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SUMMARY: 25 
Extracellular glutamate-triggered systemic calcium signaling is critical for the induction of plant 26 
defense responses to mechanical wounding and herbivore attack in plants. This article describes 27 
a method to visualize the spatial and temporal dynamics of both these factors using Arabidopsis 28 
thaliana plants expressing calcium- and glutamate-sensitive fluorescent biosensors. 29 
 30 
ABSTRACT: 31 
Plants respond to mechanical stresses such as wounding and herbivory by inducing defense 32 
responses both in the damaged and in the distal undamaged parts. Upon wounding of a leaf, an 33 
increase in cytosolic calcium ion concentration (Ca2+ signal) occurs at the wound site. This signal 34 
is rapidly transmitted to undamaged leaves, where defense responses are activated. Our recent 35 
research revealed that glutamate leaking from the wounded cells of the leaf into the apoplast 36 
around them serves as a wound signal. This glutamate activates Glutamate Receptor-Like Ca2+ 37 
permeable channels, which then leads to long-distance Ca2+ signal propagation throughout the 38 
plant. The spatial and temporal characteristics of these events can be captured with real-time 39 
imaging of living plants expressing genetically encoded fluorescent biosensors. Here we 40 
introduce a plant-wide, real-time imaging method to monitor the dynamics of both the Ca2+ 41 
signals and changes in apoplastic glutamate that occur in response to wounding. This approach 42 
uses a wide-field fluorescence microscope and transgenic Arabidopsis plants expressing Green 43 
Fluorescent Protein (GFP)-based Ca2+ and glutamate biosensors. In addition, we present 44 
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methodology to easily elicit wound-induced, glutamate-triggered rapid and long-distance Ca2+ 45 
signal propagation. This protocol can also be applied to studies on other plant stresses to help 46 
investigate how plant systemic signaling might be involved in their signaling and response 47 
networks. 48 
 49 
INTRODUCTION: 50 
Plants cannot escape from biotic stresses, e.g., insects feeding on them, so they have evolved 51 
sophisticated stress sensing and signal transduction systems to detect and then protect 52 
themselves from challenges such as herbivory1. Upon wounding or herbivore attack, plants 53 
initiate rapid defense responses including accumulation of the phytohormone jasmonic acid (JA) 54 
not only at the wounded site but also in undamaged distal organs2. This JA then both triggers 55 
defense responses in the directly damaged tissues and preemptively induces defenses in the 56 
undamaged parts of the plant. In Arabidopsis, the accumulation of JA induced by wounding was 57 
detected in distal, intact leaves within just a few minutes of damage elsewhere in the plant 58 
suggesting that a rapid and long-distance signal is being transmitted from the wounded leaf3. 59 
Several candidates, such as Ca2+, reactive oxygen species (ROS), and electrical signals, have been 60 
proposed to serve as these long-distance wound signals in plants4,5. 61 
 62 
Ca2+ is one of the most versatile and ubiquitous second messenger elements in eukaryotic 63 
organisms. In plants, caterpillar chewing and mechanical wounding cause drastic increases in the 64 
cytosolic Ca2+ concentration ([Ca2+]cyt) both in the wounded leaf and in unwounded distant 65 
leaves6,7. This systemic Ca2+ signal is received by intracellular Ca2+-sensing proteins, which leads 66 
to the activation of downstream defense signaling pathways, including JA biosynthesis8,9. Despite 67 
numerous such reports supporting the importance of Ca2+ signals in plant wound responses, 68 
information on the spatial and temporal characteristics of Ca2+ signals induced by wounding is 69 
limited. 70 
 71 
Real-time imaging using genetically encoded Ca2+ indicators is a powerful tool to monitor and 72 
quantify the spatial and temporal dynamics of Ca2+ signals. To date, versions of such sensors have 73 
been developed that enable the visualization of Ca2+ signals at the level of a single cell, to tissues, 74 
organs and even whole plants10. The first genetically encoded biosensor for Ca2+ used in plants 75 
was the bioluminescent protein aequorin derived from the jellyfish Aequorea victoria11. Although 76 
this chemiluminescent protein has been used to detect Ca2+ changes in response to various 77 
stresses in plants12–18, it is not well-suited for real-time imaging due to the extremely low 78 
luminescent signal it produces. Förster Resonance Energy Transfer (FRET)-based Ca2+ indicators, 79 
such as the Yellow cameleons, have also been successfully used to investigate the dynamics of a 80 
range of Ca2+ signaling events in plants19–24. These sensors are compatible with imaging 81 
approaches and most commonly are composed of the Ca2+ binding protein calmodulin (CaM) and 82 
a CaM-binding peptide (M13) from a myosin light chain kinase, all fused between two 83 
fluorophore proteins, generally a Cyan Fluorescent Protein (CFP) and a Yellow Fluorescent 84 
Protein variant (YFP)10. Ca2+ binding to CaM promotes the interaction between CaM and M13 85 
leading to a conformational change of the sensor. This change promotes energy transfer between 86 
the CFP and YFP, which increases the fluorescence intensity of the YFP while decreasing the 87 
fluorescence emission from the CFP. Monitoring this shift from CFP to YFP fluorescence then 88 



 

