatment could
initiate a hyponastic response. For this purpose, we used the Ca2+ ago-
nist Mastoparan which is known to elevate [Ca2+]cyt levels

37,38 (Supple-
mentary Fig. 6a). Our results showed that exogenous application of
Mastoparan induced a clear upward leaf movement (Supplementary
Fig. 6b), indicating that [Ca2+]cyt itself can act to initiate touch-induced
hyponasty.

Clade 3 Glutamate-receptor-like proteins (GLRs) have been asso-
ciated with the propagation of long-distance electrical signals via
[Ca2+]cyt after mechanical stress12,17,21,22. Nguyen et al.17 showed that
GLR3.1, GLR3.3, GLR3.6 are localized in the vasculature and a calcium
signal is severely attenuated in the glr3.1glr3.3 and glr3.3glr3.6 double
mutants. Since the calciumwaves observedhere (Fig. 3c) start from the
leaf tip andmove to the petiole along the primary vein, we investigated

the involvement of these GLRs in touch-induced hyponasty. Indeed,
the glr3.3glr3.6 double mutant showed a slightly reduced touch-
induced hyponasty (Fig. 4a). Given the rather weak effect, we also
created a triple knockout mutant glr3.1glr3.3glr3.6 and found that its
touch-induced hyponasty was strongly attenuated (Fig. 4b, c). Fur-
thermore, we monitored the [Ca2+]cyt dynamics in the glr3.1glr3.3glr3.6
by crossing glr3.1glr3.3glr3.6 with UBQ10pro::GCaMP3. Imaging of the
glr3.1glr3.3glr3.6 with UBQ10pro::GCaMP3 showed a decrease of the
[Ca2+]cyt signal in all the monitored positions of the touched leaf
(Supplementary Movie 2; position 1–6; Fig. 4d, e and Supplementary
Fig. 7). Collectively these data indicate that clade 3 GLRs may redun-
dantly regulate touch-induced hyponasty. This triple mutant has wild-
type-like hyponasty in response to local FR treatment (Supplementary
Fig. 6c), reinforcing the specificity of the [Ca2+]cyt-associated reg-
ulatory route for mechanostimulation.

Trichomes are involved in touch-induced hyponasty
Trichomes on the leaf edge are the first cells to physically interact with
neighboring leaves when they grow towards each other in dense
stands. Previous and recent work established that trichomes can trig-
ger calcium oscillations in the trichome stalk and the trichome base
cells surrounding the trichomes uponmechanical perturbation26,39.We
monitored GCaMP3 fluorescence at three trichome positions upon
gentle trichome touching: the trichome stalk (position 1, Fig. 5a, b), the

Fig. 2 | Comparative analysis of touch-inducedhyponasty in the leaf tip and the
petiole base. a Leaf tip and petiole base tissues were harvested, in the experiment
touch was induced by an inert transparent tag. b Number of differentially
expressed genes (DEGs) in the lamina tip and the petiole base. c Comparison of

DEGs in leaf tip (“Leaf tip”) and petiole base (“Petiole base”) in response to touch
(adj. P value < 0.05). d GO enrichment analysis of the DEGs in the leaf tip (“Tip”)
and the petiole base (“Base”).
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trichome base cells (position 2), and the epidermal cells around the
trichome (position 3) (Supplementary Fig. 8a–c). We also monitored
how far the calcium can spread upon trichome-touch by recording an
area adjacent to the neighboring trichome (position 4, Supplementary
Fig. 8a, d). A strong induction of the GCaMP3 fluorescence was
detected in the trichome stalk (position 1) 30 sec after very gently
touching the trichome with a toothpick (Supplementary Movie 3),
which rapidly spread to the base cells (position 2) and the epidermal
cells around the trichome (position 3) (Fig. 5a, b, Supplementary
Fig 8b, c). Interestingly, GCaMP3 fluorescence was detected near the
neighboring trichome (position 4) suggesting that the [Ca2+]cyt induc-
tion was strong enough to extend laterally to the untouched trichome
area (Supplementary Fig. 8d). We then touched trichomes near the
main vein and measured the GCaMP3 fluorescence changes in tri-
chomes itself and the main vein part near that trichome (Fig. 5c, d and
Supplementary Fig. 8e). Our measurements revealed increased
[Ca2+]cyt in both the trichomes and the main vein. The [Ca2+]cyt
fluorescence remained elevated in the main vein even after 120 sec

(Supplementary Fig. 8e). Notably, when we touched a trichome of
glr3.1glr3.3glr3.6 with UBQ10pro::GCaMP3, the rapid increase of
[Ca2+]cyt within the first 10 sec, disappeared very rapidly, leaving a
much-reduced response as compared towild-type Col-0 (Fig. 5e, f, and
Supplementary Fig. 8f). Our findings indicate that gentle touching of
just the trichomes can lead to calcium induction and spreading across
the leaf blade, consistent with our observations that leaf tip touch can
elicit a [Ca2+]cyt wave along the leaf blade towards thepetiole that could
probably be GLR3.1, GLR3.3 and GLR3.6-dependent.

