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Materials and Methods 

Plant material and growth condition  

Surface-sterilized seeds of Arabidopsis thaliana (Col-0) were sown on agar plates [1× MS 

salts, 1% (w/v) sucrose, 0.01% (w/v) myoinositol, 0.05% (w/v) MES and 0.5% (w/v) gellan 

gum; pH 5.8 adjusted with KOH] (23). After incubation in the dark at 4°C for 2d, plates were 

cultivated at 22°C in a growth chamber under continuous light (90–100 μmol m−2 s−1) for 2-3 

weeks prior to use. glr3.3-1 (salk_040458) and glr3.3-2 (salk_066009), glr3.6-1/3.6a 

(salk_091801) and glr3.6-2/3.6b (salk_035353) were kind gifts from Edgar Spalding 

(Department of Botany, University of Wisconsin, Madison), glr3.3bglr3.6a double mutants 

(salk_077608/salk_091801) were from Edward Farmer (Department of Plant Molecular 

Biology, University of Lausanne) and the PDLP5 overexpression lines, Jung-Youn Lee 

(Department of Plant and Soil Sciences, University of Delaware). 

 

DNA cloning and transformation  

For the p35S::GCaMP3 Ca2+ biosensor construct, the GCaMP3 fragment, gifted by Loren 

Looger (Addgene plasmid #22692), was PCR amplified between XbaI and BamHI sites and 

inserted into the equivalent sites of a pAN19 vector containing the CaMV35S promoter 

(p35S). The entire cassette of p35S::GCaMP3 NOSt was isolated by NotI digestion and 

ligated into the NotI site of the plant binary vector, pBIN20. This construct was transformed 

to glr3.3 and glr3.6 single mutants, the glr3.3bglr3.6a double mutant and the PDPL5 over-

expression lines described above. 

For the pSUC2::GCaMP3 Ca2+ biosensor construct, the promoter region of SUC2 (2092 

bp, At1g22710), between HindIII and XbaI sites, was amplified by PCR from Arabidopsis 

genomic DNA, digested, and ligated into the equivalent sites of the pAN19 vector. The entire 

cassette of pSUC2::GCaMP3 NOSt was isolated by NotI digestion and cloned into the NotI 

site of the pBIN20 vector.  

For the p35S::CHIB-iGluSnFR apoplastic Glu biosensor construct, the basic chitinase 

(CHIB, AT3G12500) signal peptide (63 bp) from Arabidopsis genomic DNA was amplified 

between XbaI and BamHI sites by PCR and inserted into the corresponding sites of the 

pAN19 vector; the iGluSnFR fragment, a gift from Loren Looger (Addgene plasmid #41732), 

was amplified between BamHI and SmaI sites and inserted into the equivalent sites of the 

pAN19 vector. The entire cassette of p35S::CHIB-iGluSnFR RbcSt was isolated by NotI 

digestion and cloned into the NotI site of the plant binary vector, pBIN42. 

The promoter region of GLR3.6 (2011 bp, At3g51480) was PCR amplified between 

SphI and XbaI sites from genomic Arabidopsis DNA and inserted into the equivalent sites of 

the pAN19 vector. GLR3.6 was amplified between XbaI and SmaI sites and inserted into the 

corresponding sites of the pAN19 vector. EFGP (pEZT-NL), a gift from David Ehrhardt, was 

amplified between SmaI and SacI sites and inserted within the compatible sites of the pAN19 

vector. The entire cassette of pGLR3.6::GLR3.6-EGFP NOSt was isolated by NotI digestion 

and cloned into the NotI site of the pBIN42 vector. This construct was transformed to glr3.6b 

single mutants for expression analysis and glr3.3bglr3.6a double mutants for 

complementation analysis. The GFP signal from this construct is visible using confocal 

microscopy but is not detectable under the imaging conditions used for Ca2+ measurements, 

allowing it to be used in complementation assays with GCaMP Ca2+ analysis. 

All of the binary vectors were transformed into Agrobacterium tumefaciens strain 

GV3101 using electroporation. Arabidopsis plants were transformed using the floral dip 

methods (24). The primers used for cloning are detailed in Table S1. 

