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SUMMARY

The catalytic activity of mitogen-activated protein kinases (MAPKs) is dynamically modified in 

plants. Since MAPKs have been shown to play important roles in a wide range of signaling 

pathways, the ability to monitor MAPK activity in living plant cells would be valuable. Here, we 

report the development of a genetically encoded MAPK activity sensor for use in Arabidopsis 
thaliana. The sensor is composed of yellow and blue fluorescent proteins, a phosphopeptide 

binding domain, a MAPK substrate domain and a flexible linker. Using in vitro testing, we 

demonstrated that phosphorylation causes an increase in the Förster resonance energy transfer 

(FRET) efficiency of the sensor. The FRET efficiency can therefore serve as a readout of kinase 

activity. We also produced transgenic Arabidopsis lines expressing this sensor of MAPK activity 

(SOMA) and performed live-cell imaging experiments using detached cotyledons. Treatment with 

NaCl, the synthetic flagellin peptide flg22 and chitin all led to rapid gains in FRET efficiency. 

Control lines expressing a version of SOMA in which the phosphosite was mutated to an alanine 

did not show any substantial changes in FRET. We also expressed the sensor in a conditional loss-

of-function double-mutant line for the Arabidopsis MAPK genes MPK3 and MPK6. These 

experiments demonstrated that MPK3/6 are necessary for the NaCl-induced FRET gain of the 

sensor, while other MAPKs are probably contributing to the chitin and flg22-induced increases in 

FRET. Taken together, our results suggest that SOMA is able to dynamically report MAPK 

activity in living plant cells.
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INTRODUCTION

Live cell imaging is a powerful method for studying a variety of cellular processes in plants 

(Grossmann et al., 2018). Genetically encoded biosensors are critical tools for performing 

live-cell imaging because they allow the researcher to specifically monitor a particular 

biomolecule within the cell. A wide range of fluorescent biosensors have been used in 

plants, including those that report on the status of calcium, glucose, inorganic phosphate, 

zinc, ATP, hydrogen peroxide, pH, auxin, gibberellic acid and abscisic acid (Nagai et al., 
2004; Deuschle et al., 2006; Zhao et al., 2011; Brunoud et al., 2012; Gjetting et al., 2012; 

Jones et al., 2014; Lanquar et al., 2014; Waadt et al., 2014; Hernandez-Barrera et al., 2015; 

Mukherjee et al., 2015; De Col et al., 2017; Rizza et al., 2017). Biosensors for measuring the 

activity of protein kinases have been described for use in animal cells, but to date none have 

been reported for plants.

The most widely used sensors of kinase activity in animal cells are based on the process of 

Förster resonance energy transfer (FRET) (Aoki et al., 2012; Sample et al., 2014). These 

sensors carry a substrate domain specific for a kinase of interest and a phosphopeptide-

binding domain. When the kinase of interest is active within a cell it will phosphorylate the 

sensor. The phosphopeptide-binding domain then drives a conformational change that leads 

to a change in the ratio of fluorescence from the two fluorophores, which can be monitored 

in living samples using confocal microscopy. Kinase activity sensors of this type have been 

used to measure mitogen-activated protein kinase (MAPK) activation in animal cell cultures, 

Caenorhabditis elegans, zebrafish embryos and mice (Kamioka et al., 2012; Tomida et al., 
2012; Aoki et al., 2013; Ryu et al., 2015; Sari et al., 2018).

We were interested in developing a biosensor for MAPK activity in Arabidopsis because of 

the central role that these kinases play in a wide range of signaling pathways. Our current 

understanding of MAPK function in Arabidopsis is based on extensive genetic and 

biochemical studies which have demonstrated roles for MAPK signaling in both stress 

responses and developmental regulation (Rodriguez et al., 2010; Moustafa et al., 2014; Xu 

and Zhang, 2015; Liu and He, 2017; Devendrakumar et al., 2018; Komis et al., 2018; Zhang 

et al., 2018). Of the 20 MAPK genes present in the Arabidopsis genome, mutant phenotypes 

have been associated with mpk1, mpk3, mpk4, mpk6, mpk8, mpk9, mpk10, mpk12, mpk17 
and mpk18 (Petersen et al., 2000; Bush and Krysan, 2007; Wang et al., 2007, 2008; Hord et 
al., 2008; Ren et al., 2008; Jammes et al., 2009; Walia et al., 2009; Galletti et al., 2011; 

Takahashi et al., 2011; Zeng et al., 2011; Stanko et al., 2014; Enders et al., 2017; Zhang et 
al., 2017; Frick and Strader, 2018). The biological processes regulated by these MAPKs 

include biotic and abiotic stress responses, cell division and developmental patterning.

Genetic studies typically allow one to identify a pathway or process in which a particular 

gene product functions, but understanding the precise molecular mechanism by which it 

functions requires biochemical analysis. In the case of MAPK signaling, understanding the 

activation status of the kinase in different biological contexts has proved to be a subject of 

great interest to the field. The catalytic activity of a MAPK is switched on by dual 

phosphorylation of its conserved activation loop by an upstream MAPK kinase (MAPKK) 
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and switched off by dephosphorylation of those residues by protein phosphatases (Rodriguez 

et al., 2010). In its activated state, MAPK is able to phosphorylate a wide range of substrate 

molecules in a cell. Current methods for interrogating the activation status of MAPKs in 

Arabidopsis involve homogenizing samples and extracting protein for in vitro analysis (Su et 
al., 2017; Sun et al., 2018). Although these methods have been very successful in 

documenting patterns of MAPK activation in response to a number of different biotic and 

abiotic stress treatments, one limitation of these studies is that they provide an average of the 

kinase activation across all the cells in the sample. Furthermore, it has been well 

documented that MAPK activity does not occur uniformly in all cell types in different 

mammalian signaling networks (Lahav et al., 2004; Spencer et al., 2009; Albeck et al., 
2013), suggesting that Arabidopsis MAPKs may also display heterogeneity in response to a 

stimulus. Developing tools that allow for the observation of MAPK activation with single-

cell resolution in living samples therefore has the potential to improve our understanding of 

how signaling is integrated across scales from cell to tissue to organism. Here, we describe 

the development of a genetically encoded biosensor designed to report the activity of 

MAPKs in Arabidopsis thaliana.

