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Abstract

Intracellular Ca2+ transients are an integral part of the signaling cascade during pathogen-

associated molecular pattern (PAMP)-triggered immunity in plants. Yet, our knowledge about the 

spatial distribution of PAMP-induced Ca2+ signals is limited. Investigation of cell- and tissue-

specific properties of Ca2+-dependent signaling processes requires versatile Ca2+ reporters that are 

able to extract spatial information from cellular and subcellular structures, as well as from whole 

tissues over time periods from seconds to hours. Fluorescence-based reporters cover both a broad 

spatial and temporal range, which makes them ideally suited to study Ca2+ signaling in living 

cells. In this study, we compared two fluorescence-based Ca2+ sensors: the Förster resonance 

energy transfer (FRET)-based reporter yellow cameleon NES-YC3.6 and the intensity-based 

sensor R-GECO1. We demonstrate that R-GECO1 exhibits a significantly increased signal change 

compared with ratiometric NES-YC3.6 in response to several stimuli. Due to its superior 

sensitivity, R-GECO1 is able to report flg22- and chitin-induced Ca2+ signals on a cellular scale, 

which allowed identification of defined [Ca2+]cyt oscillations in epidermal and guard cells in 

response to the fungal elicitor chitin. Moreover, we discovered that flg22- and chitin-induced Ca2+ 

signals in the root initiate from the elongation zone.
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Introduction

Ca2+ as a second messenger is of fundamental importance for all eukaryotic organisms. In 

plants, Ca2+-mediated signaling participates in the regulation of abiotic stress responses as 

well as in signal transduction during interaction with symbiotic microorganisms and 

pathogens (Dodd et al., 2010). Ca2+ signaling is characterized by a transient increase of 

cytosolic Ca2+ ([Ca2+]cyt), which is accomplished by the activity of transporters and 

channels that allow influx of Ca2+ from intra- and extracellular stores (Dodd et al., 2010). 

These transient [Ca2+]cyt changes are then sensed and decoded by a complex network of 

Ca2+-binding proteins and interacting kinases that transduce the information downstream to 

regulate effector proteins and gene expression (Luan, 2009; Boudsocq and Sheen, 2010; 

Romeis and Herde, 2014; Steinhorst and Kudla, 2014). It is thought that specificity in Ca2+ 

signaling is primarily conferred through spatial and temporal qualities of the Ca2+ signal, 

which differs in frequency, amplitude, and duration in a stimulus-dependent manner 

(McAinsh and Pittman, 2009).

Genetically encoded indicators (GECIs) are ideal tools to study transient [Ca2+]cyt patterns, 

as they enable non-invasive monitoring of [Ca2+]cyt dynamics in living cells (Monshausen, 

2012; Pérez Koldenkova and Nagai, 2013). In plants, luminescent aequorin-based Ca2+ 

reporters have been widely used to investigate the role of Ca2+ signaling during abiotic stress 

responses, such as cold, osmotic, and salt stress (Knight et al., 1991, 1996; Kiegle et al., 

2000; Martí et al., 2013), and to study Ca2+ signaling during plant defense reactions (Blume 

et al., 2000; Lecourieux et al., 2002; Kwaaitaal et al., 2011; Ranf et al., 2011). Despite its 

high sensitivity, aequorin has a low quantum yield, which limits its use for live cell imaging 

(Brini, 2008). To overcome the limitation of low brightness, aequorin was fused to green 

fluorescent protein (GFP) to create a bioluminescence resonance energy transfer (BRET) 

sensor. Here, the luminescence of aequorin is transferred via FRET to GFP, which in turn 

emits light of higher quantum yield (Baubet et al., 2000). Recently, this concept has been 

applied in Arabidopsis to measure [Ca2+]cyt dynamics in entire seedlings and leaves (Xiong 

et al., 2014). However, there are two issues that remain limiting when using aequorin Ca2+ 

sensors. First, there is a need for co-factor loading, which is time consuming and might 

therefore interfere with the timing of experiments. Second, commonly available devices for 

photon counting usually do not resolve cellular and subcellular structures, resulting in 

compromised spatial resolution. However, the analyses of molecular mechanisms behind 

Ca2+ signaling networks requires versatile Ca2+ reporter tools that cover a broad range of 

resolution in time and space.

Because of their higher quantum yield, fluorescence-based GECIs are able to fulfill both 

criteria. Imaging periods from seconds to hours that cover from subcellular structures to 

whole organisms are feasible. Fluorescence-based GECIs can be categorized in two classes: 

ratiometric FRET-based reporters and intensiometric reporters. Yellow cameleon (YC) Ca2+ 

sensors belong to the group of ratiometric FRET-based indicators (Miyawaki et al., 1997). 

They consist of an enhanced cyan fluorescent protein (ECFP) variant as FRET donor and a 

yellow fluorescent protein (YFP) variant as acceptor. Both fluorophores are linked via a 

Ca2+ sensory domain that is composed of calmodulin (CaM), a short linker, and the M13 

peptide, which binds to CaM in a Ca2+-dependent manner (Ikura et al., 1992; Porumb et al., 
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1994). Upon Ca2+ binding, the sensory domain structurally rearranges, thereby changing the 

distance and orientation of the fluorescent proteins to increase FRET efficiency (Miyawaki 

et al., 1997). Yellow cameleons have been extensively engineered to improve brightness and 

dynamic range (Nagai et al., 2004), minimize interference with endogenous Ca2+ signaling 

(Palmer and Tsien, 2006), and modulate Ca2+ affinities (Horikawa et al., 2010). Additional 

FRET-based Ca2+ reporters that use the troponin C Ca2+-binding moiety as sensory domain 

have been developed (Heim and Griesbeck, 2004; Mank et al., 2008; Thestrup et al., 2014). 

In plants, FRET-based Ca2+ reporters have advanced our understanding of Ca2+ signaling on 

the cellular and even subcellular scale (Choi et al., 2012; Monshausen, 2012 and references 

therein). Currently, yellow cameleon YC3.6 (Nagai et al., 2004) is the most commonly used 

fluorescent Ca2+ reporter in plants (Choi et al., 2012).