 

Real-time [Ca2+]cyt and [Glu]apo imaging in the entire plant 
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Arabidopsis plants expressing genetically-encoded Ca2+ and Glu indicators were imaged with 

a motorized fluorescence stereo microscope (SMZ-25, Nikon) equipped with a 1× objective 

lens (NA = 0.156, P2-SHR PLAN APO, Nikon) and a sCMOS camera (ORCA-Flash4.0 V2, 

Hamamatsu Photonics). The GFP-based Ca2+ indicator, GCaMP3, and Glu indicator, 

iGluSnFR, were excited using a mercury lamp (motorized Intensilight Hg Illuminator, 

Nikon), a 470/40 nm excitation filter, and a 500 nm dichroic mirror (P2-EFL GFP-B, Nikon). 

The green fluorescent signal passing through a 535/50 nm filter was acquired every 2 s with 

the sCMOS camera using NIS-Elements imaging software (Nikon).  

For ratiometric Ca2+ imaging, the FRET-based Ca2+ indicator YCNano-65 was excited 

using a mercury lamp, a 436/20 nm excitation filter (ET436/20x, Chroma) and a 455 nm 

dichroic mirror (T455lp, Chroma). The fluorescence was separated by a 515 nm dichroic 

mirror (T515lp, Chroma) with image splitting optics (W-VIEW GEMINI, Hamamatsu 

Photonics) and the CFP (460-500 nm) and the cpVenus FRET (520-540 nm) signal passed 

independently through a 480/40 nm (ET480/40m, Chroma) and 535/30 nm filters 

(ET535/30m, Chroma), respectively. The resultant CFP and cpVenus (FRET) signals were 

simultaneously acquired every 2 s with the sCMOS camera using NIS-Elements imaging 

software. The FRET/CFP ratio was calculated and imaged by the 6D imaging and Ratio & 

FRET plug-in modules [Nikon; (25)]. 

To elicit wound responses, Arabidopsis rosette leaves are cut with scissors, crushed with 

a hemostat or fed on by larvae of the cabbage white butterfly (Pieris rapae; kindly provided 

by John Orrock, Department of Integrative Biology, University of Wisconsin, Madison).  

Using the NIS-Elements imaging software, GCaMP3 and iGluSnFR signals were 

analysed over time at several regions of interest (ROIs), such as the wound site and petiole 

(For detail, see Fig. S4A). In order to calculate the fractional fluorescence changes (ΔF/F), 

the equation ΔF/F = (F − F0)/F0 was used, where F0 denotes the average baseline fluorescence 

determined by the average of F over the first 10 frames of the recording (26, 27) before the 

wounding/treatment. 

 

Application of amino acids and chemical agents 

Each of the 20 L-amino acids, D-Glu, α-ketoglutarate and sorbitol were dissolved in growth 

medium [1/2× MS salts, 1% (w/v) sucrose and 0.05% (w/v) MES; pH 5.1] to make a 100 mM 

stock solution (except for tyrosine and tryptophan where saturated solutions of approximately 

2.5 and 50 mM respectively were used), and then 10 μl was applied to a cut surface of leaf 1 

after a 20 min recovery period after cutting the apical ~1mm from the leaf. We found this 

pre-cutting was necessary to allow reproducible access of the compounds to the leaf interior. 

This approach led to a reduction in the degree of subsequent wound-induced systemic gene 

induction when compared to non-pre-cut experiments but e.g., the level of systemic defense 

gene induction was statistically indistinguishable (P < 0.05) between a cutting wound made 

to such pre-cut plants JAZ5 (25.09±8.24-fold), JAZ7 (107.90±61.33), OPR3 (13.83±2.56), 

RBOHD (3.48±1.20) and ZAT12 (3.48±1.20) and the Glu treatment shown in Fig. 4 and S13.  

Oligogalacturonide (OG) pools with an average degree of polymerization of 5 to 15 were 

kind gifts from Toshihisa Kotake (Department of Biochemistry and Molecular Biology, 

Saitama University). OG and flg22 were dissolved into water to make a 400 μg/mL and 10 

μM stock solution, respectively, and then 10 μl was applied to the cut surface of leaf 1. LaCl3 

was dissolved into 0.05% (v/v) Silwet L-77 in water to make a 50 mM stock solution and 

then 10 μl was applied to a piece of Kimwipes (2-4 mm in width) placed on a petiole for 20 

min prior to the experiment.  