RESULTS

Construction of the sensor of MAP kinase activity (SOMA)

In order to produce a genetically encoded biosensor that would report MAPK activity in 

Arabidopsis, we made use of a previously established MAPK activity sensor developed for 

use in mammalian cells (Komatsu et al., 2011). In that study, the authors evaluated a number 

of different fluorophore combinations and flexible linkers and identified that the 

combination of YPet, Turquoise GL and the 244-amino-acid version of the EV linker 

allowed for one of the strongest FRET gains. We took that mammalian sensor and replaced 

the mammalian substrate domain with DNA encoding an 80-amino-acid region surrounding 

threonine 64 of the Arabidopsis MAP kinase phosphatase (MKP1) protein (Ulm et al., 
2001). Threonine 64 of MKP1 has been previously shown to be phosphorylated by MAP 

kinase 6 (MPK6) (Park et al., 2011). The functional domains of SOMA are the YPet yellow 

fluorescent protein, the FHA1 phosphopeptide-binding domain of yeast RAD53, a 244-

amino-acid version of the EV linker, 80 amino acids of Arabidopsis MPK1 and the 

Turquoise GL blue fluorescent protein (Figure 1a) (Sun et al., 1998; Nguyen and Daugherty, 

2005; Goedhart et al., 2010; Komatsu et al., 2011). We also introduced a serine to aspartic 

acid substitution at the +3 position with respect to the phosphothreonine site in the MKP1 

substrate domain of SOMA since previous work had shown that an aspartic acid at this 

position enhances FHA1 affinity for the phosphorylated form of the substrate 

(Yongkiettrakul et al., 2004; Komatsu et al., 2011).

The rationale for the design of this sensor is outlined in Figure 1(b). When the sensor is in an 

unphosphorylated state, the FHA1 domain has low affinity for the substrate domain and the 

ratio of YPet to Turquoise GL fluorescent emission is consequently low in response to 

Turquoise GL excitation. When MAPK phosphorylates the sensor’s substrate domain, the 

affinity of FHA1 for the substrate domain should increase substantially. Binding of FHA1 to 

the substrate domain then causes an increase in the ratio of YPet to Turquoise GL 
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fluorescent emission in response to Turquoise GL excitation (Komatsu et al., 2011). 

Removal of the phosphate group from the sensor by a phosphatase will cause the sensor to 

return to a state where the ratio of YPet to Turquoise GL emission is low upon Turquoise GL 

excitation. The sensor therefore provides a readout of the balance between the competing 

activities of the kinases and phosphatases that recognize the sensor’s substrate domain. In 

the case of SOMA, we chose a substrate domain that has previously been shown to be 

phosphorylated by MPK6 in Arabidopsis (Park et al., 2011).

In order to determine if the 80-amino-acid portion of MKP1 included in SOMA could be 

phosphorylated by Arabidopsis MAPKs in the context of the full-length SOMA protein, we 

performed in vitro kinase assays using recombinant proteins purified from Escherichia coli. 
For these experiments, we also constructed a mutant form of the sensor, SOMAT679A, in 

which the threonine that was expected to be phosphorylated was mutated to an alanine. We 

incubated these sensor constructs with Arabidopsis MPK3, MPK4, MPK6 and MPK10 that 

had been activated by co-incubation with constitutively active versions of Arabidopsis MAP 

kinase kinase 4 (MKK4) and MAP kinase kinase 5 (MKK5) (Ren et al., 2002). 

Phosphorylation of SOMA was detected for all of these kinases, although the intensity of the 

signal produced by MPK4 was weaker than that of the other kinases (Figure 1c). No 

phosphorylation was detected in any of the SOMAT679A reactions. These results indicate 

that the previously characterized MKP1 phosphorylation can be recognized by MAPKs in 

the context of SOMA and that there are no additional MAPK phosphorylation sites in the 

sensor.

To determine if the phosphorylation status of SOMA affected the ratio of YPet to Turquoise 

GL emission, we performed in vitro experiments using proteins expressed in E. coli. We 

incubated SOMA and SOMAT679A in the presence or absence of a constitutively active 

version of MPK6 (CA-MPK6), and then the fluorescence emission profile was determined 

with a scanning spectrofluorimeter (Berriri et al., 2012). Using an excitation wavelength 

targeting the Turquoise GL fluorophore, we observed emission peaks corresponding to both 

Turquoise GL and YPet (Figure 1d, e). In the case of SOMA, co-incubation with CA-MPK6 

caused a reduction in Turquoise GL emission and an increase in YPet emission relative to 

SOMA alone. This result suggested that phosphorylation of the sensor caused an increase in 

FRET efficiency, although additional experimentation would be needed to verify that the 

mechanism responsible for the change in YPet to Turquoise emission is differential FRET 

efficiency. Supporting this conclusion, we observed that CA-MPK6 did not change the ratio 

of YPet to Turquoise GL emission of SOMAT679A upon Turquoise GL excitation. To further 

explore if phosphorylation of SOMA is responsible for the observed change in the ratio of 

YPet to Turquoise GL emission upon Turquoise GL excitation shown in Figure 1(d), we 

performed an experiment using lambda protein phosphatase and observed that phosphatase 

strongly reduced the ratio of YPet to Turquoise GL emission upon Turquoise GL excitation 

displayed by the SOMA + CA-MPK6 reactions (Figure S1 in the online Supporting 

Information). Taken together, these results indicate that phosphorylation of threonine 679 of 

SOMA causes an increase in the ratio of YPet to Turquoise GL emission upon excitation of 

Turquoise GL in vitro.

Zaman et al. Page 4

Plant J. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In vivo testing of SOMA

In order to determine if SOMA was effective in vivo, we generated transgenic lines 

expressing four different versions of SOMA as outlined in Table 1. These lines expressed 

SOMA or SOMAT679A tagged with either the SV40 nuclear localization signal (NLS) or a 

human immunodeficiency virus 1 (HIV-1) nuclear export signal (NES) (Kalderon et al., 
1984; Wen et al., 1995). Expression was driven by the cauliflower mosaic virus 35S 

promoter in the case of the –NES-tagged sensors and the Arabidopsis Ubiquitin 10 (UBQ10) 

promoter in the case of the –NLS-tagged sensors (Odell et al., 1985; Grefen et al., 2010). 

