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The leaves of the carnivorous plant Venus flytrap, Dionaea 
muscipula (Dionaea) close rapidly to capture insect prey. The 
closure response usually requires two successive mechanical 
stimuli to sensory hairs on the leaf blade within approximately 
30 s (refs. 1–4). An unknown biological system in Dionaea is 
thought to memorize the first stimulus and transduce the 
signal from the sensory hair to the leaf blade2. Here, we link 
signal memory to calcium dynamics using transgenic Dionaea 
expressing a Ca2+ sensor. Stimulation of a sensory hair caused 
an increase in cytosolic Ca2+ concentration ([Ca2+]cyt) starting 
in the sensory hair and spreading to the leaf blade. A second 
stimulus increased [Ca2+]cyt to an even higher level, meeting a 
threshold that is correlated to the leaf blade closure. Because 
[Ca2+]cyt gradually decreased after the first stimulus, the 
[Ca2+]cyt increase induced by the second stimulus was insuf-
ficient to meet the putative threshold for movement after 
about 30 s. The Ca2+ wave triggered by mechanical stimula-
tion moved an order of magnitude faster than that induced by 
wounding in petioles of Arabidopsis thaliana5 and Dionaea. The 
capacity for rapid movement has evolved repeatedly in flower-
ing plants. This study opens a path to investigate the role of 
Ca2+ in plant movement mechanisms and their evolution.

Plants have evolved a variety of mechanisms that ‘remember’ 
external stimuli as part of numerous processes, including accli-
mation to harsh environments, systemic acquired resistance to 
pathogens and vernalization6. In the short-term memory system of 
Dionaea (Fig. 1a), the second stimulus can be to any of the leaf ’s six 
sensory hairs (Fig. 1b), regardless of which hair received the first 
stimulus2. Previous studies showed that mechanical stimulation of a 
sensory hair generates action potentials that propagate to both lobes 
of the leaf7,8. Other studies have shown that leaf closure is blocked 
by Ca2+ channel inhibitors that should inhibit increase of the cyto-
solic Ca2+ concentration ([Ca2+]cyt) of leaf cells, emphasizing the 
importance of Ca2+ in the response9–11. On the basis of these results, 
the mechanism of Dionaea memory has been proposed to be as fol-
lows10,12: (1) [Ca2+]cyt increases during excitation; (2) [Ca2+]cyt or the 
concentration of some Ca2+-activated regulatory molecules must 
reach a threshold for movement; (3) a single action potential is not 
enough to increase [Ca2+]cyt to the threshold and at least two action 
potentials are necessary to trigger movement; (4) [Ca2+]cyt decreases 
after the first stimulus and after 30 s does not reach the threshold 
even with a second stimulus. This hypothesis has not been directly 

tested because of the lack of a method for spatiotemporal calcium 
monitoring in Dionaea.

Since transformation of Dionaea has not been reported, to 
observe spatiotemporal cytosolic [Ca2+] changes in Dionaea, 
we set out to transform excised leaves with Agrobacterium car-
rying a construct for constitutive expression of sGFP (refs. 13–15; 
pSB111U2-sGFP; Supplementary Fig. 1a). On the basis of the num-
ber of leaves expressing sGFP, etiolated leaves had a significantly 
higher transformation rate (97% (n = 96)) than did non-etiolated 
leaves (46% (n = 91)) (two-tail P = 4.8 × 10–12 by Fisher’s exact 
test). Furthermore, shoot regeneration rates from etiolated leaves 
were significantly higher under continuous dark conditions (55% 
(n = 60)) than under continuous light conditions (27% (n = 60)) 
(two-tail P = 0.0028 by Fisher’s exact test). From 77 excised etiolated 
leaves, we obtained seven transgenic plants that constitutively and 
ubiquitously expressed sGFP (Supplementary Fig. 2).

Using the same procedures, we next produced plants trans-
formed with a construct for constitutive expression of the calcium 
sensor protein GCaMP6f, which contains a cpEGFP fluorescent 
moiety14,16 (pSB111U2-GCaMP6f; Supplementary Fig. 1b). Five 
transgenic plants were obtained from 245 excised etiolated leaves. 
When non-excised leaves of GCaMP6f-transgenic Dionaea were 
placed on ice, cpEGFP fluorescence increased in both leaf lobes and 
petioles (Fig. 1c), as reported for cold-treated leaves of Arabidopsis 
thaliana17. Cytosolic localization of cpEGFP fluorescence was 
observed in a cut leaf blade (Supplementary Fig. 3).

We mechanically stimulated a sensory hair of GCaMP6f Dionaea 
and observed that cpEGFP fluorescence increased within 0.02 s at 
the base of the hair (Fig. 2a), where the sensory cells that gener-
ate action potentials are located7. Over time, fluorescence intensity 
continued to increase in the sensory hair (Fig. 2a) and fluorescence 
spread radially from the sensory hair to the surrounding leaf tissue 
(Fig. 2c,d, Extended Data Fig. 1 and Supplementary Videos 1 and 2). 
There are non-pigmented glands and pigmented digestive glands on 
the leaf blade2. The increase of fluorescence intensity was detected 
in the former glands but not in the latter. Fluorescence also propa-
gated from one lobe of the leaf to the other (Fig. 2e,f left, Extended 
Data Fig. 2 and Supplementary Video 3). In the abaxial view, fluo-
rescence was not detected in the midrib (Fig. 2f right). This suggests 
that fluorescence is propagated in the epidermis and/or parenchyma 
adaxial to the midrib but not in the midrib and tissue surrounding 
the midrib, both of which are connected to the petiole (Fig. 2f,g). 
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This is consistent with the observation that fluorescence did not 
propagate into the petiole (Fig. 2f).