Since trichomes are thefirst cells to touchneighboring leaves, and
they can generate [Ca2+]cyt changes that progress through the leaf, we
monitored the [Ca2+]cyt changes in the gl1mutant that lacks trichomes
in a genetic cross of gl1 and UBQ10pro::GCaMP3. We found a com-
promised touch-induced [Ca2+]cyt signal in all six leaf positions (from
the leaf tip to the petiole base; Supplementary Movie 4; Fig. 6a, b and
Supplementary Fig. 9a–e) as compared to Col-0. If trichomes-derived
[Ca2+]cyt would contribute to the hyponastic response, repeated
brushing of just the leaf tip trichomes during the photoperiod might

Col-
0 

glr
3.3

glr
3.6

-10

0

10

20

30

40

 p
et

io
le

 a
ng

le
 (d

eg
re

e)

Control
Touch

a a

b
c

Col-
0 

glr
3.1

glr
3.3

glr
3.6

-10

0

10

20

30

40

 p
et

io
le

 a
ng

le
 (d

eg
re

e)

a

a

b

c

Col-0 glr3.1glr3.3glr3.6

a b c

Control

TouTT ch

Col-0 glr3.1glr3.3glr3.6d

200 400 600 800 1000 1200

-0.2

0.0

0.2

0.4

0.6

0.8

time (s)

R
el

at
iv

e 
G

C
aM

P3
 fl

uo
re

sc
en

ce
 (

F/
F)

Position 1

Col-0
glr3.1glr3.3glr3.6

e

low ghigh
[Ca2+]cytyy

Fig. 4 | GLRs are required for the full touch-induced hyponasty response with
the involvement of [Ca2+]cyt. a Differential petiole angle of Col-0 compared to
glr3.3glr3.6 double mutant after 24h of touch treatment. n = 10 biologically inde-
pendent replicates (b, c). The touch response of the glr3.2glr3.3glr3.6 triplemutant
is significantly reduced compared to Col-0 after 24 h of touch treatment. n = 8
biologically independent replicates. d Picture of fluorescence induction in the leaf
after 12min of untouched (Control) or touch treatment (Touch) using the fluor-
escent cytosolic calcium biosensor UBQ10pro::GCaMP3 and glr3.1glr3.3glr3.6 with
UBQ10pro::GCaMP3. eRelativeGCaMP3fluorescence (ΔF/F touch treatmenttx−ΔF/F

controlaveragetx) time course in leaf tip (Position 1) touch treatment in Col-0 and
glr3.1glr3.3glr3.6. d, e n = 12 biologically independent replicates for UBQ10-
pro::GCaMP3 and n = 15 biologically independent replicates for glr3.1glr3.3glr3.6
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induce a (partial) hyponastic response, and a mild induction of hypo-
nasty is indeed what we observed (Supplementary Fig. 9f). To further
verify the role of trichomes in touch-induced hyponasty, we compared
the Col-0 accession with the glabrous (non-trichome-forming) Arabi-
dopsis accession 9354 (N28001)40. Accession 9354 indeed had a
strongly reduced touch-induced hyponasty, as compared to Col-0
(Fig. 6c, d). Similar findings were also obtained using other glabrous
Arabidopsis accessions (Fran-3, Wil-2, Br-0) upon touch treatment
(Supplementary Fig. 10a). The TTG141 and GL142 genes are positive
regulators of Arabidopsis trichomes, and their respectivemutants, ttg1
and gl1, do not form trichomes. These twomutants displayed severely
reduced touch-induced hyponasty aswell (Fig. 6e, f). At the same time,
all the glabrous genotypes had wild-type-like local FR-induced hypo-
nasty (Supplementary Fig. 10b–e). Although these data are a strong

indication that trichomes are indeed important for touch-induced leaf
movement, glabrousmutants suchas gl1 and ttg1have also been linked
to defects in cuticle formation43. We, therefore, also studied touch-
induced hyponasty in two independent mutants that have established
cuticle formation defects, but that have normal trichomes; ecerefirum1
(cer126,43,44) and cer326,43 in Col-0 and Lerbackground, respectively. Both
these mutants with defective cuticle formation displayed a WT-like
touch-induced hyponastic response (Supplementary Fig. 10f, g), sug-
gesting that aberrations in cuticle formation do not necessarily affect
touch-induced hyponasty. We conclude that trichomes are specifically
involved in touch-induced hyponasty.