 

provides a measure of the increase in Ca2+ level. In addition to these FRET sensors, single 89 
fluorescent protein (FP)-based Ca2+ biosensors, such as GCaMP and R-GECO, are also compatible 90 
with plant imaging approaches and are widely used to study [Ca2+]cyt changes due to their high 91 
sensitivity and ease of use25–30. GCaMPs contain a single circularly permutated (cp) GFP, again 92 
fused to CaM and the M13 peptide. The Ca2+-dependent interaction between CaM and M13 93 
causes a conformational change in the sensor that promotes a shift in the protonation state of 94 
the cpGFP, enhancing its fluorescent signal. Thus, as Ca2+ levels rise, the cpGFP signal increases. 95 
 96 
To investigate the dynamics of Ca2+ signals generated in response to mechanical wounding or 97 
herbivore feeding, we have used transgenic Arabidopsis thaliana plants expressing a GCaMP 98 
variant, GCaMP3, and a wide-field fluorescence microscope6. This approach has succeeded in 99 
visualizing rapid transmission of a long-distance Ca2+ signal from the wound site on a leaf to the 100 
whole plant. Thus, an increase in [Ca2+]cyt was immediately detected at the wound site but this 101 
Ca2+ signal was then propagated to the neighboring leaves through the vasculature within a few 102 
minutes of wounding. Furthermore, we found that the transmission of this rapid systemic wound 103 
signal is abolished in Arabidopsis plants with mutations in two glutamate receptor-like genes, 104 
Glutamate Receptor Like (GLR), GLR3.3, and GLR3.66. The GLRs appear to function as amino-acid 105 
gated Ca2+ channels involved in diverse physiological processes, including wound response3, 106 
pollen tube growth31, root development32, cold response33, and innate immunity34. Despite this 107 
well-understood, broad physiological function of the GLRs, information on their functional 108 
properties, such as their ligand specificity, ion selectivity, and subcellular localization, are 109 
limited35. However, recent studies reported that GLR3.3 and GLR3.6 are localized in the phloem 110 
and xylem, respectively. Plant GLRs have similarities to ionotropic glutamate receptors (iGluRs)36 111 
in mammals, which are activated by amino acids, such as glutamate, glycine, and D-serine in the 112 
mammalian nervous system37. Indeed, we demonstrated that the application of 100 mM 113 
glutamate, but not other amino acids, at the wound site induces a rapid, long-distance Ca2+ signal 114 
in Arabidopsis, indicating that extracellular glutamate likely acts as a wound signal in plants6. This 115 
response is abolished in the glr3.3/glr3.6 mutant suggesting that glutamate may be acting 116 
through one or both of these receptor-like channels and indeed, AtGLR3.6 was recently shown 117 
to be gated by these levels of glutamate38. 118 
 119 
In plants, in addition to its role as a structural amino acid, glutamate has also been proposed as 120 
a key developmental regulator39; however, its spatial and temporal dynamics are poorly 121 
understood. Just as for Ca2+, several genetically encoded indicators for glutamate have been 122 
developed to monitor the dynamics of this amino acid in living cells40,41. iGluSnFR is a GFP-based 123 
single-FP glutamate biosensor composed of cpGFP and a glutamate binding protein (GltI) from 124 
Escherichia coli42,43. The conformational change of iGluSnFR, that is induced by glutamate binding 125 
to GltI, results in an enhanced GFP fluorescence emission. To investigate whether extracellular 126 
glutamate acts as a signaling molecule in plant wound response, we connected the iGluSnFR 127 
sequence with the basic chitinase signal peptide secretion sequence (CHIB-iGluSnFR) to localize 128 
this biosensor in the apoplastic space6. This approach enabled imaging of any changes in the 129 
apoplastic glutamate concentration ([Glu]apo) using transgenic Arabidopsis plants expressing this 130 
sensor. We detected rapid increases in the iGluSnFR signal at the wounding site. This data 131 
supports the idea that glutamate leaks out of the damaged cells/tissues to the apoplast upon 132 



 

 