Intensiometric Ca2+ reporters with Pericam and GCaMPas prototypes are designed with a 

single circularly permutated green fluorescent protein (cpGFP) that is flanked by an N-

terminal CaM-binding M13 peptide and by a C-terminal CaM (Nagai et al., 2001; Nakai et 

al., 2001). Upon Ca2+ binding, the CaM domain folds around the M13 peptide, thereby 

altering the chemical environment of the chromophore, leading to enhanced fluorescence 

emission (Akerboom et al., 2009). These reporters have also been extensively engineered to 

improve stability, sensitivity, and dynamic range resulting in various generations of GCaMPs 

and the development of G-GECOs (Akerboom et al., 2009; Muto et al., 2011; Zhao et al., 

2011; Akerboom et al., 2012). To enable multi-color Ca2+ imaging, blue and yellow shifted 

intensity-based Ca2+-reporters have been developed by mutagenesis of G-GECO1.1 and 

GCaMP3 (Zhao et al., 2011; Akerboom et al., 2013). Red and orange emitting reporters 

were generated by replacing the cpGFP with cpmApple to generate R- and O-GECOs (Zhao 

et al., 2011; Wu et al., 2013) or with cpmRuby to generate RCaMPs (Akerboom et al., 

2013). Among these reporters, R-GECO1 was the first red-shifted intensity-based Ca2+ 

reporter; it was combined with FRET-based reporters to perform multi-compartment and 

multi-parameter imaging (Zhao et al., 2011). In Arabidopsis, YC3.6 was used in 

combination with R-GECO1 to resolve cell-specific Ca2+ responses in pollen and synergid 

cells during pollen tube perception, demonstrating the potential of multi-color Ca2+ imaging 

(Ngo et al., 2014). When compared with ratiometric FRET-based Ca2+ reporters, intensity-

based Ca2+ reporters are characterized by a superior dynamic range but are more sensitive to 

fluctuations in sensor expression and distribution, instrument noise, and motion artifacts 

(O'Connor and Silver, 2013; Pérez Koldenkova and Nagai, 2013). Therefore, the appropriate 

Ca2+ reporter should be selected according to the experimental needs.

In order to investigate whether R-GECO1 would be useful to facilitate Ca2+ imaging in 

plants, we created dual expression lines of the fluorescent Ca2+ sensors R-GECO1 and NES-

YC3.6, and compared their performance under in vivo conditions. We found that R-GECO1 

shows significantly higher signal changes compared with NES-YC3.6 in response to 

extracellular ATP and plasma membrane hyperpolarization. To make use of the higher 

sensitivity of R-GECO1, we studied cell- and tissue-specific characteristics of Ca2+ signals 

elicited by the microbe-derived molecules flg22 and chitin. Flg22 and chitin are conserved 

PAMPs that are recognized cell autonomously by pattern recognition receptors (Boller and 

Felix, 2009 and references therein). Within seconds to minutes after PAMP perception, 

plants respond with a transient increase in [Ca2+]cyt (Blume et al., 2000; Lecourieux et al., 
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2002; Kwaaitaal et al., 2011; Ranf et al., 2011). Although it is well established that Ca2+ 

signals are an integral part of the signaling cascade during PAMP-triggered immunity 

(Boller and Felix, 2009), detailed spatial and temporal information of signal onset and 

propagation is missing at the cellular level. Here, we report that R-GECO1 is able to resolve 

flg22 and chitin-induced Ca2+ signals on a cellular scale. We were able to observe defined 

transient [Ca2+]cyt patterns in leaves as well as in roots of Arabidopsis seedlings. We 

identified differences in guard cell Ca2+ signaling in response to flg22 that suggest a cell-

autonomous perception of flg22 in guard cells. In roots, we identified that flg22 and chitin-

induced Ca2+ signals initiate from the elongation zone. Taken together, imaging PAMP-

induced Ca2+ signals with R-GECO1 allowed the identification of cell-specific differences 

in Ca2+ signaling in the leaf, as well as the observation of tissue-specific responses in the 

root.

Results and Discussion

In Vivo Comparison of Ca2+ Sensors NES-YC3.6 and R-GECO1

In order to compare in vivo properties of FRET-based and intensity-based Ca2+ reporters, we 

generated stable transgenic Arabidopsis lines expressing both cytosolic localized NES-

YC3.6 (Nagai et al., 2004; Krebs et al., 2012) and cytosolic and nuclear localized R-GECO1 

(Zhao et al., 2011). For comparable expression levels, both reporters were expressed under 

control of the UBQ10 promoter (Norris et al., 1993; Grefen et al., 2010). Fluorescence 

microscopy revealed that NES-YC3.6 and R-GECO1 were evenly expressed throughout the 

whole plant including guard cells and pollen (Supplemental Figure 1 and Figure 2). Due to 

the uniform expression pattern and their distinct spectral properties, we were able to perform 

comparative in vivo analyses of both Ca2+ reporters.

R-GECO1 Is More Sensitive Toward Changes of [Ca2+]cyt than NES-YC3.6

To evaluate sensor performance with respect to dynamic signal change, we determined the 

maximum signal change and signal-to-noise ratio (SNR) of NES-YC3.6 and R-GECO1 in 

response to 1 mM ATP (Figure 1) and to plasma membrane hyperpolarization (Supplemental 

Figure 2). Both stimuli are known to induce fast and robust changes of [Ca2+]cyt (Allen et 

al., 2000; Tanaka et al., 2010; Choi et al., 2014). To compare the readout of the intensity-

based sensor R-GECO1 with the readout of the ratiometric FRET-based sensor NES-YC3.6, 

fractional fluorescence changes (ΔF/F) and fractional ratio changes (ΔR/R) were calculated 

respectively. [Ca2+]cyt dynamics were recorded from the root hair zone of 6- to 8-day-old 

seedlings (Figure 1A). Fluorescence intensity values of a representative measurement are 

shown in Figure 1B and the respective fractional signal changes of NES-YC3.6 (ΔR/R) and 

R-GECO1 (ΔF/F) are shown in Figure 1C. We observed that, in response to 1 mM ATP, R-

GECO1 showed a 17-fold increased maximum signal change compared with NES-YC3.6 

(Figure 1C and 1D). Similarly, when we induced cytosolic Ca2+ transients by plasma 

membrane hyperpolarization, the maximum signal change for R-GECO1 was 11 times 

higher compared with NES-YC3.6 (Supplemental Figure 2A, 2B, and 2E).