After establishing the trichome - [Ca2+]cyt mechanism involved in
touch-induced leaf movement, an important question remained:
Is the touch-induced hyponasty of quantitative importance to plant
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performance in dense stands? To answer this question we grew single
plants, as well as monoculture stands and 1:1 mixed stands of the
accessions Col-0 and 9354, Col-0 and Fran-3, Col-0 and Wil-2 as well as
Col-0 and gl1, Ler and gl1 and Ler and ttg1 mutant. In the competition
assays we kept root systems separated to prevent belowground com-
petition, and measured shoot dry weight as a proxy of plant perfor-
mance (Fig. 7a–d). Importantly, all genotypes and accessions showed
growth similar to Col-0 when grown in crowded monocultures of each
of the genotypes, but in the mixture where they interacted above-
ground,Col-0or Leroutcompeted theglabrous accessions andmutants
(Fig. 7, Supplementary Fig. 11 and Supplementary Fig. 12a). The superior
competitive position of trichome-forming plants as compared to glab-
rous genotypes is consistent with results from independent experi-
mentswherewe quantified the relative positions of interacting leaves in
pairs of the same genotypes as in the competition assays. We observed
that trichome-forming genotypes typically have a superior leaf position
against glabrous genotypes in 1:1 interactions (see below).We observed
similar results in canopies and 1:1 interactions of Col-0 and
glr3.1glr3.3glr3.6 (Supplementary Fig. 12b, c), indicating that not just
trichomes, but also the transmission of a calcium signal is required for
optimal plant performance in dense stands.We, therefore, propose that
the trichome-dependent detection of neighboring leaves and the cor-
responding hyponasty, promote plant performance in competition for
light. Suboptimal ability to do so, as in the 9354 accession, leads to

reduced competitive performance. Future studies may investigate the
targets of trichome-derived [Ca2+]cyt for differential growth between the
abaxial and adaxial side of the petiole base, presumable involving reg-
ulators other than those involved in R:FR responses. Since hyponasty
enhances the vertical element of a rosette canopy structure that then
stimulates FR reflection to neighbors10, the novel signaling route
through trichomes and [Ca2+]cyt dynamics precedes the better-known
photoreceptor-driven pathways that are activated once a notable ver-
tical canopy structure has been created.

Methods
Plant materials, growth, and measurements
Genotypes used in this study that are in theCol-0 background are:pif4-
101 pif5-145, pif7-146, pif4-101pif5-1pif7-14, abaQ, aba2-1, aba3-147,
arebQ48, myc249, myc3, myc4, myc2myc3myc450, glr3.3aglr3.6a12,
glr3.1aglr3.3aglr3.6a were generated by crossing glr3.3aglr3.6a and
glr3.1aglr3.3a16, aos51, coi1-3452, lox215, loxQ53, wei854, pin3-3pin4pin755,
yuc2yuc5yuc8yuc956, yuc857, gl158, cer1 (N660700), cer3 (N520265) and
cer3 (N534318). Genotypesused in this study in theLerbackgroundare:
gl1 and ttg159, cer1 (N31), cer3 (N33). We also used Arabidopsis acces-
sions without trichomes 9354 (N28001, point mutation40), Fran-3
(N75673, 1 bp insertion40), Wil-2 (N1596, locus deletion40), Br-0
(N22628, 1 bp deletion40) and N. benthamiana. Seeds were sown on
Primasta® soil and stratified for 3 days (dark, 4 °C), before transferring
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to short day (9 h light / 15 h dark) growth rooms (130-135 μmol m-2 s-1