wounding and acts as a damage signal activating the GLRs and leading to the long-distance Ca2+ 133 
signal in plants6. 134 
 135 
Here, we describe a plant-wide real-time imaging method using genetically encoded biosensors 136 
to monitor and analyze the dynamics of long-distance Ca2+ and extracellular glutamate signals in 137 
response to wounding6. The availability of wide-field fluorescence microscopy and transgenic 138 
plants expressing genetically encoded biosensors provides a powerful, yet easily implemented 139 
approach to detect rapidly transmitted long-distance signals, such as Ca2+ waves. 140 
 141 
PROTOCOL: 142 
 143 
1. Plant material preparation 144 
 145 
1.1. In a 1.5 mL microtube, surface sterilize the seeds of Arabidopsis thaliana (Col-0 accession) 146 
plant expressing either GCaMP3 or CHIB-iGluSnFR by shaking with 20% (v/v) NaClO for 3 min and 147 
then wash 5 times with sterile distilled water. 148 
 149 
NOTE: The transgenic lines of Arabidopsis expressing GCaMP3 or CHIB-iGluSnFR have been 150 
described previously6. 151 
 152 
1.2. In a sterile hood, sow 13 surface-sterilized seeds on a 10 cm square plastic Petri dish filled 153 
with 30 mL sterile (autoclaved) Murashige and Skoog (MS) medium [1x MS salts, 1% (w/v) sucrose, 154 
0.01% (w/v) myoinositol, 0.05% (w/v) MES, and 0.5% (w/v) gellan gum; pH 5.7 adjusted with 1N 155 
KOH]. Replace the lid and wrap with surgical tapes. 156 
 157 
1.3. After incubation in dark at 4 °C for 2 days, place the plates horizontally at 22 °C in a growth 158 
chamber under continuous light (90–100 μmol m−2 s−1) for approximately 2 weeks before use. 159 
After 2 weeks, count the number of Arabidopsis leaves from oldest to youngest44 (Figure 1). 160 
Wound responses preferentially move from the damaged leaf (n) to leaves numbered n ± 3 and 161 
n ± 56. 162 
 163 
NOTE: In this protocol, the Petri dish will be opened for imaging the wound and glutamate effects 164 
under a fluorescence microscope. Therefore, subsequent steps in this experiment should be 165 
conducted under temperature- and humidity-controlled room conditions. This is because Ca2+ 166 
signals are also elicited by changes in these environmental conditions. It is also known that the 167 
blue light, emitted from the microscope during recording for excitation of the biosensor protein’s 168 
fluorescence, may elicit an increase of cytosolic Ca2+ concentration45 and so the plant should be 169 
acclimated to the blue light irradiation for several minutes before beginning the experiment. 170 
 171 
2. Chemical preparation 172 
 173 
2.1. Dissolve L-Glutamate in a liquid growth medium [1/2x MS salts, 1% (w/v) sucrose, and 0.05% 174 
(w/v) MES; pH 5.1 adjusted with 1N KOH] to make a 100 mM working solution. 175 
 176 



 

 

NOTE: Avoid use of salts of glutamate such as sodium glutamate to prevent potential cation-177 
related effects on Ca2+ dynamics. 178 
 179 
3. Microscope setting and conducting real-time imaging 180 
 181 
3.1. Turn on the motorized fluorescence stereomicroscope equipped with a 1x objective lens (NA 182 
= 0.156) and a sCMOS camera (Figure 2) and configure the device settings to irradiate with a 183 
470/40 nm excitation light and acquire an emission light passing through a 535/50 nm filter. 184 
 185 
NOTE: Any GFP-sensitive fluorescence microscope can be used to detect GCaMP3 and iGluSnFR 186 
signals at real-time, but a low power objective lens and highly sensitive camera with a wide 187 
sCMOS chip are recommended to acquire signals from the entire plant. The low power objective 188 
allows for imaging of an entire Arabidopsis plant’s response and use of a highly sensitive camera 189 
permits the fast data acquisition needed to capture the rapid time course of the wound-triggered 190 
Ca2+ wave. For the fluorescence microscope used in this study, the maximum values of the field 191 
of view and temporal resolution are 3 cm x 3 cm and 30 frames per second (fps), respectively. 192 
 193 
3.2. Remove the lid and place the dish under the objective lens. 194 
 195 
3.3. Check the fluorescence signal from the plant and then wait for approximately 30 min in the 196 
dark until plants are adapted to the new environmental conditions. This adaptation step is 197 
required because changes in humidity elicit [Ca2+]cyt elevation in plants that can interfere with 198 
any wound-related events. 199 
 200 
3.4. Adjust the focus and magnification to see the whole plant in the field of view. In the current 201 
protocol, a 0.63x magnification was used. 202 
 203 
3.5. Before starting real-time imaging, set up the acquisition parameters to detect the 204 
fluorescence signals using microscope imaging software. The settings for imaging in the current 205 
protocol are: exposure and interval times set to 1.8 s and 2 s (i.e., 0.5 fps), respectively. Set 206 
recording time to 11 min. 207 
 208 
3.6. Image for 5 min prior to starting the experiment to acclimate the plant to the blue light 209 
irradiation from the microscope, then start recording by clicking on Run Now, or the equivalent 210 
command in the microscope software being used. To determine the average baseline 211 
fluorescence, record at least 10 frames (i.e., at least 20 s in the current protocol) before wounding 212 
or glutamate application (see Section 4). 213 
 214 
3.6.1. For real-time imaging of wound-induced [Ca2+]cyt and [Glu]apo changes, cut the petiole or 215 
the middle region of leaf L1 with scissors (Figure 3 and Figure 4). 216 
 217 
3.6.2. For real-time imaging of glutamate-triggered [Ca2+]cyt changes, cut the edge (approximately 218 
1 mm from the tip) of leaf L1 across the main vein with scissors. After at least 20 min recovery 219 
period, apply 10 µL of 100 mM glutamate to the leaf’s cut surface (Figure 5). 220 



 

 