 

Confocal image analysis of GLR-EGFP 
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Hand sections of mature leaves and petioles from glr3.3 mutants expressing 

pGLR3.3::GLR3.3-EGFP (15), a kind gift from Edgar Spalding (Department of Botany, 

University of Wisconsin, Madison), and glr3.6 mutants expressing pGLR3.6::GLR3.6-EGFP 

were placed on a cover glass (24 × 50 mm, Fisher Scientific), immersed in a growth medium 

[1/2× MS salts, 1% (w/v) sucrose and 0.05% (w/v) MES; pH 5.1], and subsequently covered 

with a cover glass (18 × 18 mm, VWR International). Images of the GFP signal were 

acquired with a laser scanning confocal microscope (LSM780/Elyra; Zeiss). GFP was excited 

by a 488-nm laser/488-nm dichroic mirror, and fluorescent signal 510-560 nm was detected 

using the microscope’s GaAsP detector.  

 

iGluSnFR calibration in vivo 

For iGluSnFR calibration in leaves, an edge (approximately 1 mm from the tip of leaf 1) was 

cut with scissors, allowed to recover for 30 mins and then 10 μl of solution [1/2× MS salts, 

1% (w/v) sucrose and 0.05% (w/v) MES; pH 5.1] with different Glu concentrations (0, 

0.0001, 0.001, 0.01, 0.1, 1, 10 and 100 mM) was applied to the cut edge. iGluSnFR signal 

was acquired at the cut site using the Nikon fluorescence stereo microscope and ΔF/F was 

analysed. For iGluSnFR calibration in roots, the transgenic lines were grown under sterile 

conditions in a thin layer (∼2 mm) of a growth medium [1× MS salts, 1% (w/v) sucrose, 0.5% 

(w/v) gellan gum and 0.05% (w/v) MES; pH 5.8] on a No. 1.5 cover glass (24 × 50 mm, 

Fisher Scientific) for 7 d under continuous light (90–100 μmol m−2 s−1) at 22 °C. A small 

window (∼500 μm × 500 μm) was excised from the gel exposing a region of the root situated 

at 5-10 mm from the root tip. This window in the gel allowed precise application of Glu and 

D-Sorbitol solutions of known concentration. iGluSnFR signal was acquired using the laser 

LSM 780 scanning confocal microscope and ΔF/F was analysed. 

 

Total RNA isolation, cDNA synthesis and quantitative PCR 

For qPCR analysis, leaf 1 samples of wild type and the PDLP5 overexpression line were cut 

with scissors or treated with Glu or Sorbitol at the cut edge as described above. After the 

wounding/treatment, samples of leaves 5 and 6 were harvested at 0, 2, 5, 15, 30 60 and 180 

min and rapidly frozen in liquid nitrogen.  

Total RNA was extracted from flash-frozen leaf tissue (50–200 mg) using the RNeasy 

Plant Mini Kit (Qiagen) following the manufacturer’s instructions. The samples were further 

treated by RNase-free DNase I to remove any residual genomic DNA using the TURBO 

DNase kit (Ambion) using the manufacturer’s suggested protocols. First-strand cDNA was 

then synthesized from the total RNA (1–2 μg) in a 40-μL reaction (25–50 ng of total RNA 

per μL) with the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen). In a 

96-well optical PCR plate (ABgene), cDNA proportional to 10 ng of starting total RNA was 

combined with 200 nM of each primer (Table S1) and 7.5 μL of 2× EvaGreen qPCR master 

mixed with ROX passive reference dye (Biotium) to a final volume of 15 μL. Using the 

Arabidopsis UBQ10 gene as an internal reference for standardization (28), qPCR analysis 

was performed using Mx3000P QPCR System as well as MxPro qPCR software (Agilent 

Technologies) with the following cycling parameters: 95°C for 15 min; 40 cycles of 95°C for 

20 s, 58°C for 15 s, 65°C for 15 s; and then 1 cycle of dissociation from 58 to 95°C with 

0.5°C increments. Expression of the marker genes was quantitated using the quantification 

cycle [Cq; (29)].  

 

Quantification of jasmonate content in leaf tissues 

Metabolite extraction and quantification of JA and JA-Ile in leaf tissues were carried out 

according to previously described methods using ultra performance liquid chromatography 

electrospray ionization tandem mass spectrometry (ACUITY H-class, Xevo TQ-S, Waters) 
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(8) with minor modifications described in (30). Dihydro-JA (dhJA) and [13C6]-JA-Ile were 

added to the extraction solvent [methanol:water:acetic acid = 70:29:0.5 (v/v/v)] as internal 

standards. Multiple reaction monitoring (MRM) was programed to detect characteristic MS 

transitions for JA (m/z, 209 > 29), dhJA (211 > 59), JA-Ile (322 > 130), and [13C6]-JA-Ile 

(328 > 136). MassLynx 4.1 and TargetLynx (Waters) were used to analyze the data. 