Two independent transgenic lines were characterized for each of the four sensor constructs 

(Table 1). The transgenic lines expressing the SOMA constructs did not display any obvious 

phenotypic differences when compared with wild-type control plants (Figures S2 and S3.)

We next wanted to determine if treatments known to activate MAPK activity in Arabidopsis 

caused a change in the ratio of YPet to Turquoise GL emission of SOMA in planta. To do 

this we mounted 5-day-old detached cotyledons in water in a microfluidic device suitable for 

live-cell imaging and used confocal microscopy to measure the ratio of YPet to Turquoise 

GL emission in response to Turquoise GL excitation (Vang et al., 2018). This imaging 

chamber holds a cotyledon in a volume of about 30 µl of liquid that can be exchanged with a 

fresh solution in less than 1 min via microfluidic passive pumping. As a result, one can 

observe a sample before, during and after the application of a desired chemical treatment. 

Using this imaging system, a rapid gain in the ratio of YPet to Turquoise GL emission was 

observed with both SOMA-NLS and SOMA-NES within 2–4 min of treatment with 150 

mM NaCl (Figure 2a–e,g). NaCl stress has previously been shown to activate MPK3/6 in 

Arabidopsis (Droillard et al., 2004; Yu et al., 2010). The ratio of YPet to Turquoise GL 

emission returned to pre-treatment levels 35–45 min after the initial peak. A follow-up 

treatment with water to induce hypo-osmotic shock or the synthetic flagellin peptide flg22 to 

double-stress the samples with hypo-osmotic shock plus an elicitor stimulus caused a second 

gain in the ratio of YPet to Turquoise GL emission. These results demonstrate that the ratio 

of YPet to Turquoise GL emission of SOMA rapidly changes in response to treatments 

known to activate MAPK activity in Arabidopsis. The observation that the ratio of YPet to 

Turquoise GL emission drops back to pre-treatment levels after about 35–45 min and can 

then be re-stimulated by a final hypo-osmotic shock indicates that the sensor remains viable 

for the duration of the experiment and that its changes are reversible.

No substantial changes in the ratio of YPet to Turquoise GL emission were observed in 

experiments using lines expressing SOMAT679A-NLS and SOMAT679A-NES (Figure 2f,h), 

indicating that the known phosphorylation site of SOMA is necessary for stress-induced 

changes in the ratio of YPet to Turquoise GL emission in vivo. In addition, treatment of 

SOMA-NLS and SOMA-NES lines with water as a control did not result in any substantial 

changes in the ratio of YPet to Turquoise GL emission (Figure S4), demonstrating that the 

imaging protocol did not affect the sensors. Similar results were obtained using independent 

transgenic lines for each of the four sensor constructs (Figure S5). We also observed that the 

guard cells of plants expressing SOMA-NLS did not display any change in the ratio of YPet 

to Turquoise GL emission when treated with NaCl, in contrast to neighboring pavement cells 

(Figure S6).
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The NaCl-induced change in the ratio of YPet to Turquoise GL emission of SOMA is 
dependent on MPK3/6

We next wanted to determine if the change in the ratio of YPet to Turquoise GL emission 

triggered by NaCl stress in cotyledons was dependent on MAPK activity. Because MPK3 

and MPK6 have been shown to be highly redundant kinases, we wanted to test SOMA in an 

mpk3 mpk6 double-mutant background (Wang et al., 2007). It is also known, however, that 

mpk3 mpk6 double mutants are embryo lethal (Wang et al., 2007). We therefore made use of 

mpk3 mpk6 Pmpk6:MPK6YG, a conditional loss-of-function mpk3 mpk6 double-mutant line 

(Xu et al., 2014). This line is homozygous for T-DNA knockout mutations of MPK3 and 

MPK6. It also expresses MPK6YG, which is a version of MPK6 that is sensitive to 1-NA-

PP1, a bulky ATP analog that does not bind efficiently to the ATP-binding pockets of wild-

type kinases but acts as a potent inhibitor of MPK6YG (Bishop et al., 2000; Xu et al., 2014). 

Working with the mpk3 mpk6 Pmpk6:MPK6YG line therefore allowed us to use a chemical–

genetic approach to switch off MPK3/ 6 activity during live-cell imaging.

We introduced SOMA-NES into the mpk3 mpk6 Pmpk6: MPK6YG line via genetic crossing 

and tested the effect of the 1-NA-PP1 inhibitor on NaCl-induced changes in the ratio of YPet 

to Turquoise GL emission. A detached cotyledon from the SOMA-NES mpk3 mpk6 
Pmpk6:MPK6YG line was mounted in water in a HybriWell and observed using confocal 

microscopy. Addition of 1-NA-PP1 to the sample did not cause a substantial change in 

FRET efficiency. After 20 min of incubation in 1-NA-PP1, the solution in the imaging 

chamber was replaced with 150 mM NaCl + 10 µm 1-NA-PP1. No change in the ratio of 

YPet to Turquoise GL emission was observed, suggesting that MPK3/6 activity is required 

for the previously described NaCl-induced change in the ratio of YPet to Turquoise GL 

emission seen with SOMA. At the 60 min time-point, the solution in the imaging chamber 

was replaced with 10 µm 1-NA-PP1. The effect of this final solution change was to produce 

a hypo-osmotic shock to the sample while maintaining the presence of 10 µm 1-NA-PP1. 

With this hypo-osmotic shock, we observed a rapid gain in the ratio of YPet to Turquoise 

GL emission. This result suggests that a MAPK other than MPK3/6 may be responsible for 

this hypo-osmotic-induced change in the ratio of YPet to Turquoise GL emission. It should 

be noted that NaCl stress has been shown to induce the kinase activities of MP3/6 but not 

MPK4 (Droillard et al., 2004). By contrast, hypo-osmotic shock induces MPK3/6 and 

MPK4 (Droillard et al., 2004). Therefore MPK4 is a good candidate for the kinase driving 

the change in the ratio of YPet to Turquoise GL emission of SOMA caused by hypo-osmotic 

shock.