 221 
NOTE: This pre-cutting was necessary to allow glutamate access to the leaf apoplast in order to 222 
trigger responses. In addition, applying a drop of distilled water to the cut surface of leaf L1 was 223 
found to be critical to prevent the samples from desiccating during the recovery before applying 224 
glutamate. 225 
 226 
3.7. After finishing the 11 min recording, save the data. 227 
 228 
4. Data analysis 229 
 230 
4.1. For fluorescence intensity analysis over time, define a region of interest (ROI) at the place 231 
where fluorescence intensity is to be analyzed (Figure 6 and Figure 7). For the velocity calculation 232 
of Ca2+ wave, define 2 ROIs (ROI1 and ROI2) for analysis. In the imaging software, click on Time 233 
Measurement | Define | Circle. Measure the distance between ROI1 and ROI2 by clicking on 234 
Annotations and Measurement | Length | Simple Line (Figure 6). 235 
 236 
4.2. Measure the raw fluorescence values (F) in each ROI over time by clicking on Measure. Export 237 
raw data to the spreadsheet software to convert the fluorescence signal into numbers at each 238 
time point by clicking on All to Excel | Export. 239 
 240 
4.3. Determine the baseline fluorescence value, which is defined as F0, by calculating the average 241 
of F over the first 10 frames (i.e., prior to treatment) in the recorded data. 242 
 243 
4.4. Normalize the F data (by calculating ΔF/F) using the equation ΔF / F = (F − F0) / F0, where ΔF 244 
is the time-dependent change in fluorescence. 245 
 246 
4.5. For Ca2+ velocity wave analysis, define a significant signal rise point above the pre-stimulated 247 
values as representing detection of a Ca2+ increase in each ROI (t1 and t2) using the criterion of a 248 
rise to 2× the standard deviation (2x SD) that is calculated from the F0 data using statistical 249 
software. 95% of the F0 data falls within 2x SD from the mean, indicating that a rise in signal above 250 
this level by chance is ≤5%. Calculate the time difference of the Ca2+ increase between ROI1 and 251 
ROI2 [t2 - t1: time-lag (Δt)] and measure the distance between ROI1 and ROI2, then determine the 252 
velocities of any Ca2+ wave. 253 
 254 
REPRESENTATIVE RESULTS: 255 
Signal propagation of [Ca2+]cyt and [Glu]apo in response to wounding is presented in Figure 3, 256 
Figure 4, Movie S1, and Movie S2. Cutting the petiole of the leaf L1 in plants expressing GCaMP3 257 
(at 0 s) led to a significant increase in [Ca2+]cyt that was rapidly induced locally through the 258 
vasculature (at 40 s) (Figure 3 and Movie S1). Subsequently, the signal was rapidly propagated to 259 
neighboring leaves (leaf 3 and 6) within a few minutes (at 80 s) (Figure 3 and Movie S1). 260 
 261 
Upon cutting leaf L1 in plants expressing CHIB-iGluSnFR, a rapid [Glu]apo increase was observed 262 
around the cut region (at 2 s). This signal was propagated through the vasculature locally within 263 
a few minutes (at 160 s) but was not observed in systemic leaves (Figure 4 and Movie S2). 264 



 

 

 265 
For the real-time imaging of Ca2+ signal propagation triggered by the application of glutamate, 266 
the edge (approximately 1 mm from the tip) of leaf L1 in plants expressing GCaMP3 was cut as 267 
shown in Figure 5A and Movie S3. Cutting the edge of leaf L1 caused a local [Ca2+]cyt increase (at 268 
40 s) but this signal disappeared within a few minutes (at 124 s). After waiting for approximately 269 
10 min for the plant to recover, 10 µL of 100 mM glutamate was applied to the cut surface of leaf 270 
1, which caused a rapid, significant increase of [Ca2+]cyt locally (at 56 s) and signal propagation to 271 
distal leaves (at 104 s) (Figure 5B and Movie S4). 272 
 273 
To measure the changes in [Ca2+]cyt induced by wounding in the systemic leaf, two ROIs (ROI1 and 274 
ROI2) were set at the base region and tip of leaf L6 in plants expressing GCaMP3 as shown in 275 
Figure 6A. The time course change of GCaMP3 signal intensity in ROI1 and ROI2 upon cutting the 276 
petiole of leaf L1 was measured (Figure 6B). A significant increase of [Ca2+]cyt at ROI1 was 277 
detected earlier than that of ROI2 (Figure 6B). [Ca2+]cyt peaked at approximately 100 s after 278 
wounding, lasted for over 10 min, and exhibited two phases (Figure 6B). 279 
 280 
To determine the velocities of the Ca2+ wave upon mechanical wounding, the timepoint of a 281 
significant signal rise above the pre-stimulated values in ROI1 and ROI2 was determined (time-282 
lag; see Section 4) (Figure 6C). Because the distance between ROI1 and ROI2 was 2.7 mm in this 283 
case (Figure 6A), the Ca2+ signal velocity in leaf 6 was calculated as 0.15 mm/s. To measure the 284 
[Glu]apo changes in response to the mechanical damage, ROI1 was set in the vicinity of cutting 285 
site of the leaf marked as L1 as shown in Figure 7A. [Glu]apo signature at ROI1 has exhibited a 286 
single peak at approximately 100 s upon wounding (Figure 7B). 287 
 288 
FIGURE AND TABLE LEGENDS: 289 
 290 
Figure 1: Numbering of Arabidopsis rosette leaves. Arabidopsis leaves are numbered from oldest 291 
to youngest (left panel). A schematic diagram of the leaves’ position is indicated in the right panel. 292 
L: leaf, C: cotyledons. 293 
 294 
Figure 2: A fluorescence microscope used in this study. [Ca2+]cyt and [Glu]apo dynamics were 295 
imaged with a wide-field fluorescence stereomicroscope. R: Remote controller, O: 1x objective 296 
lens, C: sCMOS camera, T: Trinocular tilting tube, S: Stage, P: Plant material. 297 
 298 
Figure 3: Wound-induced long-distance Ca2+ signal transmission. Cutting the petiole (white 299 
arrow, 0 s) of leaf 1 (L1) in plant expressing GCaMP3 triggered a local [Ca2+]cyt increase (red arrow, 300 
40 s) that was transmitted to systemic leaves [leaf 3 (L3) and leaf 6 (L6)] (orange arrows, 80 s). 301 
Scale bar, 5 mm. 302 
 303 
Figure 4: Wound-triggered [Glu]apo elevation. Cutting the leaf 1 (L1) (white arrow, 0 s) in plants 304 
expressing CHIB-iGluSnFR caused a rapid elevation of [Glu]apo (red arrow, 80 s) that propagated 305 
through the vasculature (orange arrow, 160 s). Scale bar, 2 mm. 306 
 307 
Figure 5: Glutamate-triggered long-distance Ca2+ signal transmission. (A) Cutting the edge 308 