We could not localize fluorescence to specific cells because of 
the difficulty of observing intact cells deep within the leaf and the 
need to avoid wound-induced fluorescence that would be caused 
by physical dissection (Supplementary Fig. 3). The fluorescence 
signal extended laterally as far as the area where secondary leaf 
veins, which run perpendicularly from a primary vein in the midrib 
toward the leaf edges, begin to branch and merge with neighbour-
ing veins (Fig. 2h). This was the furthest lateral spread observed on 
both the adaxial and abaxial sides of the leaf (Fig. 2f).

The average propagation velocity in the medial direction 
(53 ± 8.2 mm s–1 (mean ± s.e.m., n = 8 leaves)) was faster than that in 
the lateral direction (20 ± 6.8 mm s–1 (mean ± s.e.m., n = 8 leaves)). 
Average velocities in the proximal and distal directions were similar 
to that in the lateral direction (23 ± 3.2 mm s–1 (mean ± s.e.m., n = 8 
leaves) and 21 ± 3.2 mm s–1 (mean ± s.e.m., n = 8 leaves), respec-
tively) (Fig. 2d and Extended Data Fig. 3a). The velocity did not 
change when the fluorescence crossed a leaf vein or the midrib 
(Supplementary Video 3). The Ca2+ wave velocities resulting from 
stimulation of a sensory hair and those caused by wounding to the 
leaf blade were not distinguished (Extended Data Figs. 3c and 4, 
Supplementary Table 1 and Supplementary Video 4). It should be 
noted that similar action potentials are produced in response to 
mechanical stimulation and wounding18.

Fluorescence of unstimulated sensory hairs increased when 
the wave front reached them (Fig. 2c and Supplementary Video 
1). This is consistent with the observation that leaf closure can be 
induced with a second stimulus to any sensory hair, not only the 
one that received the first stimulus. It is noteworthy that the Ca2+ 
wave velocities resulting from stimulation of a sensory hair as well 
as those caused by wounding to the leaf blade are approximately 

50 to 20 times faster than those caused by wounding to petioles in 
A. thaliana (1.089 mm s–1) (ref. 5) and in Dionaea (1.2 ± 0.17 mm s–1 
(mean ± s.e.m., n = 5 leaves)) (Extended Data Figs. 3d and 5 and 
Supplementary Video 5).

We next observed Ca2+ dynamics following a second stimulus. 
The second stimulus further increased the signal intensity of the 
stimulated sensory hair (Fig. 2b), then propagated radially to mostly 
the same area as the first stimulus did and the leaf closed (Fig. 2c, 
Extended Data Fig. 6 and Supplementary Video 1). Average propa-
gation velocities for the second stimulus were approximately two to 
three times faster than those for the first stimulus in all four direc-
tions (Fig. 2c, Extended Data Fig. 3b, Supplementary Table 1 and 
Supplementary Video 1), suggesting that cells with an increased 
[Ca2+]cyt caused by the first stimulus are more sensitive to a second 
stimulus. The leaf area with increased fluorescence was indistin-
guishable from the area that changed tissue curvature during the 
leaf closure in a previous study19.

These results and the Ca2+ requirement of the snap movement9–11 
are concordant with the previous proposal that [Ca2+]cyt increases 
during excitation and is involved in triggering movement10. However, 
to clarify the causality between [Ca2+]cyt and movement, future 
genetic studies are necessary. The anisotropic differences in propaga-
tion velocities of the [Ca2+]cyt increase and the acceleration of propa-
gation velocities in response to the second stimulus (Extended Data 
Fig. 3 and Supplementary Table 1) are qualitatively in agreement 
with the behaviour of leaf action potentials8. However, the action 
potentials propagate at 60–170 mm s–1 after the first stimulus and 
250 mm s–1 after the second stimulus8,20, much faster than the propa-
gation of [Ca2+]cyt changes (20–53 mm s–1 after the first stimulus, 
51–102 mm s–1 after the second stimulus; Supplementary Table 1).  
Furthermore, lateral movement of the [Ca2+]cyt wave stops once it 
reached the area where the secondary veins branch (Fig. 2f), while 
action potentials continue beyond that boundary to reach the mar-
gin of the leaf blade8. These results suggest that propagation of the 
[Ca2+]cyt wave is not directly linked to that of the action potentials. 
Since different experimental setups result in variable velocities of 
action potentials21, a measurement of action potentials in GCaMP6f 
Dionaea together with [Ca2+]cyt changes with an intact leaf is neces-
sary to further investigate the relationship between [Ca2+]cyt wave and 
action potential, although it is not possible at this stage in Dionaea.