To exclude the possibility that the higher signal changes observed for R-GECO1 are due to 

an overrepresentation of nuclear Ca2+ changes in R-GECO1 transgenic lines, we excluded 
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plant cell nuclei for data analyses (Supplemental Figure 2C and 2D) and compared the 

maximum signal change of cytosol and nucleus versus cytosol only (Supplemental Figure 

2E). Importantly, the maximum signal change of R-GECO1 after plasma membrane 

hyperpolarization was not changed (Supplemental Figure 2E), no matter whether nuclei 

were excluded from the analyses or not. From this we conclude that the improved sensor 

performance of R-GECO1 is not due to an overrepresentation of nuclear Ca2+ signal 

changes and it is therefore valid to compare cytosolic localized NES-YC3.6 with cytosolic 

and nuclear localized R-GECO1.

The increased maximum signal amplitude observed for R-GECO1 results in significantly 

higher SNRs for R-GECO1 compared with NES-YC3.6 (Figure 1E and Supplemental 

Figure 2F). The baseline noise, indicated by the SD of the baseline, was found to be in a 

similar range for R-GECO1 and NES-YC3.6 (Figure 1F and Supplemental Figure 2G). Yet, 

it is known that under certain imaging conditions, intensiometric sensors are more prone to 

noise, as changes in sensor localization as well as motion artifacts will be directly converted 

into altered levels of fluorescence intensity that are not correlated with changes of [Ca2+]cyt. 

At lower magnifications, where sample movement and focus shifts are minimally effective, 

intensity-based reporters might outperform ratiometric FRET-based reporters because of 

their higher dynamic range. However, at high magnifications, the use of ratiometric reporters 

is an advantage as they are intrinsically normalized. Therefore, the design of ratiometric R-

GECO1 by fusion to a second fluorescent protein would provide a strategy to further 

increase the quality of live cell Ca2+ imaging, in particular under unfavorable imaging 

conditions. Our results show that under in vivo conditions R-GECO1 is 11–17 times more 

sensitive to [Ca2+]cyt changes compared with the FRET-based Ca2+ sensor NES-YC3.6 

(Figure 1 and Supplemental Figure 2), demonstrating its huge potential for Ca2+ imaging in 

plants.

Individual Sensor Performance of NES-YC3.6 and R-GECO1 Is Not Impaired in Dual 
Expression Lines

The two Ca2+ sensors NES-YC3.6 (Kd = 250 nM; Nagai et al., 2004) and R-GECO1 (Kd = 

480 nM; Zhao et al., 2011) differ to some extent in their affinity for Ca2+. To rule out that 

sensor readout is biased in dual expression lines due to a competition for cytosolic Ca2+, we 

directly compared the Ca2+-dependent signal change of NES-YC3.6 and R-GECO1 in 

response to plasma membrane hyperpolarization in dual expression and single expression 

lines (Supplemental Figure 3). A sequence of Ca2+ transients was induced by alternate 

application of depolarization (Depol) and hyperpolarization buffer (Hyper; Supplemental 

Figure 3B, 3D, and 3F). We found that the Ca2+-dependent signal change was in a similar 

range for NES-YC3.6 in the dual and the single expression line (Supplemental Figure 3B 

and 3D). Similarly, fractional fluorescence changes of R-GECO1 are comparable between 

the dual and the single expression line (Supplemental Figure 3B and 3F). Quantification of 

the mean maximum Ca2+-dependent signal change of NES-YC3.6 and R-GECO1 indicates 

that there is no significant difference between dual and single expression lines 

(Supplemental Figure 3G). These results demonstrate that the sensor performance of NES-

YC3.6 and R-GECO1 is not affected in dual expression lines and therefore results obtained 
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from experiments with dual expression lines are valid and reflect the in vivo properties of the 

respective sensors.

Visualization of Tip-Localized Ca2+ Gradients

Root hairs and pollen tubes are experimental systems in which polar cell growth occurs. In 

both systems, the tip-focused Ca2+ gradient is essential to establish and maintain polar cell 

growth (Reiss and Herth, 1978; Bibikova et al., 1997; Monshausen et al., 2008; Steinhorst 

and Kudla, 2013). We acquired ratiometric and fluorescence images of growing pollen tubes 

(Figure 2A) and root hairs (Figure 2B) expressing NES-YC3.6 and R-GECO1 to visualize 

the Ca2+ distributions in these cells. Both sensors report the expected [Ca2+]cyt gradients at 

the tips of pollen tubes (Figure 2A) and root hairs (Figure 2B). To investigate dynamic 

changes of [Ca2+]cyt, we performed time-lapse imaging in growing root hairs and were able 

to resolve cytosolic Ca2+ oscillations at the tip of the root hair (Figure 2C and 2D and 

Supplemental Movie 1). Maxima of [Ca2+]cyt were observed every 24.3 s (SD ± 6.4 s) over a 

time period of 360 s (Figure 2D). These results are in accordance with a previous study in 

which the maximum cytosolic Ca2+ signal at the root hair tip was found to oscillate with a 

frequency of two to four peaks per minute (Monshausen et al., 2008). As R-GECO1 is an 

intensity-based indicator, Ca2+-induced signal changes might be influenced by sensor 

distribution or pH oscillations (Bibikova et al., 1998; Feijó et al., 1999). Although the 

accuracy of intensity-based sensors might not be ideally suited to visualize cellular Ca2+ 

distributions, our data clearly show that R-GECO1 is able to report tip-localized Ca2+ 

gradients as well as Ca2+ oscillations during tip growth, which reveals its potential for the 

investigation of Ca2+-related phenotypes associated with pollen tube growth or root hair 

development. To increase the precision of R-GECO1, the aforementioned generation of 

ratiometric versions of R-GECO1 would be desirable.