 

 

(approximately 1 mm from the tip) of leaf L1 (L1) in plants expressing GCaMP3 (white arrow, 0 s) 309 
caused a [Ca2+]cyt increase (red arrow, 40 s). (B) Application of 100 mM glutamate to the cut 310 
surface of L1 (white arrow, 0 s) caused a local [Ca2+]cyt increase (red arrow, 56 s) that rapidly 311 
propagated to distal leaves [e.g., leaf 3 (L3), leaf 4 (L4), and leaf 6 (L6)] (orange arrows, 104 s). 312 
Scale bars, 5 mm. 313 
 314 
Figure 6: [Ca2+]cyt signature in systemic leaves in response to mechanical wounding. (A) An 315 
expanded image of leaf 6 (L6) in plants expressing GCaMP3 is shown in Figure 3. ROI1 (blue circle) 316 
and ROI2 (pink circle) were set at the base and tip region, respectively. White arrow indicates the 317 
cut site of leaf 1’s petiole (L1). In this case, the distance between ROI1 and ROI2 was 2.7 mm. (B) 318 
Quantification of [Ca2+]cyt signatures in ROI1 and ROI2. Fluorescence intensity changes were 319 
analyzed using imaging software. (C) An expanded trace of data in (B) between 0 s and 80 s. 320 
Detection points of a Ca2+ increase in ROI1 and ROI2 were defined as t1 and t2, respectively, using 321 
as a criterion a rise to 2x the standard deviation of the prestimulation values (2x SD, dotted line). 322 
The value of t2 - t1 was defined as time-lag (Δt) in the current protocol. Black arrow indicates the 323 
cut time. 324 
 325 
Figure 7: [Glu]apo signature in response to mechanical wounding. (A) An expanded image of leaf 326 
1 (L1) in plants expressing CHIB-iGluSnFR is shown in Figure 4. ROI1 was set in the vicinity of the 327 
cut site. White arrow indicates the cut region. (B) Quantitation of [Glu]apo signature in ROI1 is 328 
monitored using imaging software. Black arrow indicates the cut time. 329 
 330 
Movie S1: Long-distance Ca2+ transmission after mechanical wounding. Mechanical wounding 331 
at the petiole of leaf 1 (L1) caused a [Ca2+]cyt increase transmitted to distal leaves [e.g., leaf 3 (L3) 332 
and leaf 6 (L6)]. 333 
 334 
Movie S2: Elevation of the apoplastic glutamate levels in response to cutting. Mechanical 335 
wounding of the leaf 1 (L1) caused an immediate increase in [Glu]apo. 336 
 337 
Movie S3: Elevation of [Ca2+]cyt  levels in response to cutting. Mechanical wounding at the edge 338 
of leaf 1 (L1) caused an immediate, local [Ca2+]cyt elevation. 339 
 340 
Movie S4: Application of glutamate triggers systemic [Ca2+]cyt increases. Application of 100 mM 341 
glutamate triggered Ca2+ transmission to systemic leaves [e.g., leaf 3 (L3), leaf 4 (L4) and leaf 6 342 
(L6)]. 343 
 344 
DISCUSSION: 345 
Systemic signaling is important for plants to respond to localized external environmental stimuli 346 
and then to maintain their homeostasis at a whole plant level. Although they are not equipped 347 
with an advanced nervous system like animals, they employ rapid communication both within 348 
and between organs based on factors such as mobile electrical (and possibly hydraulic) signals 349 
and propagating waves of ROS and Ca2+ 46,47. The protocol described above allows plant-wide, 350 
real-time imaging of the activity of this signaling system through monitoring the dynamics of Ca2+ 351 
and apoplastic glutamate in response to wounding. This method provides a robust tool to 352 



 