To investigate whether the need for two stimuli can be explained 
by there being a [Ca2+]cyt threshold for movement10, we quantitated 
GCaMP6f fluorescence intensity in the lateral and central areas of 
leaf blades (Fig. 2h) every 0.02 s after a mechanical stimulus to a sen-
sory hair (Fig. 3a,b). We normalized fluorescence intensity at time 
t to the maximum intensity after the first stimulus, to yield relative 
intensity Ft (Fig. 3a and Extended Data Fig. 7). The first stimulus 
triggered an elevation in fluorescence intensity, which then grad-
ually decreased in both areas of the leaf (Fig. 3a,b). Fluorescence 
increased additively in response to the second stimulus in both 
areas and then the leaf closed. The maximum fluorescence intensity 
after the second stimulus was higher than that reached after the first 
stimulus. Fluorescence intensities after the start of leaf movement 
could not be accurately measured because of the rapid movement.

Because movement is triggered by the second stimulus, we mea-
sured the residual Ft immediately before the second stimulus (Fres) 
and the maximum Ft just after the second stimulus (Fmax) (Fig. 3a). 
Logistic regression analysis showed that Fres in both lateral and cen-
tral areas are significantly correlated with leaf closure (Fig. 3c and 
Table 1). However, Fmax in the lateral area, but not in the central 
area, are significantly correlated with leaf closure. It is possible that 
[Ca2+]cyt exceeded the detection range of GCaMP6f in the central 
area after the second stimulus, because fluorescence intensity was 
higher in the central area than in the lateral area (Extended Data 
Fig. 7). The predicted 95% confidence intervals (CI) of putative 
threshold Fres, where leaf closure is triggered with 50% probability, 
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Fig. 1 | Cold stimulation induces a [Ca2+]cyt increase in a Dionaea trap 
leaf. a, A Dionaea plant growing in its natural habitat, North Carolina, 
United States. Leaves form a rosette and the bilobed leaf blade of each leaf 
forms a trap. b, Six sensory hairs (arrows) of a Dionaea leaf, one of which 
is magnified in the inset. L, lateral direction; M, medial direction; D, distal 
direction; P, proximal direction. Similar results were obtained from three 
leaves of three biologically independent plants. c, GCaMP6f fluorescence 
images of a leaf blade before (left) and 2 min after (right) a cold stimulus. 
The abaxial side of a petiole and right half of a leaf blade (a right leaf lobe) 
were attached to an ice block and cpEGFP signals were detected in cells 
attached to the ice. The left leaf lobe (outlined by dashed line) did not 
touch the ice block and the cpEGFP signal was not detected. Scale bars, 
1 cm in a; 1 mm in b and c; 100 μm in the inset of b.
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were 0.3738–0.6598 and 0.2599–0.4999 in the lateral and central 
areas, respectively (Table 1). The 95% CI of putative threshold Fmax 
was 1.226–1.422 in the lateral area. A likelihood ratio test rejected 
the assumption that leaf closure does not depend on [Ca2+]cyt  
(Table 1). These results indicate that there are putative [Ca2+]cyt 
thresholds for immediately before and after the second stimulus 
that should be met for movement to occur. Since the predicted 95% 
CI of putative threshold Fmax (1.226–1.422) is higher than that for 
F1 (1.000), a single stimulus cannot raise [Ca2+]cyt over the putative 
threshold Fmax and a second stimulus is necessary to meet the puta-
tive threshold for movement, at least in the lateral area.

Next, we examined whether a second stimulus could raise [Ca2+]cyt 
to the threshold after the memory limit time of 30 s after the first stim-
ulus2,3. We measured Ft every 0.02 s after the time of F1 in the absence 
of a second stimulus (Fig. 3d,e). [Ca2+]cyt decreased with time in both 
lateral and central areas of the leaf and decay curves were well fit into 
the two-phase exponential curves with lower Akaike’s Information 
Criterion in comparison to other simpler models (Supplementary 
Fig. 4). Fres and Fmax in the separate experiments with the second 
stimulus were plotted on the same graph with showing whether 
the leaf closed or not at given time (Fig. 3d,e). Leaf closure depends 
on the time elapsed after F1 is reached. Logistic regression analysis 
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Fig. 2 | a [Ca2+]cyt increase propagates from the sensory hair to the leaf blade after mechanical stimulation. a,b, Bright-field (a, leftmost) and fluorescence 
(others) images of a sensory hair stimulated by a needle at the indicated position by arrow heads. Seconds (s) from the first (a) or second (b) stimulus is 
indicated. Rightmost fluorescence images are the frames with the maximum intensity scored after the stimulus. Maximum intensity was measured across 
the whole pictured area. The second stimulus was applied 13.08 s after the first stimulus. Similar results were obtained from three leaves of two biologically 
independent plants. c, Fluorescence images of a GCaMP6f Dionaea leaf blade after a sensory hair was stimulated with a needle (yellow arrow). Frames were 
extracted in pseudocolour from those shown in Supplementary Video 1. Seconds (s) after the first stimulus are indicated. White arrows indicate sensory hairs 
with fluorescence despite not having been mechanical stimulated. The leaf closed after the second stimulus. Maximum intensity was measured across the 
whole pictured area. d,e, Propagation of the [Ca2+]cyt increase following the first mechanical stimulation to a sensory hair, indicated on bright-field images 
of the leaf shown in c (d) and in Extended Data Fig. 2 (e). Boundaries of the propagated area are shown every 0.02 s (white dashed line) and 0.08 s (white 
solid line). The boundary of the maximum propagated area is shown by a white dash-dotted line, 1.06 s (d) and 0.60 s (e) after application of the mechanical 
stimulus, respectively. f, Bright-field (top) and fluorescence (bottom) images of the adaxial (left and middle) and abaxial (right) sides of leaves showing the 
frame at which the maximum intensity after the mechanical stimulation was scored. Intensity was measured across the whole pictured area. White and red 
lines indicate outlines of a leaf blade and petiole, respectively. Magenta lines indicate leaf veins around the lateral boundary of fluorescence. g, Transverse 
section of tissue around the midrib. Black arrow heads indicate borders between fluorescent and non-fluorescent regions in the abaxial surface. The midrib is 
indicated by a bracket. Similar results were obtained from three leaves of three biologically independent plants. h, Bright-field images of a cleared leaf blade. 
Lateral and central areas used in the logistic regression analysis are indicated in green and magenta in the upper image. Secondary veins are indicated in the 
lower image (yellow lines). Scale bars, 200 μm in a and b; 1 mm in c–f and h; 100 μm in g.
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showed that the putative 50% leaf closure threshold for the duration 
of the F1 signal was 30.88 s with 95% CI 21.4–45.42 s (Fig. 3f and 
Table 1), which concurs with previous studies2,3. The means of F30.88 
in the lateral and central areas were 0.4631 ± 0.07214 (mean ± s.e.m., 
n = 6 leaves) (Fig. 3d) and 0.2638 ± 0.07758 (mean ± s.e.m., n = 6 
leaves) (Fig. 3e), respectively, which are within the ranges of 95% CIs 
of putative Fres thresholds (Table 1). These results indicate that the 
time course of [Ca2+]cyt decay correlates with the duration of the sig-
nal produced by the first stimulus and that the 30-s length of mem-
ory is explained by the decay of [Ca2+]cyt.