R-GECO1 Is More Sensitive Toward Changes of pH than NES-YC3.6

Wild-type Aequorea victoria GFP and several of its derivates are sensitive to changes in pH 

(Kneen et al., 1998; Young et al., 2010). Also R-GECO1, derived from circular permutated 

mApple (Shaner et al., 2008), is pH sensitive in vitro (Zhao et al., 2011). Within a 

physiological pH range of 6.8–8.0, R-GECO1 fluorescence emission changes by a factor of 

4.0 for the Ca2+-free form and by a factor of 1.4 for the Ca2+-bound form, which resembles 

a change in the dynamic range between 8 and 16 (Zhao et al., 2011). Therefore, we wanted 

to investigate to what extent intracellular pH changes could bias Ca2+ measurements in 

Arabidopsis. To compare the pH sensitivity of R-GECO1 and NES-YC3.6, we performed a 

pH clamp experiment in which we controlled the intracellular pH of seedlings, using pH 

equilibration buffers (Yoshida, 1994; Krebs et al., 2010), within a physiologically relevant 

range of pH 6.8–8.0 (Figure 3). In order to distinguish between pH- and Ca2+-induced signal 

changes, the experiment was carried out in the presence of the Ca2+ channel blocker 

lanthanum chloride (LaCl3), the extracellular Ca2+ chelater ethylene glycol tetraacetic acid 

(EGTA), and the intracellular, membrane-permeant Ca2+ chelater 1,2-bis(o-

aminophenoxy)ethane-N,N, N′,N′-tetraacetic acid (acetoxymethyl ester) (BAPTA-AM), 

which have been previously shown to block or attenuate cytosolic Ca2+ transients in 

Arabidopsis (Knight et al., 1996; Young et al., 2006; Kwaaitaal et al., 2011; Ranf et al., 

2011). To demonstrate that pH treatments were effective in planta, we monitored changes in 
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cytosolic pH (pHcyt) in Arabidopsis seedlings expressing pHGFP (Moseyko and Feldman, 

2001; Fendrych et al., 2014; Figure 3A). As indicated, ΔR/R of pHGFP increased stepwise 

with increasing pH values of the equilibration buffers (Figure 3B). We also found that the 

fluorescence intensity of both Ca2+ sensors was sensitive to intracellular pH changes (Figure 

3D). Fluorescence intensities of the NES-YC3.6 fluorophores ECFP and cpVenus increased 

by a factor of 1.3 from pH 6.8 to 8.0, whereas the emission intensity of R-GECO1 increased 

by a factor of 2.1 (Figure 3D). Since emission intensities of ECFP and cpVenus increase by 

the same factor, the resulting emission ratio is not affected by pH fluctuations (Figure 3E). 

In contrast, the pH-induced increase in fluorescence emission of R-GECO1 is directly 

translated into increased ΔF/F values (Figure 3E). Under conditions that might involve 

changes in pHcyt, the pH sensitivity of R-GECO1 has to be taken into account for data 

interpretation. Based on in vitro data (Zhao et al., 2011), cytoplasmic alkalinization could 

dampen [Ca2+]cyt responses of R-GECO1 through an increased baseline fluorescence 

emission (Figure 3E). To distinguish between pH- and Ca2+-induced signal changes, a pH 

reporter such as pHGFP could be investigated in parallel with R-GECO1. The spectral 

properties of pHGFP and R-GECO1 allow simultaneous imaging of both reporters. 

Therefore, dual reporter lines that simultaneously express pHGFP and R-GECO1 would be 

ideal for the collection and interpretation of data of stimulus-induced [Ca2+]cyt changes that 

also involve changes in pHcyt.

Live Cell Imaging Using R-GECO1 Resolves PAMP-Triggered Single-Cell Ca2+ Transients in 
Leaves

Even though it is well documented that transient increases in [Ca2+]cyt are among the earliest 

responses that take place after PAMP perception (Blume et al., 2000; Lecourieux et al., 

2002; Kwaaitaal et al., 2011; Ranf et al., 2011), little is known about signal dynamics and 

propagation in different tissues and cell types at the single-cell level. To demonstrate that 

increased sensitivity of R-GECO1 would be instrumental to visualize PAMP-triggered 

single-cell Ca2+ signals, we challenged Arabidopsis seedlings with two well-described 

elicitors: the bacterial-derived peptide flg22 (Felix et al., 1999; Jeworutzki et al., 2010) and 

the fungal elicitor chitin (Mithöfer et al., 1999). We performed live cell imaging with R-

GECO1 and NES-YC3.6 in detached true leaves of 14- to 16-day-old Arabidopsis seedlings. 

At indicated time points, we applied either 100 nM flg22 (Figure 4A and 4B) or 100 μg/ml 

chitin (Figure 4C and 4D). In the case of flg22, we detected defined oscillations of [Ca2+]cyt 

that lasted for approximately 30 min (Figure 4A and 4B and Supplemental Movie 2). We 

observed similar responses for chitin-treated leaves in which cytosolic Ca2+ oscillations 

lasted for approximately 20 min (Figure 4C and 4D and Supplemental Movie 3). As 

observed for stimulation with ATP and plasma membrane hyperpolarization (Figure 1 and 

Supplemental Figure 2), the signal amplitude after flg22 and chitin application is several 

times higher for R-GECO1 than for NES-YC3.6 (Figure 4B and 4D). As a result, R-GECO1 

is able to visualize flg22- and chitin-induced transient [Ca2+]cyt patterns with higher 

sensitivity and resolution than NES-YC3.6 (Figure 4B and 4D).

Previous studies using aequorin as Ca2+ reporter detected similar signal durations in 

response to flg22 and chitin in whole seedlings. However, the Ca2+ response measured by 

aequorin was monophasic with a rapid increase followed by an exponential decay 
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(Kwaaitaal et al., 2011; Ranf et al., 2011; Maintz et al., 2014). Mathematical simulations 

showed that different shapes of Ca2+ response curves simply reflect the number of measured 

cells (Dodd et al., 2006). To further illustrate the relation between the number of measured 

cells and the shape of the Ca2+ response curve, we analyzed regions of different size. Ca2+ 

signals extracted from a subcellular domain of two or three neighboring cells (Figure 4B 

region of interest [ROI] 1, Figure 4D, ROI3) exhibited oscillatory patterns. However, Ca2+ 

signals of single cells do no oscillate in phase (Supplemental Movies 2 and 3). Therefore, 

the oscillatory Ca2+ response in regions that cover several cells (Figure 4B ROI2, Figure 4D, 

ROI4) was less pronounced.