As a control, we performed the same experiment as described above using SOMA-NES in 

the wild-type Col-0 genetic background. In that case, we observed a strong increase in the 

ratio of YPet to Turquoise GL emission upon NaCl treatment, even in the presence of 1-NA-

PP1 (Figure 3b), suggesting that the inhibitor does not affect wild-type MAPKs. When the 

final hypo-osmotic shock was applied to this sample, the initial NaCl-induced increase in the 

ratio of YPet to Turquoise GL emission had not diminished, so no additional gain was 

observed.

Next we wanted to determine if 1-NA-PP1 could reverse the NaCl-induced gain in the ratio 

of YPet to Turquoise GL emission of the SOMA-NES mpk3 mpk6 Pmpk6:MPK6YG line. For 
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this experiment, an initial 150 mM NaCl treatment caused the expected increase in the ratio 

of YPet to Turquoise GL emission. Ten minutes after that NaCl treatment, the sample was 

exposed to 150 mM NaCl + 10 µm 1-NA-PP1. Addition of 1-NA-PP1 caused the ratio of 

YPet to Turquoise GL emission to drop back to the pre-treatment level within 20 min 

(Figure 3c). By contrast, 1-NA-PP1 did not affect the duration of the NaCl-induced gain in 

the ratio of YPet to Turquoise GL emission with SOMA-NES in the wild-type Col-0 

background (Figure 3d), which took about 35 min to return pre-treatment levels. Therefore, 

1-NA-PP1 was able to reverse the NaCl-induced gain in the ratio of YPet to Turquoise GL 

emission of SOMA in the mpk3 mpk6 Pmpk6:MPK6YG background, suggesting that 

MPK3/6 activity is necessary for the sustained, elevated ratio of YPet to Turquoise GL 

emission triggered by NaCl treatment. As before, a final hypo-osmotic/flg22 treatment 

produced a gain in the ratio of YPet to Turquoise GL emission at the end of the imaging 

period for both samples. Additional control experiments using DMSO in place of 1-NA-PP1 

confirmed that the effects we observed were due to 1-NA-PP1 rather than the DMSO solvent 

(Figure S7).

The response to flg22 is heterogeneous

flg22 is a synthetic peptide whose sequence is derived from the bacterial elicitor flagellin 

(Gomez-Gomez et al., 1999). flg22 is known to rapidly induce the activity of MPK3/4/6 via 

the plasma membrane-bound receptor FLS2 (Gomez-Gomez and Boller, 2000; Asai et al., 
2002). We were therefore interested in characterizing the response to flg22 treatment of 

plants expressing SOMA. For this experiment, 5-day-old detached cotyledons were treated 

with 1 µm flg22 during the imaging process. In the case of SOMA-NES, we observed a 

heterogeneous pattern of changes in the ratio of YPet to Turquoise GL emission (Figure 

4a,b). In all the pavement cells in the sample, we observed a rapid gain in the ratio of YPet 

to Turquoise GL emission within a few minutes of flg22 treatment. In a subset of the 

pavement cells, the ratio of YPet to Turquoise GL emission rapidly dropped back to the pre-

treatment levels within 30 min, followed by a second rapid gain in the ratio of YPet to 

Turquoise GL emission to produce the biphasic pattern seen in Figure 4(a). In neighboring 

regions of the same cotyledon that is shown in Figure 4(a), the initial gain in the ratio of 

YPet to Turquoise GL emission did not drop down to pre-treatment levels until 60 min after 

exposure to flg22 (Figure 4b). These results demonstrated that the ratio of YPet to Turquoise 

GL emission of SOMA can rapidly increase and decrease in vivo, and that the pattern of 

changes induced by flg22 treatment can vary within a single cotyledon.

In the case of SOMA-NLS, we also observed distinct patterns of the ratio of YPet to 

Turquoise GL emission in response to flg22 treatment. In pavement cells we saw a rapid 

increase in the ratio of YPet to Turquoise GL emission shortly after flg22 treatment in all 

samples tested. In some cases, the gain returned to pre-treatment levels within 30 min of 

exposure to flg22 (Figure 4c) while in other examples the gain was sustained for over 60 min 

(Figure 4d). In addition, we consistently observed that gain in the ratio of YPet to Turquoise 

GL emission displayed by SOMA-NLS in guard cells was substantially delayed when 

compared with pavement cells in the same sample (Figure 4d,e). In pavement cells, the 

flg22-induced gain begins within 4 min of flg22 exposure, while in guard cells it begins 

about 15 min after flg22 has been added to the sample. We did not observe any change in the 
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ratio of YPet to Turquoise GL emission with SOMA-NES in guard cells, but this may be due 

to technical challenges associated with imaging the cytoplasm of guard cells with our 

imaging system.

Repetition of the flg22 experiments using independent transgenic lines for each sensor 

construct produced similar results (Figure S8). In addition, experiments performed using the 

SOMA-NES mpk3 mpk6 Pmpk6:MPK6YG line indicated that 1-NA-PP1 did not affect flg22-

and chitin-induced changes in the ratio of YPet to Turquoise GL emission (Figure S9). 

These results suggest that MAPKs in addition to MPK3/6 are able to drive the flg22-and 

chitin-induced changes in the ratio of YPet to Turquoise GL emission of SOMA. Since 

MPK4 is known to be activated by flg22 and chitin, it is a likely candidate (Ichimura et al., 
2006).

Chitin induces a rapid FRET gain in guard cells

Like flg22, chitin is a pathogen-associated elicitor known to trigger rapid activation of 

MPK3/4/6 (Yamada et al., 2016). Using the same experimental system as described above, 

5-day-old cotyledons were exposed to 40 mg ml−1 chitin during imaging. As with flg22, we 

observed a rapid gain in the ratio of YPet to Turquoise GL emission in pavement cells with 

SOMA-NES and SOMA-NLS (Figure 5a–b). The most pronounced difference between the 

response of cotyledons to chitin versus flg22 was seen in guard cells where chitin induced a 

gain in the ratio of YPet to Turquoise GL emission shortly after treatment, in contrast to the 

substantially delayed gain caused by flg22 exposure in guard cells. In addition, SOMA-NLS 

in guard cells often produced a strong second peak of YPet versus Turquoise GL emission 

intensity about 45 min after the initial treatment. Similar results were obtained with 

experiments performed using independent transgenic lines for each sensor construct (Figure 

S10).