Calculations were based on calibration curves generated by known amounts of analytes and 

internal standards.  

 

Statistical analysis 

Quantitative measurement of GCaMP and iGluSnFR fluorescence, qPCR and LC/MS data 

were statistically analyzed by a two-way ANOVA followed by Bonferroni post-tests or 

Dunn's multiple comparison test using GraphPad Prism (GraphPad Software, Inc.). The 

velocities of Ca2+ wave was analyzed by t-test using GraphPad Prism using the criterion of a 

rise to 2x SD above pre-stimulation levels as a marker of a detectable increase in signal and 

dividing this timing by the linear distance from the wound site (31). We also used the 

criterion of a significant rise in signal above the pre-stimulated values as representing 

detection of a Ca2+ increase in assigning patterns of leaves showing Ca2+ increases in Table 

S1. Asterisks and different letters denote statistical differences (*, P < 0.05) between leaf 6 

and 5, time 0 and other time points and wild type and mutants. All data are presented as mean 

± SE. 
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Fig. S1. Long-distance [Ca2+]cyt increases move from young to older leaves in response to 

caterpillar herbivory. 

A caterpillar (outlined by white dashed line) feeding on the leaf (white arrow) caused a local 

[Ca2+]cyt increase (red arrowhead) that is propagated to distal older leaves (yellow 

arrowhead). Ca2+ levels monitored using transgenic reporter line expressing GCaMP3. Note 

that the caterpillar is naturally fluorescent and not expressing GCaMP. Scale bar, 1 mm. 
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Fig. S2. Wound-induced systemic spread of Ca2+ increase monitored with YCNano-65. 

Leaf 1 was wounded and Ca2+ dynamics in leaf 6 followed using the ratiometric YCNano-65 

Ca2+ sensor. Time is after wounding leaf 1. Because single wavelength reporters such as 

GCaMP can yield imaging artifacts (32), we also validated the responses using plants 

expressing the Yellow Cameleon ratiometric GFP-based Ca2+ sensor [YCNano-65; (31, 33)] 

which corrects for many of these potential issues. Unfortunately, the Cameleon sensors 

proved complex to use routinely in these low magnification imaging studies due to their 

smaller dynamic range whereas we and others [e.g., (26)] have found the single wavelength 

sensors well-suited to monitoring events at low magnifications, which focused our analysis 

on using GCaMP as our major imaging tool. Scale bar, 1 mm. 
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Fig. S3. Numbering of leaves in the Arabidopsis rosette. Leaves were numbered from 

oldest to youngest according to (3). C, cotyledons. 
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Fig. S4. Velocities of the long-distance transmission of [Ca2+]cyt increase upon 

mechanical wounding. 

(A) Diagram showing Arabidopsis leaves and the regions of interest (ROI) used to analyze 

the [Ca2+]cyt changes and velocities (v1-v3) from the long-distance transmission of Ca2+ 

increases. v1 is between ROI 1 and 2 on the petiole of wounded leaf 1; v2 is between ROI 3 

and 4 on the petiole of systemic leaf 6; and v3 is between ROI 4 and 5 on the blade of leaf 6. 

ROI 6 encompasses the entire leaf 6 blade. (B) Velocities (µm/s) of the long-distance 

elevation in Ca2+ monitored using sensor expressing plants with GCaMP driven by the 

ubiquitously expressed p35S promoter in wild type (WT) and in plasmodesmatal and 

glutamate receptor mutant lines. In addition, WT expressing GCaMP driven by the phloem-

specific pSUC2 promoter was analyzed. An asterisk denotes statistical differences (*, P < 

0.05) from the WT (p35S) data. The increase in signal used to calculate velocity was defined 

as an increase to above 2 SD of the pre-stimulation levels (13). Error bars, mean ± SE. N > 4 

replicates per line. ND, not detected.   
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Fig. S5 Systemic induction of defense response-related genes in leaf 6 after wounding 

leaf 1.  

Expression of RBOHD and ZAT12 were assessed using qPCR in target leaf 6 and non-target 

leaf 5 after wounding of leaf 1. Error bars, mean ± SE. *, P < 0.05. N = 6 replicates.  
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Fig. S6. Wound-induced Ca2+ increase transmitted through the phloem. 