We also investigated whether the third stimulus can increase 
[Ca2+]cyt over the putative threshold Fmax and trigger movement, 

when the second stimulus does not trigger movement. After the 
third stimulus, Ft at the lateral area reached the 95% CI of the 
putative threshold and the leaf closed (Extended Data Fig. 8 and 
Supplementary Fig. 5 and Supplementary Video 6). On the other 
hand, even when Ft at central area reached the 95% CI of the 
putative threshold, the leaf did not close (Supplementary Fig. 5 
and Extended Data Fig. 8). These results are concordant with the 
result that Fmax at lateral area significantly correlates to the move-
ment but Fmax at central area does not (Table 1).

To further investigate relationships between the putative [Ca2+]cyt 
threshold and movement, two experiments were used. We found 
that Dionaea leaves close with no mechanical stimuli within 1 min, 
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Fig. 3 | Quantitative analysis of temporal fluorescence changes after mechanical stimulation and the putative [Ca2+]cyt threshold at which movement is 
triggered. a,b, Representative time courses of the normalized fluorescence intensity at time t (Ft) in the lateral (a) and central (b) areas. First and second 
stimuli are indicated as 1st and 2nd, respectively. The leaf closed after the second stimulus. F1, maximum Ft after the first stimulus before the second 
stimulus; Fres, Ft immediately before the second stimulus; Fmax, maximum Ft after the second stimulus. Plots of fluorescence intensity without normalization 
are shown in Extended Data Fig. 7. c, Regression curves in the logistic regression analyses of Fres at lateral areas (leftmost), Fres at central areas (second 
left), Fmax at lateral areas (second right) and Fmax at central areas (rightmost). Leaf states (black dots: 1, closed; 0, open), regression curve (red lines), 95% 
CI of the regression curve (grey regions), predicted putative thresholds of Ft to trigger closure of 50% leaves (solid blue lines) and 95% CI of the putative 
threshold (dashed blue lines) are shown. d,e, Decay curves of the fluorescence intensity (Ft) after F1 is reached in the lateral (d) and central (e) area. The 
mean (black line) and standard deviation of the mean (grey region) are plotted every 0.02 s (n = 6, leaves from two biologically independent plants). Fres 
(magenta) and Fmax (green) in c are plotted. Leaves were closed (circles) or not (x). f, Regression curves in the logistic regression analyses of duration 
between the first and second stimuli. Leaf states (black dots: 1, closed; 0, open), regression curve (red lines), 95% CI of the regression curve (grey regions), 
predicted putative thresholds of Ft to trigger closure of 50% leaves (solid blue lines) and 95% CI of the putative threshold (dashed blue lines) are shown.

Table 1 | Putative thresholds of [Ca2+]cyt and duration with logistic regression analyses

explanatory variable area Threshold (95% CI)a Odds ratio (95% CI)b Maximum likelihood likelihood ratio test

Fres Lateral 0.5058 
(0.3738–0.6598)

1.165 × 104 (1.32 × 102–1.145 × 107) 2.2 × 10−4 0.000002***

Central 0.3756 
(0.2599–0.4999)

4.114 × 104 
(2.141 × 102–1.382 × 108)

9.023 × 10−5 0.000008***

Fmax Lateral 1.327 (1.226–1.422) 7.627 × 104 
(1.558 × 102–7.536 × 108)