DISCUSSION

Reversible protein phosphorylation is a fundamental mechanism used to regulate a myriad of 

signal transduction pathways. Modulation of protein kinase activity therefore plays an 

essential role in cellular signaling. For this reason, there is considerable scientific interest in 

measuring the activation status of protein kinases in living systems. Established methods for 

monitoring the activation status of protein kinases involve first homogenizing tissues or 

organisms and then analyzing the kinase of interest in vitro. There are two major drawbacks 

to this approach: (i) potential heterogeneity of kinase activity within the tissue is lost due to 

the homogenization process and (ii) the living sample must be destroyed in order to analyze 

it, which means that time-course experiments on a single sample cannot be performed. 

Genetically encoded biosensors provide an alternative to these destructive methods for 

monitoring kinase activity in living cells (Aoki et al., 2012; Sample et al., 2014).

Genetically encoded biosensors for measuring MAPK activity have been developed for use 

in animal cells (Kamioka et al., 2012; Tomida et al., 2012; Aoki et al., 2013; Ryu et al., 
2015; Sari et al., 2018). We were therefore interested in determining if one of these sensors 

could be adapted for use in Arabidopsis. To accomplish this, we replaced the substrate 

domain of an animal MAPK sensor with an 80-amino-acid portion of Arabidopsis MKP1 
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(Ulm et al., 2001). This substrate domain had been previously shown to contain a threonine 

residue (T64) that can be phosphorylated by MPK6 (Park et al., 2011). Our in vitro testing 

confirmed that this threonine can be efficiently phosphorylated by Arabidopsis MAPKs in 

the context of our biosensor and that this phosphorylation caused a gain of about 50% in the 

ratio of YPet to Turquoise GL emission, which is similar to the gain reported for kinase 

activity sensors used in animal cells (Komatsu et al., 2011). These experiments indicated that 

our sensor of MAPK activity (SOMA) is able to report the presence of activated MAPKs 

through an increase in the ratio of YPet to Turquoise GL emission in response to Turquoise 

GL excitation in vitro.

We were next interested in evaluating the performance of SOMA in vivo. The following 

evidence supports the idea that SOMA is able to act as a sensor of MAPK activity in living 

plants. To begin with, we have demonstrated that three stress treatments known to activate 

MAPK activity in Arabidopsis all cause rapid gains in the ratio of YPet to Turquoise GL 

emission of SOMA: 150 mM NaCl, 1 µm flg22 and 40 mg ml−1 chitin. Next, using lines 

expressing the phosphosite mutant SOMAT679A, we demonstrated that these stress-induced 

gains in the ratio of YPet to Turquoise GL emission depend on the known MAPK 

phosphorylation site present in the sensor. Finally, we tested SOMA in the mpk3 mpk6 
Pmpk6:MPK6YG genetic background, which allowed us to use a chemical–genetic approach 

to selectively switch off MPK3/6 activity using the 1-NA-PP1 inhibitor (Xu et al., 2014). 

These experiments demonstrated that MPK3/6 activity is necessary to drive the gain in the 

ratio of YPet to Turquoise GL emission of SOMA induced by NaCl stress. Taken together, 

these results show that the NaCl-induced increases in the ratio of YPet to Turquoise GL 

emission that we observe with SOMA require the known MPK3/6 phosphorylation site 

present in SOMA and the activity of MPK3/ 6. These results are consistent with a model in 

which SOMA acts as a reporter of MAPK activity in vivo.

The MAPK gene family in Arabidopsis is composed of 20 members, and it has been shown 

that many stress treatments activate MPK3, MPK6, MPK4 and others (Rodriguez et al., 
2010). We were therefore interested in understanding the extent to which SOMA may be 

reporting the activities of MAPKs in addition to MPK3/6. As discussed above, the gain in 

the ratio of YPet to Turquoise GL emission of SOMA caused by NaCl stress appears to be 

due to MPK3/6 activity. The gains in the ratio of YPet to Turquoise GL emission of SOMA 

caused by hypo-osmotic stress and flg22 treatment, however, are not diminished by 1-NA-

PP1 when tested in the mpk3 mpk6 Pmpk6:MPK6YG background. These results suggest that 

MAPKs other than MPK3/6 are able to drive changes in the ratio of YPet to Turquoise GL 

emission of SOMA. It is interesting to note that both hypo-osmotic shock and flg22 are 

known to activate MPK4 in addition to MPK3/6, and flg22 treatment also activates MPK1, 

MPK11 and MPK13 (Bethke et al., 2012; Nitta et al., 2014). By contrast, stress due to 

elevated NaCl appears to activate MPK3/ 6 but not MPK4 (Droillard et al., 2004). These 

results are consistent with a model in which SOMA acts as a MAPK activity reporter for 

MPK4 as well as MPK3/6. Further genetic testing with additional genetic backgrounds will 

be needed to determine the full extent to which SOMA is able to report the activities of 

different MAPK isoforms. These experiments are complicated by the embryo lethality of 

mpk3 mpk6 double mutants and the severe dwarf phenotype of mpk4 single mutants 

(Ichimura et al., 2006; Suarez-Rodriguez et al., 2007; Wang et al., 2007).
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The SOMA sensor, and similar MAPK sensors developed for use in animal cells, function 

by reporting the phosphorylation status of a substrate domain known to be phosphorylated 

by the kinase of interest. Because of this situation, it might be more accurate to think of 

these sensors as ‘phosphorylation status reporters’ since they integrate the net kinase and 

phosphatase activities acting on that specific phosphosite. In the case of SOMA, we have 

presented experimental evidence that MAPKs are able to target the sensor. It remains a 

possibility that other kinases may also be able to phosphorylate SOMA. Future genetic and 

bio-chemical studies will be needed to resolve that question.