(A) [Ca2+]cyt levels in the phloem (sieve tube and companion cells) of the target leaf 6 after 

cutting leaf 1. Error bars, mean ± SE. N = 3 replicates. (B) Sum of images (MaxIP) in the 

target leaf 6 for 300 s after cutting leaf 1 showing extent of change. Ca2+ levels monitored 

selectively in the phloem using plants expressing GCaMP3 driven by the SUC2 promoter. 
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Fig. S7 LaCl3 blocks systemic [Ca2+]cyt
 increases and wound-induced defense gene 

induction.  

(A) The Ca2+ channel blocker LaCl3 (50 mM) was added to a strip of Kimwipes laid over the 

petiole of the leaf 1 (L1). 0.05% (v/v) Silwet was added as a wetting agent to improve LaCl3 

penetration of the cuticle. (B-D) [Ca2+]cyt (B, C) and defense marker gene induction (D) were 

then monitored with GCaMP3 and qPCR respectively in leaf 6 (L6) as L1 was wounded by 

cutting. Note that LaCl3 treatment blocked systemic propagation of the increase in [Ca2+]cyt to 

L6 and attenuated wound-responsive gene induction in this systemic tissue. Error bars, mean 

± SE. N > 4 replicates (C, D). Different letters denote statistical differences (P < 0.05). 
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Fig. S8. Long-term imaging of the transmission of the Ca2+ increase after mechanical 

wounding. 

(A) Cutting the leaf 1 blade-petiole junction (white arrow, 0 s) caused a [Ca2+]cyt increase in 

leaf 6 (L6) that lasted over 14 min. (B) The biphasic [Ca2+]cyt signature in leaf 6 (yellow 

arrow) upon distal mechanical wounding. Ca2+ levels monitored using transgenic reporter line 

expressing GCaMP3.  
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Fig. S9. Spatially-restricted spread of Ca2+ increases in the target leaf 6 of PDLP5 OE 

and atbg mutant. 

(A) Sum of images (MaxIP) in the target leaf 6 for 300 s after cutting leaf 1 showing extent 

of change in wild type and the PDLP5 OE line. The red (RFP) channel shows the expression 

pattern of PDLP5-RFP. (B) Kymograph data in wild type and PDLP5 OE. The white bar on 

the leaf images indicates a 0.25 mm line where GCaMP intensity data was extracted and is 

reproduced to the left of each kymograph to help orient the graph to the leaf region it 

represents. These kymographs show data for each time point in the analysis (every 2 sec) 

plotted sequentially along the time axis. W (wounding) denotes the time 0 from when leaf 1 

was cut. The total duration of each kymograph is 300 s. Time scale bar, 50 s. (C) Snapshots 

of Ca2+ changes and sum of images (MaxIP) in the target leaf 6 for 300 s after cutting leaf 1 

showing extent of change in the atbg mutant. Scale bar, 1 mm. (D) Kymograph data by line 

as described above. Time scale bar, 50 s. (E) [Ca2+]cyt signature in leaf 6 upon wounding in 

wild type and atbg mutants. Scale bar, 1 mm. Error bars, mean ± SE. N > 7 replicates. 
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Fig. S10. Long-distance transmission of [Ca2+]cyt changes in glr3.3 and glr3.6 single 

mutants. 

(A) Reduced [Ca2+]cyt increases in leaf 6 of glr3.3 and glr3.6 single mutants after cutting leaf 

1 (0 s). Scale bar, 1 mm. (B) [Ca2+]cyt signature in leaf 6 upon mechanical wounding in wild 

type and glr3.3 and glr3.6 mutants. Error bars, mean ± SE. N > 8 replicates. WT data is 

reproduced from Fig. 1 to aid in comparison. Note that the differential effects of the 

individual glr mutants on systemic Ca2+ increases may reflect these channels acting to 

support independent, parallel components of the response, providing an explanation of why a 

double knockout is required to ablate the entire response. 

  



 

 

16 

 

 

 
 

Fig. S11. Protein expression patterns of GLR3.3 and GLR3.6.  
Transverse section of petiole of plants expressing pGLR3.3::GLR3.3-EGFP or 

pGLR3.6::GLR3.6-EGFP. Note the accumulation of GFP signal in phloem for GLR3.3-

EGFP and xylem contact cells for GLR3.6-EGFP. Scale bar, 10 mm. 
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Fig. S12. Only L-Glu triggers a long-distance transmission of [Ca2+]cyt increases in a 

concentration dependent manner. 

(A) Screening of amino acids to trigger a long-distance transmission of a Ca2+ increase. 