PAR, R:FR 2.3, 20 °C, 70% RH). For the [Ca2+]cyt dynamics data we used
the UBQ10pro::GCaMP3 (Col-0), gl1 with UBQ10pro::GCaMP3 (gener-
ated by crossing UBQ10pro::GCaMP3 (Col-0) with gl1), glr3.1glr3.3glr3.6
with UBQ10pro::GCaMP3 (generated by crossing UBQ10pro::GCaMP3
(Col-0) with glr3.1glr3.3glr3). After 11 d, seedlings were transplanted to
70ml pots for all experiments, except for the competition assays. For
touch experiments an inert, transparent tag (polycyclical olefin) was
placed in the soil, next to the fifth-youngest leaf of the 28-days old
plant to mimic leaf-leaf touching (Supplementary Fig. 13a, b). Petiole
angles to the horizontal of the fifth-youngest leaf that just touched the
transparent tag were determined with image-J software (https://
imagej.nih.gov/ij/download.html) from pictures taken just before
(t =0 h) and after treatment (t = 24 h) (Supplementary Fig. 13a).
Although this experimental system has been established previously11,
we validated the differential growth response by removing slowly the
transparent tag from the touched leaf and showing that the hyponastic
leaf remained upward with only a slight reduction of hyponasty
(Supplementary Fig. 13c). All experiments started at 10:00 in the
morning (ZT = 2 h). Brushing experiments were performed manually,
trichomes of the fifth-youngest leaf were touched gently with a brush
three times every 10minutes for 7 hours until the photoperiod ended,
starting at 10:00 in the morning (ZT = 2 h). Petiole angles were deter-
minedwith image-J software directly at 0 and 7 hours of treatment. For
competition assays 11 days old seedlings were transplanted to tree
trays with individual pots (to avoid any root competition) to create
dense stands of 8 × 8 plants (pots 19ml and distance between the
plants 2.2 cm). Col-0, Ler, Fran-3, Wil-2, gl1 (Ler background), ttg1, gl1
(Col-0 background), glr3.1glr3.3glr3.6 and 9354 plants were trans-
planted to monoculture (Col-0 or 9354, Col-0 or gl1, Col-0 or
glr3.1glr3.3glr3.6, Col-0 or Fran-3, Col-0 or Wil-2, Ler or gl1, Ler or ttg1)
and mixed (Col-0 and 9354, Col-0 and gl1, Col-0 and glr3.1glr3.3glr3.6,
Col-0 and Fran-3, Col-0 and Wil-2, Ler and gl1, Ler and ttg1 in a 1:1
checkerboard grid60) canopies plots. Plants in the outer rows of the
canopy served tominimize edge effects and only the 4 × 4 plants in the
middle of the canopy were harvested when the canopy plots were
35 days old. Shoots were dried in an oven at 70 °C for 3 days and shoot
dry weight of each individual plant was recorded.

Far-red (FR) light treatments
Supplemental FR light treatments were performed using a localized FR
beam focusedon the leaf tip (see Pantazopoulou et al.10 for details) and

abbreviated as W+FRtip. All growth conditions were standard as men-
tioned above, except that locally on the leaf tip R:FR dropped from 2.3
to 0.05. The R:FR treatment had no effect on the photosynthetically
active radiation.

Pharmacological experiments
Plants were treated with different concentrations of the hormones
MeJA (Van Meeuwen Chemicals BV, NL), or ABA (Sigma-Aldrich, USA).
MeJA was given to the leaf blade, whereas ABA was applied to the
petiole. All solutions, including the mock treatments, contained 0.1%
DMSOand0.1%Tween. The solutionswere freshlymade and theywere
applied right before and 5 h after the touch treatment. Mastoparan
(Merck, NL) applications were performed right before the start of the
hyponasty experiment. The solutions used for the experiments con-
sisted of 40μM Mastoparan dissolved in water with 0.1% Tween. The
solution was freshly made for each experiment and a droplet of 4μl
was placed at three different locations, namely leaf tip, middle of the
petiole, and petiole-lamina junction. Physiological experiments with
LaCl3 (Sigma-Aldrich, USA) and Verapamil (Merck, NL) treatment were
done with application of the drug 24 h before (ZT = 2) the touch or W
+FRtip treatment. We used 2mM of LaCl3 and 1mM of Verapamil
freshlymade for each experiment in water with 0.1% Tween, whichwas
applied with a brush to the whole leaf. Two different concentrations of
LaCl3 and Verapamil were tomonitor the [Ca2 + ]cyt changes using the
calcium biosensor UBQ10p::GCaMP3 line: 2mM and 50mM for LaCl3,
and 1mM and 50mM for Verapamil. The higher concentration was
employed to ensure a rapid blockade of calcium. A softly applied
droplet of 10μl was placed at the leaf tip 25minutes before the
experiment, and then removed using Kimwipes papers to completely
absorb it. The plants were allowed to recover for 5minutes before the
experiments commenced. ForMastoparan, a 40μΜ solutionwasused,
which was applied as a 10μl droplet 2minutes after monitoring the
calcium visualization in Supplementary Fig. 6a. The solution was
freshly made with water and 0.1% Tween.