The gain in the ratio of YPet to Turquoise GL emission displayed by kinase activity 

reporters such as SOMA is believed to occur due to binding of the forkhead (FHA1) domain 

to the phosphorylated substrate domain of the sensor (Komatsu et al., 2011; Sample et al., 
2014). In order for the reporter to provide an up-to-date readout of kinase activity, it is 

important that phosphatases are able to efficiently dephosphorylate the sensor. Work with 

similar kinase sensors in animal cells has indicated that the FHA1 domain used in SOMA 

does not bind so tightly to phosphorylated substrate domains that it precludes efficient 

access by phosphatases (Komatsu et al., 2011). Our observation that the ratio of YPet to 

Turquoise GL emission of SOMA can rapidly drop in vivo after an initial stress-induced 

gain suggests that, like its animal cell precursor, SOMA is able to be efficiently de-

phosphorylated (Figure 4a,c).

Previous work using in vitro methods to assay MAPK activation status has indicated that 

stress treatments such as NaCl, flg22 and chitin typically cause MPK3/4/6 to be transiently 

activated for a time period ranging from about 30 to 60 min (Droillard et al., 2004; Wan et 
al., 2004; Ichimura et al., 2006; Meszaros et al., 2006; Doczi et al., 2007; Suarez-Rodriguez 

et al., 2007; Yu et al., 2010; Yamada et al., 2016). The patterns of changes in the ratio of 

YPet to Turquoise GL emission that we observed in vivo with SOMA are consistent with 

this type of transient MAPK activation. Because SOMA allows us to observe living cells in 

the context of intact tissue, however, we were also able to document heterogeneity at the 

cellular level. A common type of heterogeneity was the observation that some cells produced 

relatively transient peaks of the ratio of YPet to Turquoise GL emission lasting about 25 

min, while other cells in the same sample maintained their elevated levels for over 60 min. 

In addition, we also observed that guard cells display distinct patterns of the ratio of YPet to 

Turquoise GL emission when compared with pavement cells in the same sample. It should 

be noted that one potential source of heterogeneity during this type of imaging experiment 

would be non-uniform exposure of the sample to the chemical treatment, such as flg22. We 

have previously characterized the imaging chambers used for this study, and based on that 

analysis we expect that the regions of the cotyledons analyzed here should have been 

uniformly exposed to the chemical treatments (Vang et al., 2018). Nevertheless, it is 

important to consider both technical and biological explanations for heterogeneous 

responses. If the heterogeneity is biological in origin, its biological significance is unknown 

at this time, but our ability to observe it highlights the potential for biosensors such as 

SOMA to reveal potentially new dimensions to signaling pathways that could not be 

observed using established in vitro methods.
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In the present study, our objective has been to document the performance of a genetically 

encoded biosensor designed to report the activity of Arabidopsis MAPKs. To accomplish 

this we performed in vitro testing with E. coli expressed proteins and in vivo testing using 

the cotyledon epidermis as a model system. We chose the cotyledon epidermis because it 

provides a convenient and simple subject for confocal imaging. Because MAPK signaling 

has been implicated in a wide range of signaling pathways in Arabidopsis, it will be of 

interest to determine the extent to which SOMA can be used to study additional signaling 

pathways in different organ and tissue systems. While beyond the scope of the present study, 

such future work has the potential to reveal new aspects of MAPK signaling that can only be 

observed using live-cell imaging methods.

EXPERIMENTAL PROCEDURES

Plasmid construction

The plasmid backbones used to construct our SOMA plasmids were a kind gift of Michiyuki 

Matsuda and Kazuhiro Aoki. Specifically, we used the previously described AKAR3 

construct (Komatsu et al., 2011) and swapped in the following functional domains using 

conventional restriction enzyme cloning: ECFP was replaced with Turquoise-GL, the shorter 

linker was replaced with the 244-amino-acid EV linker and the substrate domain of AKAR3 

was replaced with DNA encoding for amino acids 15–94 of the Arabidopsis MKP1 protein. 

We also introduced a serine to aspartic acid substitution within the MKP1 coding sequence, 

which corresponds to the +3 position with respect to the phosphothreonine site in the MKP1 

substrate domain, as previous work has shown that an aspartic acid at this position enhances 

the affinity of FHA1 for the phosphorylated form of the substrate (Yongkiettrakul et al., 
2004; Komatsu et al., 2011). To make the phosphosite mutant form of SOMA, site-directed 

mutagenesis was then performed to change the coding sequence at the threonine 679 

position of the sensor protein to alanine. The resulting SOMA and SOMAT679A protein-

coding sequences were then cloned into a derivative of pET-32(a)+ (Millipore Sigma, http://

www.merckmillipore.com/) for expression of recombinant proteins in E. coli. Plasmid maps 

for pET-SOMA and pET-SOMA-T679A are provided in Figures S11 and S12, and the full 

DNA sequence for each is provided in Data S1 and S2. For targeted expression, our sensors 

in the nuclei of transgenic plants, the SOMA and SOMAT679A protein-coding sequences, 

were moved into the binary vector pCAMBIA-1300 to produce pSOMA-NLS and 

pSOMAT679A-NLS. For targeted expression in the cytoplasm of transgenic plants, the 

SOMA and SOMAT679A protein-coding sequences were moved into a derivative of the 

binary vector pRI 201-AN (Takara Bio, http://www.takarabio.com/) to produce pSOMA-

NES and pSOMAT679A-NES. Plasmid maps for these constructs are provided in Figures 

S13–S16, and the full DNA sequence for each is provided in Data S3–S6. Plasmid DNA for 

pET-SOMA (Addgene no. 118935), pET-SOMA-T679A (Addgene no. 118936), pSOMA-

NLS (Addgene no. 118937), pSOMAT679A-NLS (Addgene no. 118938), pSOMA-NES 

(Addgene no. 118939) and pSOMAT679A-NES (Addgene no. 118940) is available through 

Addgene (http://www.addgene.org/).
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In vitro FRET assay

Recombinant SOMA, SOMAT679A and MPK6-CA were expressed in the Rosetta2 strain of 

E. coli (Millipore Sigma). MPK6-CA is a constitutively active form of Arabidopsis MPK6 

(Berriri et al., 2012). A plasmid expressing MPK6-CA was a kind gift from Jean Colcombet. 