PAMP-Induced Signal Changes of R-GECO1 Are Ca2+-Dependent and Specific for flg22 or 
Chitin

Next we wanted to demonstrate that the flg22- and chitin-induced signal changes of R-

GECO1 are both Ca2+ dependent and PAMP specific. For this, we performed control 

experiments in leaves in which we either inhibited Ca2+ transients by application of the 

plasma membrane Ca2+ channel blocker LaCl3 (Nathan et al., 1988; Demidchik et al., 2002) 

or we used inactive forms of the respective PAMPs. As shown before, treatment with 1 μM 

flg22 or 100 μg/ml chitin induced a clear transient increase of [Ca2+]cyt (Supplemental 

Figure 4A and 4B). However, if leaves where pre-treated for 30 min with 1 mM LaCl3, no 

significant increase of [Ca2+]cyt could be observed after application of 1 μM flg22 or 100 

μg/ml chitin (Supplemental Figure 4C and 4D). These results are in line with previous 

observations (Kwaaitaal et al., 2011; Ranf et al., 2011) and demonstrate that flg22- and 

chitin-induced signal changes of R-GECO1 are truly Ca2+ dependent. Similarly, no transient 

increase of [Ca2+]cyt could be observed in leaves treated with 1 μM inactive flg15Δ5 (Felix 

et al., 1999; Ranf et al., 2011) or 1 μM inactive hexameric chitin (ch6; Zhang et al., 2002; 

Ranf et al., 2011; Supplemental Figure 4E and 4F), whereas application of inactive PAMPs 

did not evoke considerable changes in [Ca2+]cyt, treatment with 1 mM ATP-induced 

cytosolic Ca2+ transients, which demonstrates the competence of leaves to respond to 

external stimulations (Supplemental Figure 4E and 4F). Overall, these experiments verified 

that the PAMP-induced signal changes of R-GECO1 are Ca2+ dependent and that the 

changes in cytosolic Ca2+ are specifically induced by the bacterial elicitor flg22 and the 

fungal elicitor chitin.

Differences in Guard Cell Ca2+ Signaling in Response to flg22 and Chitin

Since stomatal pores represent putative entry points for bacteria (Melotto et al., 2008) and 

fungi (Guimarães and Stotz, 2004), we decided to study guard cell Ca2+ dynamics after 

bacterial and fungal elicitor treatment in more detail (Figure 5). For this reason, two 

different imaging setups were used: The lower leaf surface (abaxial site) of detached first 

true leaves was either imaged from the top (Supplemental Figure 5A) or from the bottom 

(Supplemental Figure 5B). For top imaging, the upper (adaxial) site of the leaf was facing 

the glass slide, whereas the abaxial site was oriented toward the objective and the site of 

PAMP application (Supplemental Figure 5A). For bottom imaging, the abaxial site of the 

leaf was facing the cover slip and oriented toward the objective, whereas the adaxial site was 

oriented toward the site of PAMP application (Supplemental Figure 5B). At indicated time 

points, we treated true leaves of 14- to 16-day-old Arabidopsis seedlings with 100 nM flg22 
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(Figure 5A, 5C, 5E, and 5F) or with 100 μg/ml chitin (Figure 5B, 5D, 5G, and 5H). To 

compare Ca2+ signals from guard cells and epidermal cells, we selected the central part of 

the stomatal pore and a nearby region of an epidermal cell for data analyses (Figure 5A–5D). 

With both imaging setups we were able to observe defined [Ca2+]cyt oscillations in 

epidermal leaf cells after application of 100 nM flg22 or 100 μg/ml chitin (Figure 5A – 5H 

ROI2, ROI4, ROI6, ROI8). When the site of PAMP application was identical to the site of 

imaging (top imaging, Supplemental Figure 5A), 66% of the guard cells (n = 66) responded 

to flg22 with [Ca2+]cyt oscillations (Figure 5A ROI1, 5E ROI1, 5I). Correspondingly, 61% of 

the guard cells (n = 74) showed [Ca2+]cyt oscillations after chitin treatment (Figure 5B ROI3, 

5G ROI3, 5I) when the elicitor was applied to the site of imaging. However, during bottom 

imaging (Supplemental Figure 5B), guard cell [Ca2+]cyt oscillations were observed after 

chitin application (Figure 5D ROI7, 5H ROI7, and Supplemental Movie 5), but only rarely 

after treatment with flg22 (Figure 5C ROI5, 5F ROI5, and Supplemental Movie 4). In this 

case only, 19% (n = 34) of the stomatal guard cells responded to flg22, whereas 85% of the 

guard cells (n = 37) responded to chitin (Figure 5J). The fact that guard cells imaged in the 

bottom mode (Supplemental Figure 5B and Figure 5J) respond less frequently to flg22 than 

guard cells imaged in the top mode (Supplemental Figure 5A and Figure 5I) most likely 

indicates that PAMP accessibility to the tissue is restricted in the bottom mode since the leaf 

surface is in tight contact with the cover glass (Supplemental Figure 5B). The extended lag 

time observed between PAMP application and onset of Ca2+ signaling supports this idea. 

Ca2+ signaling was initiated 7.0 ± 2.6 min (n = 11) after flg22 and 8.2 ± 2.6 min (n = 6) after 

chitin treatment in cells that were facing the cover glass (Figure 5F and 5H). Cells that were 

in direct contact with the bathing solution and therefore closer to the site of PAMP 

application responded much faster to application of flg22 (1.6 ± 0.5 min, n = 8) and chitin 

(2.6 ± 1.0 min, n = 8; Figure 5E and 5G).

Our results suggest that guard cells have to perceive flg22 cell autonomously, since they are 

symplastically isolated and signaling epidermal cells are not sufficient to elicit a Ca2+ 

response in an adjacent guard cell (Figure 5C and Supplemental Movie 4). The observed 

differences between guard cell Ca2+ signaling in response to flg22 and chitin could be due to 

different diffusion rates of the respective PAMPs or due to differences in Ca2+ signal 

propagation. The latter would suggest that additional signaling mechanisms, such as 

production of reactive oxygen species (ROS) in the apoplast and electrical signaling might 

be required to communicate signals between epidermal and guard cells (Romeis and Herde, 

2014; Gilroy et al., 2014; Steinhorst and Kudla, 2014). These data show that R-GECO1 is 

well suited to study cell-specific Ca2+ responses in intact leaves and that chitin as shown 

before flg22 (Thor and Peiter, 2014), induces defined [Ca2+]cyt oscillations in epidermal and 

guard cells. Furthermore, our results suggest that guard cells perceive flg22 in a cell-

autonomous way.