8.301 × 10−6 0.000044***

Central 1.179 (1.026–1.364) 1.608 × 104 (0.932–3.825 × 109) 6.17 × 10−9 0.063311

Duration – 30.88 s (21.4–45.42) 0.8917 (0.8093–0.9446) 3.229 × 10−4 0.000001***
aValue of Fmax or Fres where half number of the trap leaves close. bEffect size calculated from the regression coefficient. a,b95% CI: predicted 95% confidence intervals of putative threshold. ***P < 0.001 
(n = 30).
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when a leaf is removed from a stem at the attached position and 
the basal part of a petiole was immediately put in water. Even with 
no mechanical stimuli, the [Ca2+]cyt signal increased two or three 
times and the leaf closed (Extended Data Fig. 9, Supplementary 
Fig. 6 and Supplementary Video 7). Before the leaf closure, [Ca2+]cyt 
signals reached within the 95% CIs of the putative threshold 
(Extended Data Fig. 9). As the second experiment, we immersed 
a whole leaf in the calcium channel blocker La3+ solution9,11 to 
reduce [Ca2+]cyt levels. Although we do not know the reason, after 
30 min of immersion with no mechanical stimuli, fluorescence 
intensity increased at the marginal area of the leaf blade, where Ca2+ 
waves caused by a mechanical stimulus to the sensory hair did not 
reach (Supplementary Fig. 7). In a whole leaf immersed in water 
as a control, the second mechanical stimulus raised [Ca2+]cyt over 
the putative threshold to close the leaf (Extended Data Fig. 10a, 
Supplementary Fig. 8a and Supplementary Video 8). On the other 
hand, LaCl3-treated leaves did not move even after the third stim-
ulus and [Ca2+]cyt did not reach 95% CI of the putative threshold 
at the lateral area (Extended Data Fig. 10b, Supplementary Fig. 8b 
and Supplementary Video 9). These results are concordant with the 
hypothesis that leaf movement is triggered when the [Ca2+]cyt sur-
passes the threshold for the movement.

This study shows that (1) the first mechanical stimulus to a sen-
sory hair increases [Ca2+]cyt in the leaf tissue responsible for move-
ment, (2) the elevated [Ca2+]cyt decreases two-phase exponentially 
after the first stimulus, (3) the second stimulus additively increases 
[Ca2+]cyt, (4) [Ca2+]cyt meets a putative threshold for movement after 
the second stimulus and (5) the time course of [Ca2+]cyt decay after 
the first stimulus and the putative [Ca2+]cyt threshold for movement 
are consistent with a memory system in Dionaea. Further studies 
on Dionaea leaf movement will reveal the molecular mechanisms 
of calcium dynamics to trigger movement especially on the rela-
tionships of [Ca2+]cyt change to mechanostimulus, action potentials 
and turgor changes to trigger movement, as well as the evolution 
of rapid movement in plants. In addition, since the leaf area with 
increased [Ca2+]cyt corresponds to the area in which the effective 
quantum yield of photosystem II transiently decreases after the 
mechanical stimulus to the sensory hair22,23, studies on the relation-
ships between [Ca2+]cyt dynamics and other physiological responses 
will give insight into the evolution of carnivory in plants.

Methods
Plant materials and culture conditions. Seeds of Dionaea were kindly provided 
by J. Mundy (University of Copenhagen, Denmark)24 and sterilized in 80% (v/v) 
EtOH for 1 min, 1% (w/v) benzalkonium chloride for 5 min and 1% (w/v) sodium 
hypochlorite for 5 min. The seeds were rinsed three times in water and were sown on 
the half-strength Murashige and Skoog (MS) medium containing 3% (w/v) sucrose, 
1× Gamborg’s vitamins, 0.1% (w/v) 2-(N-morpholino)ethanesulfonic acid, 0.05% 
(v/v) Plant Preservative Mixture (Plant Cell Technology) and 0.3% (w/v) phytagel. 
The seeds were incubated at 25 °C in continuous light until germination. Plants were 
cultured on modified cocultivation medium15 (half-strength basal MS salts (1/2 MS; 
Wako) medium with 2% (w/v) sucrose, 1× Gamborg’s vitamins (Sigma-Aldrich), 
0.1% (w/v) 2-(N-morpholino)ethanesulfonic acid (Dojindo Laboratories) at pH 6.1) 
with 0.3% (w/v) phytagel (Sigma-Aldrich) in a tissue culture vessel (CUL-JAR300; 
AGC Techno Glass) under continuous light conditions at 25 °C. For transformation, 
Dionaea plants cultivated under continuous light conditions were moved to 
continuous dark conditions and cultivated for 1–6 months to collect etiolated leaves.

Transformation. To generate transgenic Dionaea constitutively expressing sGFP or 
GCaMP6f, the superbinary acceptor vector pSB1 and the superbinary intermediate 
vector pSB11 harbouring the sGFP or GCaMP6f sequence13,16,25 were individually 
introduced into LBA4404 Agrobacterium26. Agrobacterium was cultivated on solid 
LB medium (Sigma-Aldrich) supplemented with 1.5% (w/v) agar (Nacalai Tesque) 
and 50 μg ml–1 (w/v) of hygromycin-B (Life Technologies) for 48 h at 30 °C. A single 
Agrobacterium colony was inoculated into 5 ml of liquid LB medium with 25 μg ml–

1 (w/v) of hygromycin-B and precultured at 28 °C for 24 h with shaking at 180 r.p.m. 
Then, a portion of Agrobacterium was diluted to a concentration of optical density 
OD600 0.15 with 40 ml of liquid LB medium supplemented with 25 μg ml–1 of 
hygromycin-B in a 200-ml baffled flask and further cultivated at 28 °C with shaking 
at 180 r.p.m. until an OD600 of ~0.55 was reached. After centrifugation at 5,000g for 