Escherichia coli cells expressing the recombinant proteins were treated with Bug Buster 

(Millipore Sigma). Then 7 µl of the SOMA cleared lysate was added to a reaction containing 

25 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, 0.5 mM DTT, 5 mM 

MgCl2, 0.1 mM ATP and 100 mM NaCl and water to a total volume of 200 µl. For reactions 

including MPK6-CA, 4 µl of the MPK6-CA cleared lysate was also added. The reactions 

were then incubated at 25°C for 30–60 min and the fluorescent emission spectrum was 

measured using a QuantaMaster 40 Spectrofluorometer. Excitation was performed at 420 nm 

and the emission range analyzed was 465–545 nm. The slit size for both excitation and 

emission was 5 nm with a step size of 0.5 nm. For the lambda protein phosphatase (LPP) 

experiments, 2 µl of LPP, 20 µl of 10 mM MgCl2 and 20 µl of 10× NEBuffer Pack for 

Protein MetalloPhosphatases (PMP) (New England Biolabs, http://www.neb.com/) were 

added to the reactions after 60 min of incubation, and the reaction was further incubated at 

30°C for another 15 min.

In vitro kinase assay

Recombinant His-tagged MPK3, MPK4, MPK6 and MPK10 (7.5 µg each) were activated by 

incubation with a mixture of 0.125 µg recombinant MKK4DD and 0.125 µg MKK5DD as 

previously described (Liu and Zhang, 2004). Activated MAPKs were then used to 

phosphorylate recombinant SOMA and SOMA-T679A proteins (1:20 enzyme:substrate 

weight ratio) in the kinase reaction buffer (20 mM HEPES, pH 7.5, 10 mM MgCl2 and 1 

mM DTT) with 25 µm ATP and [γ-32P] ATP (0.1 µCi per reaction). The reactions were 

stopped by the addition of SDS-loading buffer after 30 min. After resolution in a 10% SDS-

polyacrylamide gel, all the proteins were visualized by Coomassie blue staining, and the 

phosphorylated SOMA was visualized by autoradiography.

Transgenic lines

Transgenic lines expressing SOMA-NLS, SOMAT679A-NLS, SOMA-NES and 

SOMAT679A-NES were produced via the floral dip method using the GV3101 strain of 

Agrobacterium tumefaciens (Clough and Bent, 1998). Primary transformants expressing the 

sensor constructs were identified by screening with an epifluorescence microscope 4-day-old 

seedlings germinated on 1% agar (w/v) plates containing 0.5× Murashige and Skoog basal 

salt mixture. Seedlings showing strong fluorescence were transferred to soil and seed was 

collected. Two independent transgenic lines for each of the four sensor constructs were 

produced as shown in Table 1. Seed for the transgenic lines is available via the Arabidopsis 

Biological Resource Center (ABRC) (http://abrc.osu.edu/), and the ABRC stock number for 

each line is shown in Table 1.

Plant material and growth conditions

To prepare seedlings for confocal imaging, seeds were surface sterilized using 95% ethanol 

and then plated onto growth media composed of 1% agar (w/v) containing 0.5× Murashige 
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and Skoog basal salt mixture in 130 mm square Petri dishes. The samples were incubated in 

the dark at 4°C for 1–3 days to stratify the seeds and then placed under constant light at 20–

25°C with the plates in a vertical orientation. Cotyledons were harvested for imaging after 

the plates had been under light for 4–5 days.

Confocal microscopy

Detached cotyledons were prepared for imaging on the confocal microscope using the 

HybriWellTM method as previously described (Vang et al., 2018). Briefly, a 5-µl drop of 

ultrapure water was placed on a 45 mm 9× 55 mm microscope cover glass. Then, a 

cotyledon from a 4–5-day-old seedling was placed abaxial side down on top of the droplet. 

Cotyledons were gently submerged by dripping water around them with a pipette. Excess 

water was then removed, and a HybriWellTM (Grace Bio-Labs, http://gracebio.com/, cat. 

no. 611102) was gently placed on the coverslide with the cotyledon in the center to form a 

150-µm deep imaging chamber with a volume of 30 µl. The dimensions of the chamber are 

such that the cotyledon is gently held in place by pressure from the top of the chamber, but 

liquid can still pass between the abaxial side of the cotyledon and the coverglass (Vang et al., 
2018). Then 400 µl of ultrapure water was injected through one of the HybriWellTM ports 

using a pipettor to fill the 30-µl chamber with water and expel any air bubbles. A 200-µl 

droplet of ultrapure water was then placed on one of the ports to prevent the chamber from 

drying out. The HybriWells containing mounted seedlings were then placed in covered Petri 

dishes and equilibrated by incubating at 20–23°C under constant light for 6–12 h prior to 

imaging.

Confocal microscopy was performed using either a Zeiss LSM 510 Meta or a Zeiss LSM 

780 (http://www.zeiss.com/) with a 20× objective. Samples were excited at 458 nm with 1% 

power for the LSM 510 and 5% power for the LSM 780. Emission was measured between 

463 and 517 nm for Turquoise GL and between 534 and 570 nm for YPet. Z-stacks were 

collected every 2 min with an optical slice thickness of 2.92 µm for the LSM 510 and 2 µm 

for the LSM 780.

Chemical treatments were added to the samples during imaging by pipetting 300 µl of 

solution containing the treatment onto one port of the HybriWell. For flg22 treatment, we 

used a 1 µm solution of synthetic flg22 peptide (QRLSTGSRINSAKDDAAGLQIA) 

(PhytoTechnology Laboratories, http://phytotechlab.com/, cat. no. P6622) in water. For 

chitin treatment, 200 mg of chitin from shrimp shells (Sigma, http://

www.sigmaaldrich.com/, cat. no. C7170–100G) was added to a 1.5 ml Eppendorf tube 

containing two steel pellets and ground at 25 Hz for 10 min using a Retsch MM 200 mixer 

mill (Retsch, http://www.retsch.com/). The pulverized chitin was then added to 5 ml of 

water and vortexed briefly prior to use. The ATP analog 1-NA-PP1 (MedChemExpress, 

http://www.medchemexpress.com/, cat. no. HY-13941) was obtained from the manufacturer 

as a 10 mM stock solution dissolved in dimethyl sulfoxide (DMSO).