Twenty L-amino acids, D-Glu, α-ketoglutarate (a precursor of L-Glu in planta) and sorbitol 

(100 mM) were applied to a cut surface of leaf 1 and the number of leaves showing 

transmission of the Ca2+ elevation was analyzed. A value of 0 represents no detectable, 

statistically significant increase in GCaMP signal either in the directly treated leaf or in any 

systemic distal leaves. A value of 1 represents a detectable, significant Ca2+ increase 

restricted to the treated leaf and a fractional value between 0 and 1 indicates a response in the 

local treated leaf was seen only in some replicates of the experiment. Values of 2 or higher 

reflect Ca2+ elevation seen in the directly treated leaf plus increasing numbers of systemic 

leaves (e.g., treated leaf plus a detectable increase in a single additional distal leaf would be 

coded as 2, an increase in 2 distal leaves as 3 etc.). Note that we used a saturated 

concentration for tyrosine and tryptophan (approximately 2.5 and 50 mM, respectively) due 

to their poor water solubility. Error bars, mean ± SE. N > 3 replicates. *, P < 0.05 from the 

other reagents. (B) Dose-dependency of the L-Glu-induced Ca2+ transmission. Error bars, 

mean ± SE. N > 3 replicates. (C) Application of 50 mM L-Glu to leaf 1 triggered a Ca2+ 

transmission to specific leaves (e.g., leaf 4 and 6). Scale bar, 2 mm.  
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Fig. S13 Systemic induction of defense response-related genes in leaf 6 upon Glu 

treatment to leaf 1. 

Expression of RBOHD and ZAT12 were assessed using qPCR in target leaf 6 after treatment 

of leaf 1 with either 100 mM Glu or 100 mM sorbitol (control). Note significant induction of 

transcripts in Leaf 6 upon Glu treatment of Leaf 1. Error bars, mean ± SE. N > 4 replicates. 

Different letters denote statistical differences (P < 0.05). 
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Fig. S14. Characterization of the GFP-based Glu sensor iGluSnFR targeted to the 

apoplast. 

(A, B) Localization of the iGluSnFR signal in the cell wall of leaf epidermal cells (A) and 

hypocotyl epidermal cells (B) after plasmolysis with 1 M sorbitol for 30 min to confirm the 

cell wall localization of the sensor. Note that GFP signal still resides in cell wall even after 

the protoplast has shrunk away from the wall due to the plasmolysis. (C) Application of 100 

mM Glu (200 s), but not sorbitol (36 s), causes an elevation of the iGluSnFR signal in the 

root epidermal cells. Note, this is the same root treated sequentially with sorbitol at ~34 s and 

then Glu at ~198 s. An instantaneous change in iGluSnFR signal is seen in response to Glu 

but not sorbitol. The 36 s image is reflective of the lack of response seen throughout the 

subsequent sorbitol treatment period until Glu addition.  (D, E) Dose-dependency of the 

iGluSnFR signal in roots (D) and leaves (E), see methods for protocol for applying Glu to the 

iGluSnFR expressing leaves. Error bars, mean ± SE. N > 3 replicates. Scale bar, 20 μm. 
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Fig. S15. Elevations of the apoplastic iGluSnFR signal in response to cutting and 

crushing.  

(A) Cutting the leaf 1 with scissors (white arrow) caused a rapid, local [Glu]apo elevation (red 

arrow in the upper panel) which is spatially correlated with a rapid, local [Ca2+]cyt increase in 

the wounded leaf (red arrow in the lower panel). (B) Crushing the leaf 1 with a hemostat 

(white arrow/dashed line, 0 s) caused an increase in [Glu]apo that spreads throughout the 

crushed leaf. Scale bars, 1 mm. 
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Fig. S16. Oligogalacturonides and flg22 fail to elicit rapid systemic [Ca2+]cyt increases. 
(A-C) 400 µg/mL oligogalacturonide (OG) and 10 µM flg22 were added to leaves as for 

previous Glu treatments. Although both OG and flg22, but not the water control, caused local 

[Ca2+]cyt increases within the treated leaf (red arrowheads, B, C), no propagating systemic 

Ca2+ increases to leaf 6 were detectable (C), whereas 100 mM Glu under the same conditions 

led to an easily detected systemic response (C). Error bars, mean ± SE. N > 5 replicates. Scale 

bar, 2 mm.  
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Table S1. Percentage of times systemic leaves at each position within the rosette showed 

an increased [Ca2+]cyt upon mechanical wounding of a different leaf.  