 

understand rapid and long-distance signals in plants combining high spatiotemporal resolution 353 
and ease of use. This protocol also offers the potential to provide new physiological insights into 354 
the molecular mechanisms underlying long-distance wound signaling through, e.g., using 355 
mutants that are defective in putative elements of the rapid signaling system or exploration of 356 
the effects of pharmacological reagents such as Ca2+ channel blockers (e.g., LaCl3) or inhibitors of 357 
other potentially key signaling activities6. 358 
 359 
One important advantage of the biosensor imaging method described is the use of single-FP 360 
biosensors with high fluorescent yield, greatly simplifying both the required equipment to make 361 
these measurements and their in planta use. Thus, fluorescence-based genetically encoded 362 
indicators are divided into two classes: 1) intensity-based single-FP biosensors and 2) ratiometric 363 
FRET-based biosensors10. Although ratiometric FRET-based sensors are quantitatively accurate, 364 
intensity-based Ca2+ indicators, including the GCaMP3 and iGluSnFR used here, provide both 365 
higher temporal resolution and ease of use due to their generally brighter Ca2+-responsive signal 366 
and their simpler microscope requirements10. For example, the red-fluorescent protein-based 367 
single-FP Ca2+ indicator R-GECO1 was reported to show a much greater signal change in response 368 
to extracellular ATP and the plant defense elicitors flg22 and chitin, when compared to the 369 
ratiometric YC3.6 biosensor27. For analysis of ratiometric FRET-based sensors, it is also necessary 370 
to use a specialized microscope with multiple filters to collect data at two wavelengths, whereas 371 
single-FP-based biosensors require the device to collect the data at only one wavelength, a 372 
capability found in all standard fluorescence microscopes10. However, it is important to note that 373 
there are some disadvantages of using single-FP biosensors. These intensity-based, single-FP 374 
biosensors are not preferred for quantifying absolute concentration changes or for long-term 375 
imaging over many hours or days. This limitation is because in addition to, e.g., Ca2+ level for 376 
GCaMP3, the signal intensity from these single-FP biosensors is thought to be affected by other 377 
factors such as the sensor expression level or parameters such as cellular pH that may change 378 
over time. 379 
 380 
To date, many new variants of these genetically encoded indicators have been engineered to 381 
improve the signal to noise ratio, dynamic range, kinetics, and sensor stability. For example, after 382 
Nakai et al.26 developed the first GCaMP, various successive variants, such as the GECOs have 383 
been generated by a combination of mutagenesis and careful characterization48–50. The dynamic 384 
range of G-GECO (Green-GECO) was reported to be approximately two-fold larger than that of 385 
GCaMP328. Furthermore, the replacement with different fluorescent proteins in these indicators 386 
led to the generation of GECO variants with different emission spectra, such as B-GECO (Blue-387 
GECO) and R-GECO (Red-GECO), which enables the use of these indicators alongside other GFP 388 
spectral variants in multi-color imaging applications28. Similarly, GCaMP has continued to be 389 
developed and improved with a series of sensors enhanced for speed of response and amplitude 390 
of signal now being available50. For monitoring glutamate dynamics, other than iGluSnFR, a series 391 
of FRET-based glutamate biosensors, the FLuorescent Indicator Proteins for Glutamate (FLIPE) 392 
have been developed40. FLIPE is composed of CFP and YFP that are linked via the glutamate 393 
binding protein ybeJ taken from E. coli. Upon glutamate binding to ybeJ, a glutamate 394 
concentration-dependent decrease of FRET efficiency is observed. Therefore, for both Ca2+ and 395 
glutamate there are multiple single FP and ratiometric sensors available. Researchers should 396 



 

 

consider the appropriate biosensor to detect signal dynamics depending on the experimental 397 
design and requirements for measurement factors such as high signal:noise (single FP sensors) 398 
versus a need for highly accurate quantitation (where FRET sensors excel). 399 
 400 
The wide-field, single FP imaging method described here for wounding should also be useful 401 
when applied to other stress systemic signaling processes. Despite the presence of numerous 402 
reports that suggest a crucial role of long-distance Ca2+ signaling in various stress responses, such 403 
as herbivore attack6,51,52, salt20, and drought53, only a few studies have provided the 404 
spatiotemporal information related to rapid long-distance Ca2+ signals induced by these stress 405 
responses6,7,20,52. The use of a wide-field fluorescence microscope in this protocol also allows the 406 
real-time observation of mobile signal dynamics not only in leaf-to-leaf communication but also 407 
root-to-shoot communication as recently shown38. Although we have focused on protocols for 408 
Arabidopsis, this plant-wide real-time imaging method also provides a robust tool to understand 409 
the spatial and temporal characteristics of systemic Ca2+ signaling in both biotic and abiotic stress 410 
responses in other plant species such as tobacco30. 411 
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NIS-Elements AR analysis Nikon
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Reply to Reviewers. 

 

We very much thank the editor and reviewers for their encouraging comments and the thoughtful 

reviews that have helped us significantly improve our manuscript. We have addressed all the 

points raised and the specific reply for each query is detailed below: 

 

 

 

Editor: 
 

1) Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. Please define all abbreviations at first use. 

 

We have checked the manuscript and corrected spelling and grammar issues. We have 

replaced all abbreviations at first use in the manuscript.  

 

 

2) Please provide an email address for each author. 

 

We have provided an email address for each author as requested. 

 

 

3) JoVE cannot publish manuscripts containing commercial language. This includes trademark 

symbols (™), registered symbols (®), and company names before an instrument or reagent. 