10 min at 25 °C, the supernatant was removed and precipitated Agrobacterium cells 
were resuspended to OD600 0.3 in the modified cocultivation medium mentioned 
above with 40 μg ml–1 of acetosyringone (Wako) after washing with the modified 
cocultivation medium once. Etiolated leaves were cut at the middle of the petiole, 
submerged in 10 ml of the Agrobacterium suspension and placed twice successively 
under a vacuum (−0.08 MPa in gauge pressure) for 10 min. The infected leaves 
were submerged in the modified cocultivation medium with fresh Agrobacterium 
and cultivated under continuous darkness at 25 °C for 72 h. Agrobacterium-infected 
leaves were transplanted onto the modified cocultivation medium with 0.3% (w/v) 
phytagel and 150 μg ml–1 of cefotaxime sodium salt (SANOFI) and cultivated under 
continuous darkness at 25 °C. The solid medium was exchanged once a week for 
at least a month, until transgenic shoots formed. One month after infection, the 
leaves were transferred to solid 1/2 MS medium plates lacking cefotaxime sodium 
salt. Transgenic shoots were cultivated under 8 h light/16 h darkness at 25 °C until 
green leaves formed and acclimated under 16 h light/8 h darkness at 22 °C in soil 
consisting of peat moss and perlite at a ratio of 2 to 1.

Tissue clearing. Leaves were fixed in 20% (v/v) acetic acid (Wako) dissolved in 
ethanol (Wako) with four 15-min rounds of decompression to −0.08 MPa in gauge 
pressure at room temperature and then kept overnight at 4 °C. Fixed leaves were 
rehydrated using a dilution series of ethanol (90%, 70%, 50%, 30% and 0%) and 
cleared in a solution consisting of 8 g of chloral hydrate (Wako), 1 ml of glycerol 
(Wako) and 2 ml of distilled water for 3 d at room temperature under continuous 
dark conditions.

Microscopy. Stereoscopic images and videos were taken using a SZX16 (Olympus) 
fluorescence microscope equipped with a SZX2-FGFP long-pass filter (Olympus) 
and a digital camera DP74 (Olympus). Fluorescence videos were taken using 
the linear mode of cellSens Standard (1.17) in a range where the fluorescence 
intensities of samples and brightness values of captured images are linear. All 
fluorescence movies were taken at 50 frames per second, with a 2-ms exposure 
time (Fig. 2a, b) or 15-ms exposure time (others) and 16× gain, in linear contrast 
mode and with 2 × 2 binning. Images were saved as a sequence of uncompressed 
tiff files. Blue, green and red channels were split from the original images and only 
green channel images were used for the analysis. All fluorescence images were 
pseudocoloured with green or LUT (fire lookup table) in ImageJ (1.52p). All videos 
were constructed from the green channel images of the original uncompressed 
tiff images. The time course of the two-dimensional propagation of increased 
fluorescence was determined by manually connecting the boundaries of fluorescent 
areas (Fig. 2d,e). To calculate the propagation velocity of the [Ca2+]cyt increase, 
leaves and petioles were considered to be flat planes and the velocity induced by 
the stimulus was measured 0.04 s (Extended Data Fig. 3a,c), 0.02 s (Extended Data 
Fig. 3b) and 5 s (Extended Data Fig. 3d) after the stimulus. To compare the areas 
with increased [Ca2+]cyt after application of the first and second stimuli, the pixel 
intensity distribution was classified into two distributions: pixels with large changes 
and pixels with small changes in intensity. Pixels with small changes were set as 
background and were assigned the same value in images acquired after the first and 
second stimulation. For quantitative analysis, two ROIs (regions of interest) were 
defined: the central and lateral areas, corresponding to the areas where secondary 
leaf veins run parallel and merge with neighbouring veins, respectively (Fig. 2h). 
The size of each ROI was set to at least 1,000 pixels and the average intensity per 
pixel in the ROI was calculated using ImageJ and data were plotted by Microsoft 
Excel (16.0.12325.20280) and R studio (1.2.1335). Confocal microscope images 
to observe localization of GCaMP6f were taken using a confocal laser microscope 
SP8 (Leica) with a detecting fluorescence emission of 491–534 nm for cpEGFP and 
670–700 nm for autofluorescence of chloroplasts under excitation at 484 nm.

Image and regression analyses. To quantify the fluorescence intensity using 
multiple leaves, the fluorescence intensity was calculated at a given time t as 
Ft = (ft − f0)/(f1 − f0), where ft indicates fluorescence intensity at a given time t, 
f0 indicates an average of ft in 50 frames for 1 s before the first stimulus was 
applied and f1 indicates the maximum ft after the first stimulus was applied 
before the second stimulus was applied (Fig. 3a and Extended Data Fig. 7). For 
the explanatory variables of the regression analysis, the maximum Ft after the 
second stimulus was defined as Fmax, the residual Ft immediately before the second 
stimulus was applied was defined as Fres and duration between times of f1 and the 
second stimulus. As the dependent variables, closed and unclosed leaves after the 
second stimulus were scored as 1 and 0, respectively. For the likelihood ratio test, 
we set a null hypothesis that leaf movement is independent of Fres or Fmax and an 
alternative hypothesis that leaf movement is dependent of Fres or Fmax and tested by 
the parametric bootstrap test with 1,000,000 bootstrap replicates.