Flg22- and Chitin-Induced Ca2+ Signals in the Root Initiate from the Elongation Zone

Tissue specificity with respect to pathogen attack is not very well investigated. Most studies 

on PAMP-induced immunity have focused on responses associated with the aerial parts of 

the plant, most likely due to the fact that in most experimental systems, roots have been 

more difficult to access than leaves. A quantitative approach in roots and shoots of 
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Arabidopsis seedlings demonstrated that the amplitude of Ca2+ signals in response to 

PAMPs is dependent on the tissue context. It was shown that the majority of the Ca2+ 

response induced by flg22 could be attributed to the shoot part of the seedling, whereas, in 

response to the fungal elicitor N-acetylchitooctaose (ch8), the root contributed to a higher 

extent to the total Ca2+ response of the seedling (Ranf et al., 2011). To study PAMP-induced 

Ca2+ dynamics in roots in more detail, we performed Ca2+ imaging of 6- to 7-day-old 

seedlings that had been challenged with flg22 or chitin. Seedlings were grown and imaged in 

RootChip16, a microfluidic platform that allows reversible and non-invasive application of 

elicitors via micro-perfusion (Grossmann et al., 2011, 2012; Jones et al., 2014). Since roots 

have been reported to be less sensitive to flg22 (Ranf et al., 2011), we used 1 μM flg22 for 

elicitation. In agreement with previous work (Ranf et al., 2011), we found that all the roots 

tested were clearly responsive to flg22 treatment. We detected a clear increase in [Ca2+]cyt 

after application of 1 μM flg22 (Figure 6A, 6C and 6E). Treatment with 100 μg/ml chitin 

(Figure 6B, 6D, and 6F) also elicited a clear increase in [Ca2+]cyt. However, the frequency of 

Ca2+-responsive roots was lower since three of nine chitin-treated roots did not show a clear 

Ca2+ response (Figure 6F, root 3). Kymograph analyses revealed two interesting facts 

(Figure 6C and 6D). The Ca2+ signal initiated in the root elongation zone from where it 

spread toward the root tip and base and the signal amplitude was at maximum within the 

elongation zone and decreased as the signal spread (Figure 6A, 6B, 6E, 6F and 

Supplemental Movies 6, 7).

These observations raise several interesting questions about tissue and cell specificity of 

immune responses but also about directionality and propagation of Ca2+ signals. 

Remarkably, the spatial onset of the Ca2+ response in the elongation zone correlated with the 

activation of defense genes. Several immune responsive genes are specifically upregulated in 

the elongation zone within 3–5 h after flg22 treatment (Millet et al., 2010). In addition, 

flg22-induced callose deposition was found to be restricted to the elongation zone (Millet et 

al., 2010). In contrast, no such correlation between initiation of Ca2+ signaling and gene 

expression in the elongation zone was observed for chitin. It has been speculated that tissue-

specific immune responses of different PAMPs could reflect different infection strategies 

(Millet et al., 2010). Our data show that root Ca2+ imaging with R-GECO1 allowed the 

identification of tissue-specific Ca2+ responses. Flg22 as well as chitin induced Ca2+ 

transients in the root elongation zone, which spread toward the root tip and base. Whether 

such local Ca2+ signals are able to trigger systemic immune responses in other parts of the 

root or even in the shoot remains to be determined.

In this study we established Ca2+ measurements in Arabidopsis using the intensity-based 

reporter R-GECO1. Comparative in vivo analysis demonstrated that R-GECO1 shows 

significantly increased Ca2+-dependent signal changes compared with NES-YC3.6. The 

increased sensitivity of R-GECO1 enabled visualization of flg22- and chitin-induced Ca2+ 

signals on a cellular scale. We have proved that flg22- and chitin-induced signal changes of 

R-GECO1 are Ca2+-dependent and specific for the respective elicitors. We identified that 

chitin induces defined [Ca2+]cyt oscillations in guard cells and suggest that guard cells 

perceive flg22 in a cell-autonomous way. Moreover, we found that flg22- and chitin-induced 

Ca2+ signals in the root initiate from the elongation zone. Overall, our data show that R-

GECO1 is a useful tool that greatly facilitates Ca2+ imaging in plants. Due to the single-
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fluorophore nature of GECO-based indicators, they hold enormous potential for future 

applications such as multi-compartment and multi-parameter imaging.

Experimental Procedures

Cloning Procedure

R-GECO1 (Zhao et al., 2011) was amplified from pTor-PE-R-GECO1 (Addgene plasmid 

32465) using oligonucleotides R-GECO1-SpeF (5′-tttactagtatggtcgactcttcacgtc-3′) and R-

GECO1-XmaR (5′-tttcccgggc tacttcgctgtcatcatttg-3′). The resulting fragment was inserted 

via SpeI/XmaI into a modified pUC19 plasmid pUC-pUBQ10 (Waadt et al., 2014) and 

subcloned into the barII-UT plasmid (Waadt et al., 2014), which contains a glufosinate 

resistance cassette for plant herbicide selection and an expression cassette for R-GECO1 
consisting of the UBQ10 promoter (Norris et al., 1993) and the HSP18.2 terminator (Nagaya 

et al., 2010).

Plant Materials and Growth Conditions for Arabidopsis

To generate transgenic Arabidopsis thaliana (Col-0) lines that express two Ca2+ sensors 

simultaneously, the cytosolic yellow cameleon reporter line NES-YC3.6 (Krebs et al., 2012) 

was transformed with the binary vector barII-UT-R-GECO1, according to standard 

procedures (Hellens et al., 2000). Transgenic lines were selected for BASTA resistance on 

plates containing 10 μg/ml BASTA. For in vitro culture, seeds were surface sterilized using 

EtOH followed by stratification for 48 h at 4°C. Seedlings were grown at 22°C with cycles 

of 16 h light and 8 h darkness on plates containing half strength Murashige and Skoog (MS) 

basal salt mixture (Duchefa; www.duchefa-biochemie.com) supplemented with 0.5% 

sucrose. Medium pH was set to 5.8 using KOH and medium was solidified using 0.5% 

phytoagar (Duchefa). Pollen germination was performed as described previously (Hicks et 

al., 2004).