Please remove all commercial language from your manuscript and use generic terms instead. All 

commercial products should be sufficiently referenced in the Table of Materials and Reagents. 

For example: Nikon SMZ-25; Excel (Microsoft, Redmond, VA, USA); Prism (GraphPad, San 

Diego, CA, USA) etc 

 

We deleted all company names and commercial products and revised the manuscript. All 

commercial languages have been replaced in Materials. 

 

Revised main text: Page 6: Export raw data to spreadsheet software to convert the 

fluorescence signal into numbers at each time point by clicking “All to Excel” > 

“Export”. 

 

Revised main text: Page 6: 5. For Ca2+ velocity wave analysis, define a significant 

signal rise point above the pre-stimulated values as representing detection of a Ca2+ 

increase in each ROI (t1 and t2) using the criterion of a rise to 2× the standard deviation 

(2x SD) that is calculated from the F0 data using statistical software. 95% of the F0 data 

falls within 2x SD from the mean, indicating that a rise in signal above this level by 

chance is ≤ 5%. 

 

Revised main text: Page 7: [Ca2+]cyt and [Glu]apo dynamics were imaged with a wide-

field fluorescence stereomicroscope. 

 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Reply to
Reviewers_revision.docx
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Revised main text: Page 8: (B) Quantification of [Ca2+]cyt signatures in ROI1 and ROI2. 

Fluorescence intensity changes were analyzed using imaging software. 

 

Revised main text: Page 8: (B) Quantitation of [Glu]apo signature in ROI1 monitored 

using imaging software. 

 

 

4) Please note that your protocol will be used to generate the script for the video and must 

contain everything that you would like shown in the video. Please add more details to your 

protocol steps. Please ensure you answer the “how” question, i.e., how is the step performed? 

Alternatively, add references to published material specifying how to perform the protocol 

action. Please add more specific details (e.g., button clicks for software actions, numerical 

values for settings, etc) to your protocol steps. There should be enough detail in each step to 

supplement the actions seen in the video so that viewers can easily replicate the protocol. 

 

We thank the editor for a useful comment. We added the specific details in each step of 

the protocol and modified the main text. Please see Protocol section. 

 

 

5) Please include the information in lines 124-129 as a note in the beginning of the protocol to 

alert the readers that you have already generated the transgenic Arabidopsis plants with 

iGluSnFR, which is what you will be studying with the help of this protocol. You can cite the 

reference(s) describing the generation of the transgenic plants in that brief note. 

 

We thank the editor for a valuable suggestion. We cited the appropriate paper in 

Introduction and added a description about the use of transgenic plant materials as a note 

in the beginning of Protocol. 

 

Revised main text: Page 4: NOTE: In this protocol, the transgenic lines of Arabidopsis 

expressing GCaMP3 or CHIB-iGluSnFR have been described previously6. 

 

 

6) Please consider providing MS medium and other growth media composition in the Table of 

Materials in can then be referenced in the protocol text. 

 

We also added the descriptions about the composition of MS medium and liquid growth 

media in Materials. 

 

 

7) After including a one line space between each protocol step, highlight up to 3 pages of 

protocol text for inclusion in the protocol section of the video. This will clarify what needs to be 

filmed. 

 

We added a one line space between each protocol step. As requested, we have 

highlighted the descriptions to clarify the critical step of this protocol for the video 

production. 
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Reviewer #1: 
 

1) It would be helpful to add in the discussion a few lines on how this system can be used to see 

defects in mutants or after perturbation of the plant (in other Arabidopsis ecotype too?) 

 

We thank the reviewer for a valuable suggestion. We have described it in Discussion. 

 

Revised main text: Page 8: This protocol also offers the potential to provide new 

physiological insights into the molecular mechanisms underlying long-distance wound 

signaling through, e.g., using mutants that are defective in putative elements of the rapid 

signaling system or exploration of the effects of pharmacological reagents such as Ca2+ 

channel blockers (e.g., LaCl3) or inhibitors of other potentially key signaling activities6. 

 

2) I was wondering if this approach can be used to check biotic/ abiotic stress responses in other 

plant organs? 

 

We thank the reviewer for a useful comment. We have described it in Discussion. 

 

Revised main text: Page 10: Although we have focused on protocols for Arabidopsis, 

this plant-wide real-time imaging method also provides a robust tool to understand the 

spatial and temporal characteristics of systemic Ca2+ signaling in both biotic and abiotic 

stress responses in other plant species such as tobacco30. 

 

3) While the figure 1 explain which leave to take for the experimentation, few lines in the legend 

(or in a Note) to better understand how to determine which one is leaf 1 would help: Are you 

counting down to get to 1, or is it obvious that this leave is the oldest etc…? 

 

We thank the reviewer for a useful comment. We revised the text and cited a method 

paper for leaf numbering in Arabidopsis in the Protocol. 

 

Revised main text: Page 4: After 2 weeks, count the number of Arabidopsis leaves from 

oldest to youngest44 (Figure 1). Wound responses preferentially move from the damaged 

leaf (n) to leaves numbered n±3 and n±56. 

 

4) Line 150: are you putting your plate vertically or horizontally? 

 

We edited the text in Protocol.  