Vibratome sectioning. Untransformed Dionaea leaves were embedded in 5% 
(w/v) agar (Nacalai Tesque) in water and cut into 100-μm sections by vibratome 
VT1200 (Leica). Images of sections are taken using microscope BX51 (Olympus) 
equipped with a DS-Fi1c colour camera (Nikon).

Approximation of decay curves of [Ca2+]cyt. Using nls function in R (ref. 27), we 
estimated the [Ca2+]cyt decay curves using the two-phase exponential equation (1), 
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the one-phase exponential equation (2) and the linear equation (3) by nonlinear 
and linear least squares regressions.

g tð Þ ¼ aebt þ cedt þ e ð1Þ

g tð Þ ¼ aebt þ c ð2Þ

g tð Þ ¼ at þ b ð3Þ

where g(t) is [Ca2+]cyt, t is time and a–e are parameters.

Observation of digestive glands. Leaf lobes were cut by a razor blade, mounted to 
the 35-mm dish (Falcon) by double-sided tape and immersed for 0.5 h in a buffer 
containing 0.1 mM KCl (Wako), 10 mM CaCl2 (Wako), 20 mM sorbitol (Wako) 
and 5 mM 2-(N-morpholino)ethanesulfonic acid (Dojindo Laboratories) adjusted 
with 2-amino-2-hydroxymethyl-1,3-propanediol (Wako) to pH 6 (ref. 28). The most 
distal sensory hair was mechanically stimulated by a needle. Stereoscopic images 
and videos were taken using a SZX16 (Olympus) as mentioned above.

La3+ treatment. Leaves were cut by scissors at the proximal end of the petioles. 
Since [Ca2+]cyt signals increased by wounding, the cut leaves were kept on a 
Petri dish for 3 min at room temperature to decrease [Ca2+]cyt levels. Since some 
leaves do not respond to mechanical stimuli after the cut, the cut leaves were 
mechanically stimulated to confirm the elevation of [Ca2+]cyt levels by a mechanical 
stimulus. The stimulated leaves with increased [Ca2+]cyt levels were kept on a 
Petri dish for 3 min to decrease the [Ca2+]cyt levels, then placed in the 35-mm dish 
(Falcon) and immersed in 8 ml of water or 20 mM LaCl3 (Wako) solution. A 0.1% 
(v/v) Silwet-L77 (BMS) solution was added to diminish the surface tension that 
stimulates trigger hairs to close leaves. After 30 min of immersion, the liquid was 
removed. The treated leaves were kept without touching for 3 min and then the 
sensory hair was mechanically stimulated. Stereoscopic images and videos were 
taken using a SZX16 (Olympus) as mentioned above.