Transcriptome data analysis
The transcriptome data on touch treatment were collected in a larger
experiment that also included local FR treatments, and we published
the FR transcriptome data in Pantazopoulou et al., 201710. The har-
vesting, extraction, and processing as well statistical analyses are
essentially as previously published10. In brief, the leaf tip and petiole
base from wild-type plants (Col-0) were harvested after 5 h of touch
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Fig. 7 | Trichomes promote plant performance in competition for light.
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treatment, which is when leaf movement just becomes visible11. 15
petiole bases and 15 leaf tips were pooled for each sample for RNA
extraction [three biological replicates (independent experiments) per
tissue per treatment, collected from three independent experiments].
Affymetrix 1.1 ST Arabidopsis arrays were used to hybridize the sam-
ples via a commercial provider (Aros, Aarhus, Denmark). The raw data
were normalized for signal intensity to remove background noise. The
quality check of the data was performed using Bioconductor (packa-
ges “oligo” and “pd.aragene.1.1.st”) in R software. Differential expres-
sion analysis was carried out using the Bioconductor ‘’Limma” package
in R software. Genes with adjusted p value < 0,05 were considered as
differentially expressed. Gene ontology (GO) analysis was done with
GeneCodis (http://genecodis.cnb.csic.es). Clustering was based on the
positive and negative logFC for each set. Genes with p values ≤0.05
considered significant. The data are available in theNational Center for
Biotechnology Gene Expression Omnibus database (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi; accession no. GSE98643).

GCaMP3 fluorescence visualization and quantification
The GCaMP3 fluorescence is quantified via the ΔF/F ratio.
ΔF/F = (F–F0)/F0, where F is the GCaMP3 fluorescence of a given time
point during touch while F0 is the averaged based line in the ROIs in
the first 2min before touch treatment. The GCaMP3 fluorescence
calculation for the leaf was performed in each selected leaf position
for every ten seconds, while in the trichomes for every second.
Video recordings were made with a 1.5× objective on an
SMZ18 stereomicroscope (Nikon Instruments Europe BV, Amsterdam,
Netherlands) equipped with an ORCA-Flash4.0 (C11440) camera
(Hamamatsu, Solothurn, Switzerland) and eGFP emission/excitation
filter set (AHF Analysentechnik AG, Tübingen, Germany). Light was
supplied to the stereomicroscope using fiber optics. Video with a
resolutionof 512 × 512 pixelswas acquiredusingNIS-Elements software
(Nikon) with 1 frame s−1 frequency. Video recordings for Figs. 5c–f, 6a,
b, supplemental Figs. 5–7, 8e, f, and 9 were made with a 1x objective
(total magnification ×0.77) on a M205FA stereomicroscope (Leica
Microsystems BV Amsterdam, the Netherlands) and ET GFP band pass
filter cube (Leica). Videos with a resolution of 1920 × 1440 pixels were
acquired using LAS X (Leica) with 1 frame s-1 frequency. Recordings
were carried out in the dark at 22 °C.

Statistical analysis
Data were analyzed with one or two-way ANOVA followed by Tukey’s
HSD test using GraphPad and Rstudio.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all the data supporting the findings of this
study are available within this manuscript and Supplemental infor-
mation files or available upon request to the corresponding authors.
Transcriptomic data have been deposited in the National Center for
Biotechnology Gene Expression Omnibus database (accession no.
GSE98643). Source data are provided with this paper.

References
1. Pierik, R. & Ballaré, C. L. Control of plant growth and defense by

photoreceptors: from mechanisms to opportunities in agriculture.
Mol. Plant. 14, 61–76 (2020).

2. Fiorucci, A.-S. & Fankhauser, C. Plant strategies for enhancing
access to sunlight. Curr. Biol. 27, R931–R940 (2017).

3. Fernández-Milmanda, G. L. & Ballaré, C. L. Shade avoidance:
expanding the color and hormone palette. Trends Plant Sci. 26,
509–523 (2021).

4. de Wit, M. et al. Integration of phytochrome and cryptochrome
signals determines plant growth during competition for light.Curr.
Biol. 26, 3320–3326 (2016).

5. Jia, Y. et al. PIFs coordinate shade avoidance by inhibiting auxin
repressor ARF18 and metabolic regulator QQS. N. Phytol. 228,
609–621 (2020).

6. Buti, S., Hayes, S. & Pierik, R. The bHLH network underlying plant
shade‐avoidance. Physiol. Plant. 169, 312–324 (2020).

7. Galvāo, V. C. et al. PIF transcription factors link a neighbor threat
cue to accelerated reproduction in Arabidopsis. Nat. Commun. 10,
1–10 (2019).