 

Revised main text: Page 4: 3. After incubation in darkness at 4°C for 2 days, place the 

plates horizontally at 22°C in a growth chamber under continuous light (90–100 μmol 

m−2 s−1) for approximately 2 weeks before use. 
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Reviewer #2: 
 

1) L.145. how many seeds are sowed per plate? The authors may indicate this. 

 

We edited the text in Protocol. 

 

Revised main text: Page 4: 2. In a sterile hood, sow 13 surface-sterilized seeds on a 10 

cm square plastic Petri dish filled with 30 mL sterile (autoclaved) Murashige and Skoog 

(MS) medium [1x MS salts, 1% (w/v) sucrose, 0.01% (w/v) myoinositol, 0.05% (w/v) 

MES, and 0.5% (w/v) gellan gum; pH 5.7 adjusted with 1N KOH].  

 

2) L.171 step 3. Are the plants kept in the dark or under light? Please clarify. 

 

We edited the text in Protocol. 

 

Revised main text: Page 5: 3. Check the fluorescence signal from the plant and then 

wait for approximately 30 min in the dark until plants are adapted to the new 

environmental conditions. 

 

3) L.265. Leaf5 is not mentioned. Is it because that there is no signal observed in L5 or L5 is not 

shown in the figure so that it is not mentioned? 

 

We did not mention about L5 in the manuscript because L5 is not focused on in Figure 5. 

Note that, as the reviewer pointed out, L5 is not shown because L2 and L5 (non-target 

leaves) show no Ca2+ signal in this case. 

 

4) There are some grammatical errors and labeling mistakes as indicated in below.  

L.61 modulation of.... 

L.290 ROS and Ca2+. 

L.269-270. The description of the colors of the ROIs are opposite to what is shown in figure 6 

that ROI1 is blue and ROI2 is pink. Please correct. 

L.272. The distance mentioned earlier is 2.7mm in L.235 but it is 2.5mm here. Which one is 

correct? 

 

We apologize for the oversights. We have revised the main text. Regarding the labeling 

mistake in L61, we removed the corresponding sentence to shorten the manuscript. 

 

Revised main text: Page 8: Although they are not equipped with an advanced nervous 

system like animals, they employ rapid communication both within and between organs 

based on factors such as mobile electrical (and possibly hydraulic) signals and 

propagating waves of ROS and Ca2+. 

 

Revised main text: Page 8: (A) ROI1 (blue circle) and ROI2 (pink circle) were set at the 

base and tip region, respectively. White arrow indicates the cut site of leaf 1’s petiole 

(L1). In this case, the distance between ROI1 and ROI2 was 2.7 mm. 
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Reviewer #3: 
 

1) The authors mentioned that the indicators in this manuscript provide higher spatiotemporal 

resolution. Could the authors give the accurate value of the spatial resolution as well as the 

temporal resolution, which is quite important for Ca2+ detection? 

 

We thank the reviewer for a useful comment. We added the description about the 

microscope field of view and temporal resolution in Protocol. 

 

Revised main text: Page 5: The low power objective allows for imaging of an entire 

Arabidopsis plant’s response and use of a highly sensitive camera permits the fast data 

acquisition needed to capture the rapid time course of the wound-triggered Ca2+ wave. 

For the fluorescence microscope used in this study, the maximum values of the field of 

view and temporal resolution are 3 cm x 3 cm and 30 frames per second (fps), 

respectively. 

 

Revised main text: Page 5: The settings for imaging in the current protocol are: 

exposure and interval times set to 1.8 s and 2 s (i.e., 0.5 fps), respectively. 

 

 

Reviewer #4: 
 

1) In Line 142-144 (at the beginning of the PROTOCOL), the plant material should be described 

more precisely: The current manuscript refers to "Arabidopsis thaliana (Col-0 accession) seeds" 

as the material, but this should be "seeds of Arabidopsis thaliana (Col-0 accession) plants 

expressing either GCaMP3 or iGluSnFR". (I.e., the necessity of the use of the transgenic plants 

should be clearly stated.) 

 

We thank the reviewer for a useful comment. We revised the manuscript in Protocol. 

 

Revised main text: Page 4: 1. In a 1.5 mL microtubes, surface sterilize the seeds of 

Arabidopsis thaliana (Col-0 accession) plants expressing either GCaMP3 or CHIB-

iGluSnFR by shaking with 20% (v/v) NaClO for 3 min and then wash 5 times with sterile 

distilled water. 

NOTE: In this protocol, the transgenic lines of Arabidopsis expressing GCaMP3 or 

CHIB-iGluSnFR have been described previously6. 

 

2) Potential errors are present in grammar and word usage. 

 

We apologize for the oversights. We have checked the manuscript and corrected 

grammar and word usage. 

 

3) Introduction and Discussion contain irrelevant information and are long, although such 

information was interesting to me. 
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We thank the reviewer for a valuable suggestion. As requested, in order to shorten 

Introduction, we deleted the descriptions about the defense signaling pathway activated 

by Ca2+ signals, the phenotype of glr3.3/3.6 mutant and the roles of glutamate in 

neurophysiology. In discussion, we also removed the descriptions about the development 

of GCaMP-X and the application to studies on other mobile signals using this protocol. 

 

 

 

 