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

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request. Sequence data for genes and 
plasmids can be found in GenBank under the following accession numbers: sGFP 
(ABL09837), pSB1 (AB027255) and pSB11 (AB027256). Sequence of GCaMP6f can 
be found in Addgene data libraries as catalogue no. 40755. Source data are provided 
with this paper.
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Extended Data Fig. 1 | GCaMP6f signals in glands by a series of mechanical stimuli. A bright-field image (upper leftmost) and fluorescence images 
(others) at the leaf blade. A pictured area of the fluorescence images corresponds to the square area at the proximal side of a leaf blade in the bright-field 
image. Sensory hairs are indicated by light blue arrow heads. The most distal sensory hair (left blue arrow-head) was stimulated by a needle. Pseudocolour 
images were extracted from those shown in Supplementary Video 2. Seconds (s) after the first stimulus are indicated. Non-pigmented glands are indicated 
by white arrows. We could not detect the increase of GCaMP6f signals in pigmented digestive glands by any of the three stimuli, although a previous 
study28 with FURA-2 calcium indicator showed that the increase of FURA-2 signal was not detected by the first and second mechanical stimuli but was by 
the third stimulus. Scale bar, 1 mm.
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Extended Data Fig. 2 | The [Ca2+]cyt increase induced by a mechanical stimulation propagates from the one lobe of a blade to the other. Fluorescence 
images of a GCaMP6f Dionaea leaf, after a sensory hair was subjected to the first mechanical stimulus with a needle (yellow arrow). Frames are extracted 
in pseudocolour from those shown in Supplementary Video 3. Seconds (s) after the first stimulus is indicated. Maximum intensity was measured at the 
whole pictured area. Scale bar, 1 mm.
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Extended Data Fig. 3 | Propagation velocity of the [Ca2+]cyt increase. a–c, Propagation velocity of the [Ca2+]cyt increase from a stimulated sensory hair  
(a and b) or from a wounded tissue (c). Fluorescence were measured after the first stimulus (a) (n = 8, leaves from two biologically independent plants), 
the second stimulus (b) (n = 3, leaves from two biologically independent plants), and the wounding stimulus by needle at the central area (c) (n = 4, 
leaves from two biologically independent plants) were applied. The most distal sensory hairs were mechanically stimulated after 5.18, 5.52 and 5.54 s from 
the first stimuli. Mean values are indicated by reticles. Velocities were measured in four directions from the stimulated site (Figs. 1b and 2f top middle). 
Two-way analysis of variance without replication with Holm’s sequentially rejective Bonferroni procedure was used to calculate two-tail p-values.  
d, Propagation velocity of [Ca2+]cyt increase by wounding (n = 5, leaves from two biologically independent plants). The midrib was cut at the proximal end 
of the leaf blade by scissors. The cut position corresponds to that in the previous study in A. thaliana5. Mean values are indicated by reticles. Velocities 
were measured in the proximal direction from the stimulated site (Extended Data Fig. 5).
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Extended Data Fig. 4 | The [Ca2+]cyt increase induced by a wounding stimulus to the leaf blade. Bright-field image (upper leftmost) and fluorescence 
images (others) of a GcaMP6f Dionaea leaf wounded by a needle (yellow arrow). Frames were extracted with pseudocolour from those shown in 
Supplementary Video 4. Seconds (s) after the wounding stimulus is indicated. Scale bar, 2 mm.
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Extended Data Fig. 5 | [Ca2+]cyt increase induced by a wounding stimulus to the midrib propagates along the midrib. Bright-field image (upper leftmost) 
and fluorescence images (others) of a GCaMP6f Dionaea leaf wounded by cutting with scissors (yellow arrow) the midrib at the proximal end of the leaf 
blade. Frames were extracted with pseudocolour from those shown in Supplementary Video 5. Seconds (s) after the wounding stimulus is indicated. Scale 
bar, 2 mm.
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Extended Data Fig. 6 | leaf areas exhibiting a [Ca2+]cyt increase following the first and second stimulation overlapped. Bright-field image (a) and the 
cpEGFP fluorescence changed area at the maximum intensity frame after application of the first (b) and second (c) stimulus. Merged image of (b) and (c) 
is shown in (d). Maximum intensity was measured across the whole pictured area. White and red lines mark the boundary of the leaf blade and petiole, 
respectively. Blue lines indicate leaf veins around the lateral boundary of fluorescence. The second stimulus was applied 12.06 s after the first stimulus. 
Scale bar, 1 mm.
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Extended Data Fig. 7 | Procedure for the normalization of fluorescence intensity. a–b, Representative time courses of the average pixel intensities of 
fluorescence in the lateral (a) and central (b) areas without normalization. First and second stimuli are indicated as “1st” and “2nd”, respectively. After 
the second stimulus, the leaf closed. The normalized fluorescence intensity Ft was calculated as (ft–f0) / (f1–f0), where ft, averaged pixel intensity of 
fluorescence at a given time “t”; f0, averaged ft of 50 frames 1 s before the first stimulus; f1, maximum ft after the first stimulus before the second stimulus.
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Extended Data Fig. 8 | Temporal fluorescence changes of GCaMP6f Dionaea leaves that did not close by the first and the second mechanical stimuli 
but closed by the third stimulus. a–b, Representative time courses of the normalized fluorescence intensity at time t [Ft] in the lateral (a) and the central 
(b) areas (n = 5, leaves from two biologically independent plants). Time at the max intensity after the first mechanical stimulus (red arrow-head) is set as 
0 seconds for each experiment. The second and the third stimuli are indicated by arrow heads and arrows, respectively. The colour of arrow heads in the 
second and the third stimuli correspond to that of the plots. Time points when leaf movement started are indicated by black dots. Putative thresholds for 
the movement (red lines) and 95% CIs (red dotted lines) are taken from Table 1.
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Extended Data Fig. 9 | Temporal fluorescence changes with no mechanical stimuli in a GCaMP6f Dionaea leaf whose petiole base is put in water.  
a, b, Representative time courses of the normalized fluorescence intensity at time t [Ft] in the lateral (a) and central (b) areas of a leaf whose petiole base 
was put in water (n = 4, leaves from two biologically independent plants). Time when fluorescence intensity started to increase without a stimulus is 
indicated as 0 seconds. Even though leaves were not mechanically stimulated, two or three successive increases of signals were detected. Time points  
when leaf movement started are indicated by black dots. Putative thresholds for the movement (red lines) and their 95% CIs (red dotted lines) are taken 
from Table 1.
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Extended Data Fig. 10 | Temporal fluorescence changes after mechanical stimulation of GCaMP6f Dionaea leaves immersed in the calcium channel 
blocker laCl3 solution. a–b, Representative time courses of the normalized fluorescence intensity at time t [Ft] in the lateral (left) and the central (right) 
areas 30 minutes after immersion in water (a) (n = 3, leaves from two biologically independent plants) or 20 mM LaCl3 solution (b) (n = 3, leaves from 
two biologically independent plants). Time at the first mechanical stimulus (red arrow-head) is set as 0 seconds. The second and the third stimuli are 
indicated by arrow heads and arrows, respectively. The colour of arrow heads in the second and the third stimuli correspond to that of the plots. Time 
points when leaf movement started are indicated by black dots. Putative thresholds for the movement (red lines) and their 95% CIs (red dotted lines) are 
taken from Table 1.
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Sample size No sample-size calculation was performed. We conducted all experiments with maximum available sample size (n ≥ 3) in the same conditions 
including culturing, sampling, and observation. All of the sample sizes (n) were written on the manuscript.

Data exclusions For the logistic regression analysis, we used non-moved leaves and completely closed leaves after second stimulus. We excluded incompletely 
closed leaves after second stimulus to exclude the leaves which did not close because of their immaturation.

Replication We conducted all experiments with more than three biological replicates in two independent mutant lines. All replication experiments were 
concordant.

Randomization We randomly sampled in all experiments.

Blinding We were aware of sample allocation but data collection and analysis methods 
were not changed between sample groups.
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