Chemicals, Buffers, and Elicitors

Stock solutions of 100 mM MgATP (pH 7.0 KOH; Sigma-Aldrich, www.sigmaaldrich.com), 

100 μM flg22 (EZBiolab, www.ezbiolab.com), 1 mM flg15Δ5, 1 mM ch6, 200 mg/ml chitin, 

1 M LaCl3 (Sigma-Aldrich), and 100 mM EGTA (Sigma-Aldrich) were prepared in water. 

The chitin stock solution was freshly prepared for each experiment by grinding chitin 

powder from shrimp cells (Sigma-Aldrich) for 10 min with a mortar and a pestle. The 

inactive PAMPs flg15Δ5 and ch6 were a kind gift from Justin Lee (IPB Halle, Germany; 

Ranf et al., 2011). The stock solution of 10 mM BAPTA-AM (Life Technologies, 

www.lifetechnologies.com) was dissolved in DMSO. The pH equilibration buffers (Yoshida, 

1994; Krebs et al., 2010) and the de- and hyperpolarization buffers (Allen et al., 2000) were 

prepared as described previously.

Ca2+ and pH Imaging

Confocal laser scanning microscopy was performed on a Leica SP5II equipped with a 

DMI6000 inverted stand (Leica Microsystems, www.leica-microsystems.com). NES-YC3.6 

was excited with 458 nm and fluorescence emission was detected between 465 and 505 nm 

(ECFP) and between 530 nm and 570 (cpVenus). R-GECO1 was excited with 561 nm and its 
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emission was detected between 620 and 650 nm. pHGFP was sequentially excited with 405 

and 488 nm and fluorescence emission was detected between 500 and 530 nm. Laser and 

gain settings were adjusted individually to have comparable baseline intensity values for 

each experiment. Images for NES-YC3.6, R-GECO1 and pHGFP were recorded using HyD 

detectors with a frame rate of 5 s. Samples were mounted for either top or bottom imaging 

(Supplemental Figure 5). For top imaging, the imaging chamber was formed from modeling 

clay (Supplemental Figure 5A). A thin film of medical adhesive was used to fix detached 

true leaves with the upper leaf surface facing the glass slide and the lower leaf surface facing 

the bathing solution. Leaves were covered with liquid half strength MS medium. If not 

stated otherwise, samples were imaged in the bottom imaging mode (Supplemental Figure 

5B) and sample mounting was performed as described previously with minor modifications 

(Krebs and Schumacher, 2013). Instead of cotton, rock wool was used as spacer between the 

seedling and the imaging chamber. For imaging, seedlings were placed in liquid half 

strength MS medium. For ATP, flg22, and chitin treatments, two-fold concentrations of the 

respective agent were prepared in liquid half strength MS medium and added in a 1:1 

volume ratio to the imaging chamber to achieve rapid concentration equilibrium. For plasma 

membrane hyperpolarization and treatments with pH equilibration buffers, a peristaltic pump 

was connected to the imaging chamber to perfuse the seedlings with the respective bathing 

solutions.

Ca2+ Imaging on Roots in the RootChip16

Epifluorescent imaging was performed on a Nikon Eclipse Ti microscope equipped with a 

20× 0.75 NA multi-immersion objective (Nikon, www.nikon.com) and an Andor iXon plus 

electron multiplying charge coupled device (Andor, www.andor.com) camera. R-GECO1 

was excited using an Obis 561-50 DPSS diode laser (Omicron Laserage, www.omicron-

laser.com). Fluorescence emission was detected between 570 and 640 nm. Images were 

recorded with a time interval of 1.5 s. RootChip16 sample preparation was done as described 

previously (Grossmann et al., 2011, 2012), using the advanced RootChip16 (Jones et al., 

2014). In brief, seeds were surface sterilized and germinated on cut pipette tips, prefilled 

with solidified Hoagland's media (Sigma-Aldrich), and plugged into the chip. Seven-day-old 

roots grown inside the RootChip16's observation chambers were imaged and perfused with 

half strength liquid Hoagland's medium. Treatments were done with 5-min square pulses of 

flg22 or chitin dissolved in half strength liquid Hoagland's medium.

Image Processing and Data Analysis

For data analyses, fluorescence intensity values of each channel were extracted from the 

ROIs indicated using ImageJ (imagej.nih.gov/ij/). When ROIs were not specified, the entire 

image frame was used for data analyses. For NES-YC3.6 and pHGFP, fractional ratio 

changes (ΔR/R) were calculated from background corrected intensity values as (R – R0)/R0, 

where R0 is the average ratio of the baseline (25 frames, 2 min) of a measurement. 

Correspondingly, fractional fluorescence changes (ΔF/F) for R-GECO1 were calculated 

from background corrected intensity values of R-GECO1 as (F – F0)/F0, where F0 represents 

the average fluorescence intensity of the baseline (25 frames, 2 min) of a measurement. To 

compare the performance of NES-YC3.6 with R-GECO1, different sensor parameters were 

evaluated. The SD of the baseline was calculated from 25 frames, representing a 2-min time 
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period. The maximum signal change represents the mean of three individual frames that 

cover the maximum peak amplitude (15-s time period). Accordingly, the SNR was 

calculated by dividing the mean maximum peak amplitude by the SD of the baseline. 

Ratiometric images were calculated as described previously (Kardash et al., 2011). For 

quantification of stomata that show a significant change in [Ca2+]cyt after elicitor treatment, 

the following criteria were applied. Stomata were considered to respond if the Ca2+ signal 

after elicitor treatment was three times higher than the SD of the baseline. The SD of the 

baseline was calculated from 360 frames that represent 30 min prior to elicitor application.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. R-GECO1 Exhibits Enhanced Ca2+-Dependent Signal Change Compared with NES-
YC3.6
Ca2+-dependent signal changes in response to 1 mM ATP in roots of 6- to 8-day-old 

seedlings expressing NES-YC3.6 and R-GECO1.