 
               Response1  

Wounded2 

Leaf 

1 

Leaf 

2 

Leaf 

3 

Leaf 

4 

Leaf 

5 

Leaf 

6 

Leaf 

7 

Leaf 

8 

Cut leaf 1     X 0% 74%3,4 43% 0% 87% 0% 9% 

Cut leaf 2 0%      X 5% 21% 95% 0% 47% 21% 

Cut leaf 3 35% 12%      X 12% 24% 82% 0% 41% 

Cut leaf 4 67% 17% 17%      X 11% 28% 33% 0% 

Cut leaf 5 7% 87% 13% 0%      X 0% 73% 87% 

Cut leaf 6 94% 0% 50% 25% 0%      X 0% 13% 

Cut leaf 7 15% 65% 0% 60% 55% 0%      X 20% 
         

Crushed leaf 1      X 93% 100% 86% 93% 100% 29% 57% 

 
1Leaves monitored for a significant increase in [Ca2+]cyt. 

2Position of leaf mechanically 

wounded by cutting or crushing. 3Percentage of cases of [Ca2+]cyt response (defined as a 

significant increase in distal leaf [Ca2+]cyt above its pre-stimulus signal) calculated from N ≥ 

12 per wounding pattern. 4n±3 and n±5 relationships coded (brown) and n±2 (blue). These 

patterns mirror the closest vascular inter-connections between Arabidopsis leaves that are 

established as the leaves sequentially initiate during develop (34). Note, setting a threshold of 

33% of leaves responding, the major pattern of induction of systemic [Ca2+]cyt increase 

follows an n±3 and n±5 from the wounded leaf, except in the case of crushing where 

response throughout the rosette is evident. Occasionally an n±2 pattern is observed (leaf 7 to 

5) likely reflecting the short vascular pathway known to exist from leaf 5 to 2 and then 2 to 7 

(34). Such a prominent role for patterns of vascular connectivity is also seen in the patterns of 

systemic wound-induced gene induction in e.g., poplar (35). 
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Table S2. List of primers used in this study. 

 

 

For cloning  
Primer name 5' to 3' 

GCaMP3(XbaI)_F GCTCTAGACGCCACCATGGGTTCTCATCAT 

GCaMP3(BamHI)_R CGCGGATCCTTACTTCGCTGTCATCATTTGT 

pSUC2(HindIII)_F CGATAAGCTTAAGTTACTTTCTATTATTAACTGTTATAATGG 

pSUC2(XbaI)_R CGTCTAGAATTTGACAAACCAAGAAAGTAAGAAAAAAAAG 
basic 
chitinase_F(XbaI) TATTCTAGAAACAATGAAGACTAATCTTTTTCTC 
basic 
chitinase_R(BamHI) ATAGGATCCGAATTCGGCCGAGGATAATGATAGGAG 

iGluSnFR_F(BamHI) ATTGGATCCATGGCCGCAGGCAGCACGCTGGAC 

iGluSnFR_F(SmaI) ATACCCGGGTTATTTCAGTGCCTTGTCATTCG 

pGLR3.6_F(SphI) CTTGCATGCTTCCAGATTCCGATCAAAAGC 

pGLR3.6_R(XbaI) AATTCTAGACTTCTCAATTTCAGGAGATTCC 

GLR3.6_F(XbaI) AATTCTAGAATGAAGTGGTTTCTGCTTATGC 

GLR3.6_F(SmaI) ATACCCGGGGTTGCAGCGACTTGAACCATTTG 

EGFP_F(SmaI) TTACCCGGGGCTGCTGCCGCTGCCGCTGC 

EGFP_R(SacI) TTAGAGCTCTTACTTGTACAGCTCGTCCATG 

  

For qPCR  
Primer name 5' to 3' 

AtUBQ10-qPCR-F CACACTCCACTTGGTCTTGCGT 

AtUBQ10-qPCR-R TGGTCTTTCCGGTGAGAGTCTTCA 

OPR3-qPCR-For CGTTTTACACTCAAGATCCAGTTG 

OPR3-qPCR-Rev ATTATCAAACTCAGAGGCGGG 

JAZ5_qPCR-F1 TCATCGTTATCCTCCCAAGC 

JAZ5_qPCR-R1 CACCGTCTGATTTGATATGGG 

JAZ7_qPCR-F2 GATCCTCCAACAATCCCAAA 

JAZ7_qPCR-R2 TGGTAAGGGGAAGTTGCTTG 

Zat12-qPCR-F(b) TCATCAGAAGAAAAATGGTTGCG 

Zat12-qPCR-R AAGCATCAAACAATTCGCCG 

RbohD_qPCR-F1 CCACGTTTAATTGCCGCG 

RbohD_qPCR-R1 GCTAGTCGGTTGATCCCCAAA 
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Movie S1. 