8. Pantazopoulou, C. K., Bongers, F. J. & Pierik, R. Reducing shade
avoidance can improve Arabidopsis canopy performance against
competitors. Plant. Cell Environ. 44, 1130–1141 (2021).

9. Huber,M., Nieuwendijk, N.M., Pantazopoulou, C. K. & Pierik, R. Light
signalling shapes plant–plant interactions in dense canopies. Plant.
Cell Environ. 44, 1014–1029 (2021).

10. Pantazopoulou, C. K. et al. Neighbor detection at the leaf tip
adaptively regulates upward leaf movement through spatial auxin
dynamics. Proc. Natl Acad. Sci. 114, 7450–7455 (2017).

11. deWit, M. et al. Plant neighbor detection through touching leaf tips
precedes phytochrome signals. Proc. Natl Acad. Sci. 109,
14705–14710 (2012).

12. Mousavi, S. A. R., Chauvin, A., Pascaud, F., Kellenberger, S. &
Farmer, E. E. GLUTAMATE RECEPTOR-LIKE genes mediate leaf-to-
leaf wound signalling. Nature 500, 422 (2013).

13. Farmer, E. E., Gao, Y., Lenzoni, G., Wolfender, J. & Wu, Q. Wound‐
and mechanostimulated electrical signals control hormone
responses. N. Phytol. 227, 1037–1050 (2020).

14. Glauser, G. et al. Spatial and temporal dynamics of jasmonate
synthesis and accumulation in Arabidopsis in response to wound-
ing. J. Biol. Chem. 283, 16400–16407 (2008).

15. Glauser, G. et al. Velocity estimates for signal propagation leading
to systemic jasmonic acid accumulation inwoundedArabidopsis. J.
Biol. Chem. 284, 34506–34513 (2009).

16. Koo, A. J. K., Gao, X., Daniel Jones, A. & Howe, G. A. A rapid wound
signal activates the systemic synthesis of bioactive jasmonates in
Arabidopsis. Plant J. 59, 974–986 (2009).

17. Nguyen, C. T., Kurenda, A., Stolz, S., Chételat, A. & Farmer, E. E.
Identificationof cell populations necessary for leaf-to-leaf electrical
signaling in a wounded plant. Proc. Natl Acad. Sci. 115,
10178–10183 (2018).

18. Knight, M. R., Smith, S. M. & Trewavas, A. J. Wind-induced plant
motion immediately increases cytosolic calcium. Proc. Natl Acad.
Sci. 89, 4967–4971 (1992).

19. Chehab, E. W., Eich, E. & Braam, J. Thigmomorphogenesis: a com-
plex plant response to mechano-stimulation. J. Exp. Bot. 60,
43–56 (2008).

20. Toyota, M. & Gilroy, S. Gravitropism and mechanical signaling in
plants. Am. J. Bot. 100, 111–125 (2013).

21. Toyota, M. et al. Glutamate triggers long-distance, calcium-based
plant defense signaling. Science 361, 1112–1115 (2018).

22. Grenzi, M. et al. Illuminating the hidden world of calcium ions in
plants with a universe of indicators. Plant Physiol. 187,
550–571 (2021).

23. Michaud, O., Fiorucci, A.-S., Xenarios, I. & Fankhauser, C. Local
auxinproductionunderlies a spatially restrictedneighbor-detection
response in Arabidopsis. Proc. Natl Acad. Sci. 114,
7444–7449 (2017).

24. Xu, Y. et al. Mitochondrial function modulates touch signalling in
Arabidopsis thaliana. Plant J. 97, 623–645 (2019).

25. Van Moerkercke, A. et al. A MYC2/MYC3/MYC4-dependent tran-
scription factor network regulates water spray-responsive gene
expression and jasmonate levels. Proc. Natl Acad. Sci. 116,
23345–23356 (2019).

Article https://doi.org/10.1038/s41467-023-41530-0

Nature Communications |         (2023) 14:5827 10

http://genecodis.cnb.csic.es
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi


26. Matsumura, M. et al. Mechanosensory trichome cells evoke a
mechanical stimuli–induced immune response in Arabidopsis
thaliana. Nat. Commun. 13, 1216 (2022).

27. Kikuyama, M. & Tazawa, M. Mechanosensitive Ca2+ release from
intracellular stores in Nitella flexilis. Plant Cell Physiol. 42,
358–365 (2001).

28. Vincent, T. R. et al. Interplay of plasmamembrane and vacuolar ion
channels, together with BAK1, elicits rapid cytosolic calcium ele-
vations in Arabidopsis during aphid feeding. Plant Cell 29,
1460–1479 (2017).