(A) Fluorescence images of ECFP, cpVenus, R-GECO1, and corresponding bright field 

image. Scale bar represents 50 μm.

(B) Time-dependent fluorescence intensities.

(C) Time-dependent normalized NES-YC3.6 emission ratios (ΔR/R) and normalized R-

GECO1 fluorescence intensities (ΔF/F).

(D–F) Maximum signal change (D), signal-to-noise ratios (E), and SD of the baseline (F). 
Error bars represent SD of three independent experiments.
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Figure 2. Visualization of Tip-Localized [Ca2+]cyt Gradients
(A and B) Tip-localized [Ca2+]cyt gradients were visualized in germinating pollen tubes (A) 
and growing root hair cells (B) expressing NES-YC3.6 and R-GECO1. Shown are 

ratiometric images for NES-YC3.6, fluorescence images for R-GECO1, and the 

corresponding bright field images.

(C) Time-dependent [Ca2+]cyt dynamics in a growing root hair. Fluorescence images of R-

GECO1 at different time points. Time format, sss.

(D) Time-dependent normalized R-GECO1 fluorescence intensities (ΔF/F) were extracted 

from the apex of a growing root hair indicated by the circled area in (C). Arrowheads in (D) 
correspond to the images shown in (C).
Scale bars in (A–C) represent 20 μm.
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Figure 3. R-GECO1 Is More Sensitive toward Changes of pH than NES-YC3.6
pH-dependent signal changes in response to pH equilibration buffers in roots of 6- to 8-day-

old seedlings expressing pHGFP or NES-YC3.6 and R-GECO1. For cytosolic pH 

adjustment, pH equilibration buffers ranging from pH 6.8–8.0 were applied sequentially to 

the seedlings. To suppress Ca2+ ion fluxes during the pH treatments, indicated 

concentrations of LaCl3, EGTA, and BAPTA-AM were applied simultaneously.

(A) Fluorescence image of pHGFP and the corresponding bright field image.

(B) Time-dependent normalized pHGFP ratio changes (ΔR/R).

(C) Fluorescence images of ECFP, cpVenus, R-GECO1, and corresponding bright field 

image.

(D) Time-dependent fluorescence intensities of ECFP, cpVenus, and R-GECO1.

(E) Time-dependent normalized NES-YC3.6 emission ratios (ΔR/R) and normalized R-

GECO1 fluorescence intensities (ΔF/F). Data are representative of n = 5 measurements. 

Scale bars in (A) and (C) represent 50 μm.
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Figure 4. R-GECO1 Detects PAMP-Triggered [Ca2+]cyt Oscillations in Intact Leaves
Ca2+-dependent signal changes in response to flg22 (A, B) and chitin (C, D) in true leaves of 

14- to 16-day-old seedlings expressing NES-YC3.6 and R-GECO1. Fluorescence images of 

R-GECO1 5:00 min after flg22 (A) and 11:17 min after chitin application (C).
(B, D) Time-dependent normalized NES-YC3.6 emission ratios (ΔR/R) and normalized R-

GECO1 fluorescence intensities (ΔF/F) calculated from ROIs 1–4 indicated in (A) and (C). 
Shown are representative experiments with n ≥ 6. Scale bars in (A) and (C) represent 50 μm 

and scale bars in (B) and (D) indicate ΔF/F (R-GECO1) and DR/R (NES-YC3.6) with y = 1.
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Figure 5. Ca2+ Signaling in Response to flg22 and Chitin in Guard Cells and Epidermal Cells
Ca2+-dependent signal changes in response to flg22 and chitin in true leaves of 14- to 16-

day-old seedlings were measured with different experimental setups.

(A–D) Fluorescence images of R-GECO1. (A) Top imaging 3:10 min after flg22 application. 

(B) Top imaging 4:15 min after chitin application. (C) Bottom imaging 12:25 min after 

flg22 application.

(D) Bottom imaging 9:52 min after chitin application. (E–H) Graphs show time-dependent 

normalized R-GECO1 fluorescence intensities (ΔF/F) calculated from ROIs 1–8 outlined in 

(A–D). Different treatments are indicated by gray boxed areas.

(E) Top imaging 100 nM flg22.

(F) Bottom imaging 100 nM flg22.

(G) Top imaging 100 μg/ml chitin.

(H) Bottom imaging 100 μg/ml chitin.

(I) Percentage of guard cells that exhibited significant [Ca2+]cyt elevations in response to 100 

nM flg22 (n = 66) or 100 μg/ml chitin (n = 74) as revealed in the top imaging setup.

(J) Percentage of guard cells that exhibited significant [Ca2+]cyt elevations in response to 

100 nM flg22 (n = 37) or 100 μg/ml chitin (n = 34) as revealed in the bottom imaging setup.

(A–H) Shown are representative experiments with n ≥ 6. Scale bars in (A–D) represent 15 

μm and scale bars in (E–H) indicate ΔF/F with y = 1.
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Figure 6. Flg22- and Chitin-Induced [Ca2+]cyt Transients in the Root Originate from the 
Elongation Zone
Ca2+-dependent signal changes in response to 1 μM flg22 (A, C, E) and 100 μg/ml chitin (B, 
D, F) in roots of 6- to 7-day-old seedlings. Ca2+ imaging was performed in the RootChip16.

(A and B) Time series of normalized R-GECO1 fluorescence images (ΔF/F).

(C and D) Kymographs were extracted along three pixel-wide dashed lines indicated in (A) 
and (B).
(E and F) Normalized R-GECO1 fluorescence intensities (ΔF/F) were measured from ROIs 

in the elongation and the root hair zone indicated by the boxed areas in (A) and (B). Shown 

are [Ca2+]cyt dynamics in response to flg22 and chitin of three independent roots. 

Arrowheads correspond to the images shown in (A) and (B). Gray boxes in (C–F) indicate a 

5-min square pulse of flg22 or chitin, respectively. Scale bars in (A) and (B) indicate 200 μm 

and scale bars in (E) and (F) indicate ΔF/F with y = 0.1. Time format, m:ss. Note that the 

apparent increase in signal at the root cap in (A) and (B) does not indicate high levels of 

[Ca2+]cyt. It is a result of image calculation due to the growth of the root. This area was not 

included in the analysis.
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