Herbivory by larva of Pieris rapae on older Arabidopsis leaf showing Ca2+ increases 

transmitted to younger leaves. Ca2+ levels visualized using plants expressing GCaMP3. Note, 

the larva is naturally autofluorescent and signal from the caterpillar does not indicate 

information on Ca2+ levels. 
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Movie S2. 

Herbivory by larva of Pieris rapae on younger Arabidopsis leaf showing Ca2+ increases 

transmitted to older leaves. Ca2+ levels visualized using plants expressing GCaMP3. Note, the 

larva is naturally autofluorescent and signal from the caterpillar does not indicate information 

on Ca2+ levels. 
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Movie S3. 

Mechanical wounding (scissors) at the petiole of leaf 1 (L1) in wild-type plant showing Ca2+ 

increases transmitted to target leaves [e.g., leaf 6 (L6)]. Ca2+ levels visualized using plants 

expressing GCaMP3.  

 



 

 

27 

 

 
 

Movie S4. 

Systemic Ca2+ increase response in leaf 6 to mechanical wounding (scissors) at the petiole of 

leaf 1. Note rapid transmission of response through the vasculature and slower phase as the 

Ca2+ increase spreads across the leaf blade. Ca2+ levels visualized using plants expressing 

GCaMP3.  
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Movie S5. 

Phloem localization of the systemic Ca2+ increase response in leaf 6 to mechanical wounding 

(scissors) at the petiole of leaf 1. Ca2+ levels visualized using plants expressing GCaMP3 

driven by the pSUC2 promoter that localizes expression to the phloem sieve tube elements 

and companion cells.  
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Movie S6. 

Systemic Ca2+ increase response in leaf 6 to mechanical wounding (scissors) at the petiole of 

leaf 1 in a PDLP5 OE line. Note rapid transmission of response through the vasculature but 

lack of the slower phase of Ca2+ increase that normally spreads across the leaf blade from the 

leaf veins. Ca2+ levels visualized using plants expressing GCaMP3.  
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Movie S7. 

Mechanical wounding (scissors) at the petiole of leaf 1 (L1) of the glr3.3glr3.6 mutant 

showing a local [Ca2+]cyt increase that fails to be transmitted to systemic leaves such as leaf 6 

(L6). Ca2+ levels visualized using plants expressing GCaMP3. 

  



 

 

31 

 

 
 

 

Movie S8. 

Mechanical wounding (scissors) at the petiole of leaf 1 of the glr3.3/glr3.6 mutant expressing 

GLR3.6 driven by its native promoter showing restoration of the systemic transmission of 

[Ca2+]cyt increases from leaf 1 (L1) to leaf 6 (L6). Ca2+ levels visualized using plants 

expressing GCaMP3.  
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Movie S9. 

Systemic transmission of [Ca2+]cyt elevation in wild-type Arabidopsis in response to 100 mM 

L-Glu added to the cut tip of a leaf. Ca2+ levels visualized using plants expressing GCaMP3.  
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Movie S10. 

Systemic transmission of Ca2+ elevation in the glr3.3glr3.6 double mutant in response to 100 

mM L-Glu added to the cut tip of a leaf. Ca2+ levels visualized using plants expressing 

GCaMP3.  
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Movie S11. 

Cell wall Glu in the root in response to sequential addition of 100 mM sorbitol and then L-

Glu. Glu was monitored by iGluSnFR targeted to the cell wall using the chitinase signal 

sequence. Note increase in fluorescence in response to Glu but not sorbitol. 
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Movie S12. 

Cell wall Glu in the leaf in response to mechanical wounding by cutting. Glu was monitored 

by iGluSnFR targeted to the cell wall using the chitinase signal sequence. Note increase in 

fluorescence around wound site and local vasculature. 
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Movie S13. 

Cell wall Glu in the leaf in response to mechanical wounding by crushing using forceps. Glu 

was monitored by iGluSnFR targeted to the cell wall using the chitinase signal sequence. 

Note increase in fluorescence around wound site and then more broad spread over the leaf. 
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