29. Suda, H. et al. Calcium dynamics during trap closure visualized in
transgenic Venus flytrap. Nat. Plants 6, 1219–1224 (2020).

30. Chiasson, D., Ekengren, S. K.,Martin,G.B., Dobney, S. L. &Snedden,
W. A. Calmodulin-like proteins from Arabidopsis and tomato are
involved inhost defense against Pseudomonassyringaepv. tomato.
Plant Mol. Biol. 58, 887–897 (2005).

31. Hayashi, T., Harada, A., Sakai, T. & Takagi, S. Ca2+ transient induced
by extracellular changes in osmotic pressure in Arabidopsis leaves:
differential involvement of cell wall–plasma membrane adhesion.
Plant. Cell Environ. 29, 661–672 (2006).

32. Huynh, T. & Haick, H. Learning from an intelligent mechanosensing
system of plants. Adv. Mater. Technol. 4, 1800464 (2019).

33. Kurenda, A., Nguyen, C. T., Chételat, A., Stolz, S. & Farmer, E. E.
Insect-damaged Arabidopsis moves like wounded Mimosa pudica.
Proc. Natl Acad. Sci. 116, 26066–26071 (2019).

34. Hedrich, R. & Neher, E. Venusflytrap: how an excitable, carnivorous
plant works. Trends Plant Sci. 23, 220–234 (2018).

35. Larkindale, J. & Knight, M. R. Protection against heat stress-
induced oxidative damage in Arabidopsis involves calcium,
abscisic acid, ethylene, and salicylic acid. Plant Physiol. 128,
682–695 (2002).

36. Hagihara, T., Mano, H., Miura, T., Hasebe, M. & Toyota, M. Calcium-
mediated rapid movements defend against herbivorous insects in
Mimosa pudica. Nat. Commun. 13, 6412 (2022).

37. Lenzoni, G., Liu, J. & Knight, M. R. Predicting plant immunity gene
expression by identifying the decoding mechanism of calcium
signatures. N. Phytol. 217, 1598–1609 (2018).

38. Liu, J., Lenzoni, G. & Knight, M. R. Design principle for decoding
calcium signals to generate specific gene expression via tran-
scription. Plant Physiol. 182, 1743–1761 (2020).

39. Zhou, L. H. et al. The Arabidopsis trichome is an active mechan-
osensory switch. Plant. Cell Environ. 40, 611–621 (2017).

40. Bloomer, R. H., Juenger, T. E. & Symonds, V. V. Natural variation in
GL1 and its effects on trichome density in Arabidopsis thaliana.Mol.
Ecol. 21, 3501–3515 (2012).

41. Koornneef, M. The complex syndrome of ttg mutanis. Arab. Inf.
Serv. 18, 45–51 (1981).

42. Herman, P. L. & Marks, M. D. Trichome development in Arabidopsis
thaliana. II. Isolation and complementation of the GLABROUS1
gene. Plant Cell 1, 1051–1055 (1989).

43. Xia, Y. et al. The glabra1 mutation affects cuticle formation
and plant responses to microbes. Plant Physiol. 154,
833–846 (2010).

44. Aarts, M. G., Keijzer, C. J., Stiekema, W. J. & Pereira, A. Molecular
characterization of the CER1 gene of arabidopsis involved in epi-
cuticular wax biosynthesis and pollen fertility. Plant Cell 7,
2115–2127 (1995).

45. Lorrain, S., Allen, T., Duek, P. D., Whitelam, G. C. & Fankhauser, C.
Phytochrome-mediated inhibition of shade avoidance involves
degradation of growth-promoting bHLH transcription factors. Plant
J. 53, 312–323 (2008).

46. Leivar, P. et al. The Arabidopsis phytochrome-interacting
factor PIF7, together with PIF3 and PIF4, regulates responses to
prolonged red light by modulating phyB levels. Plant Cell 20,
337–352 (2008).

47. Léon‐Kloosterziel, K. M. et al. Isolation and characterization of
abscisic acid‐deficient Arabidopsis mutants at two new loci. Plant J.
10, 655–661 (1996).

48. Yoshida, T. et al. Four Arabidopsis AREB/ABF transcription factors
function predominantly in gene expression downstream of SnRK2
kinases in abscisic acid signalling in response to osmotic stress.
Plant. Cell Environ. 38, 35–49 (2015).

49. Lorenzo, O., Chico, J. M., Sánchez-Serrano, J. J. & Solano, R.
JASMONATE-INSENSITIVE1 encodes a MYC transcription factor
essential to discriminate between different jasmonate-regulated
defense responses in Arabidopsis. Plant Cell 16, 1938–1950 (2004).

50. Fernández-Calvo, P. et al. The arabidopsis bHLH transcription fac-
tors MYC3 and MYC4 are targets of JAZ repressors and act addi-
tivelywithMYC2 in the activation of jasmonate responses.PlantCell
23, 701–715 (2011).

51. Park, J. et al. A knock‐outmutation in alleneoxide synthase results in
male sterility and defective wound signal transduction in Arabi-
dopsis due to a block in jasmonic acid biosynthesis. Plant J. 31,
1–12 (2002).

52. Acosta, I. F. et al. Role of NINJA in root jasmonate signaling. Proc.
Natl Acad. Sci. 110, 15473–15478 (2013).

53. Chauvin, A., Lenglet, A., Wolfender, J.-L. & Farmer, E. E. Paired
hierarchical organization of 13-lipoxygenases in Arabidopsis. Plants
5, 16 (2016).

54. Stepanova,A.N. et al. TAA1-mediated auxinbiosynthesis is essential
for hormone crosstalk and plant development. Cell 133,
177–191 (2008).

55. Friml, J. et al. AtPIN4 mediates sink-driven auxin gradients and root
patterning in Arabidopsis. Cell 108, 661–673 (2002).

56. Nozue, K. et al. Shade avoidance components and pathways in
adult plants revealed by phenotypic profiling. PLoS Genet. 11,
e1004953 (2015).

57. Chen, Q. et al. Auxin overproduction in shoots cannot rescue auxin
deficiencies in arabidopsis roots. Plant Cell Physiol. 55,
1072–1079 (2014).

58. Hahn, F., Eisenhut, M.,Mantegazza, O. &Weber, A. P. M. Homology-
directed repair of a defective glabrous gene in Arabidopsis with
Cas9-based gene targeting. Front. Plant Sci. 9, 424 (2018).

59. Koornneeff, M., Dellaert, L. W. M. & Van der Veen, J. H. EMS-and
relation-induced mutation frequencies at individual loci in Arabi-
dopsis thaliana (L.) Heynh. Mutat. Res. Mol. Mech. Mutagen. 93,
109–123 (1982).

60. Keuskamp, D. H., Pollmann, S., Voesenek, L. A., Peeters, A. J. &
Pierik, R. Auxin transport through PIN-FORMED 3 (PIN3) controls
shade avoidance and fitness during competition. Proc. Natl Acad.
Sci. 107, 22740–22744 (2010).

Acknowledgements
We thank the Plant-Environment Signaling group (UU) for help with tis-
sue harvests for the transcriptome experiments, Yorrit van de Kaa for
preparing the plant material for the experiments, Debatosh Das and
Ronnie de Jong for help with bioinformatics analysis, and Muthanna
Biddanda Devaiah for helping with the photographic pictures. This work
was fundedby theNetherlandsOrganization for ScientificResearch: Vidi
86512.003 (R.P. and C.K.P.), ENW Vici 865.17.002 (R.P.), and ALW open
ALWOP.509 (C.K.P. and K.K.).

Author contributions
C.K.P. and R.P. designed research, with additional input from E.E.F. and
D.A.W.; C.K.P., S.B., C.T.N., and L.O. performed research; C.K.P., S.B.,
C.T.N., andK.K. analyzeddata; C.K.P.wrote themanuscript draft; D.A.W.,
E.E.F., K.K., and R.P. revised the manuscript.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-023-41530-0

Nature Communications |         (2023) 14:5827 11



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41530-0.

Correspondence and requests for materials should be addressed to
Chrysoula K. Pantazopoulou or Ronald Pierik.

Peer review information Nature Communications thanks Olivier Van
Aken, and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41530-0

Nature Communications |         (2023) 14:5827 12

https://doi.org/10.1038/s41467-023-41530-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mechanodetection of neighbor plants elicits adaptive leaf movements through calcium dynamics
	Results and discussion
	Distinct signaling pathways regulate touch- and FR-induced hyponasty
	Transcriptome analysis reveals specific regulation in petiole versus leaf tip
	Touch-induced hyponasty is mediated via changes in cytosolic [Ca2+]
	Trichomes are involved in touch-induced hyponasty

	Methods
	Plant materials, growth, and measurements
	Far-red (FR) light treatments
	Pharmacological experiments
	Transcriptome data analysis
	GCaMP3 fluorescence visualization and quantification
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