Image analysis

Post-processing of the raw image data was performed using Fiji (Schindelin et al., 2012). 

First, the ‘Z-projection’ function was performed on an image stack using the ‘Max Intensity’ 
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setting. The resulting projection was then separated into two separate images, one for the 

Turquoise GL emission channel and one for the YPet emission channel. The ‘Subtract 

Background’ function was performed on both images, with the ‘rolling ball radius’ set as the 

default 50 pixels. A mask was then created from the YPet channel using the ‘Convert to 

Mask’ function. The background subtracted YPet and Turquoise GL images were then 

converted into 32-bit images. These 32-bit images were then multiplied by the Mask file. 

The resulting YPet image was divided by the resulting Turquoise GL image using the 

‘Image Calculator’ function to create to a ratio image representing the ratio of YPet to 

Turquoise emission. Finally, the ‘Threshold’ function was performed using the default 

values, with the ‘NaN background’ option enabled. The ‘Fire’ lookup table was then applied 

to the final ratio image.

To measure the ratio of YPet to Turquoise GL emission, a region of interest (ROI) was 

selected within the ratio image using Fiji and the average ratio value within that ROI was 

then measured. For time-course experiments, the change in the YPet to Turquoise GL 

emission ratio was normalized to the initial value of the YPet to Turquoise GL emission 

ratio and plotted versus time. The initial pixel intensity values for the raw image data in the 

YPet and Turquoise GL channels are presented for each experiment in Table S1. The ROIs 

used for analyzing the data presented in Figures 1–5 are shown in Figures S17–S20. Movies 

S1–S13 present time-course videos of the ratio image data for selected experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure and in vitro testing of the sensor of mitogen-activated protein kinase (MAPK) 

activity (SOMA).

(a) Domain structure of the SOMA protein. YPet is a yellow fluorescent protein, FHA is the 

FHA1 phosphopeptide-binding domain of yeast RAD53, EV linker is a flexible linker 

domain, MPK is an 80-amino-acid segment of the Arabidopsis MKP1 protein containing a 

MPK6 phosphorylation site, and Turquoise GL is a blue fluorescent protein. The small 

segment at the extreme C-terminus of the diagram indicates the location of the nuclear 

localization or nuclear exclusion signal. aa, amino acid.

(b) Phosphorylation of SOMA within the MKP1 domain is expected to produce a 

conformation shift that increases Förster resonance energy transfer (FRET) efficiency due to 

the enhanced affinity of the FHA1 domain for the phosphorylated form of the substrate 
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domain. Removal of that phosphate by a phosphatase is expected to cause SOMA to revert 

to a conformation with lower FRET efficiency.

(c) In vitro kinase assays performed using proteins extracted from Escherichia coli. SOMA 

and SOMAT679A as substrates were incubated in the presence of the indicated Arabidopsis 

MAPK protein with (+) and without (−) constitutively active Arabidopsis MKK4 and 

MKK5. Reaction products were separated on gels and the incorporation of 32P into the 

substrates was evaluated via autoradiography (upper panels). Lower panels show the loading 

controls stained with Coomassie brilliant blue.

(d), (e) In vitro FRET assays using E. coli expressed SOMA and SOMAT679A performed in 

the presence or absence of E. coli expressed constitutively active MPK6 (CA-MPK6). The 

emission spectra of SOMA and SOMAT679A produced by excitation of the Turquoise GL 

domain with 435 nm light is shown.
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Figure 2. 
The in vivo response of sensor of mitogen-activated protein kinase (MAPK) activity 

(SOMA) to NaCl stress.

(a)–(d) Processed confocal images of the cotyledon epidermis from the SOMA-NLS-1 (a,b) 

and SOMA-NES-1 (c,d) transgenic lines depicting the ratio of YPet to Turquoise GL 

emission produced by exciting Turquoise GL. The calibration bar in the lower left indicates 

the numerical scale corresponding to the heat map. The scale bar on the bottom indicates 

100 µm. Time stamps indicate when the image was collected in minutes:seconds. Images at 

time 00:00 were collected before treatment, while those at time point 18:00 were collected 

12 min after treatment with 150 mM NaCl. Numbered rectangles indicate the regions of 

interest (ROIs) used to measure YPet and Turquoise GL emission. (e), (f) The average ratio 

of YPet to Turquoise GL emission produced by exciting Turquoise GL was determined 

using the ROIs shown in (a–d), normalized to the starting value for each ROI, and plotted 

versus time. The shaded background on each graph indicates when the sample was exposed 

to a given treatment. During the first 10 min of each experiment the samples were incubated 

in pure water. ‘NaCl’ indicates 150 mM NaCl, ‘H2O’ indicates pure water, and ‘flg22’ 

indicates that 1 µm flg22 was present in the imaging chamber during the shaded time period. 

Error bars indicate standard deviation. ‘Ratio (YFP/CFP)’ indicates the normalized value of 

YPet emission divided by Turquoise GL emission after excitation of Turquoise GL with 458 

nm light. (g), (h) Transgenic lines SOMAT679A-NLS-1 and SOMAT679A-NES-1 were 

analyzed as above using the ROIs indicated in Figure S17. Videos are available as Movies 

S1–S4. These experiments were repeated at least five times with similar results.
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Figure 3. 
MPK6 activity is needed for the NaCl-induced increase in the ratio of YPet to Turquoise GL 

emission of sensor of mitogen-activated protein kinase (MAPK) activity (SOMA).

The SOMA-NES in the cotyledon epidermis was analyzed in wild-type Col-0 and mpk3 
mpk6 Pmpk6:MPK6YG genetic backgrounds. Graphs depict the average ratio of YPet to 

Turquoise GL emission produced by exciting Turquoise GL using the regions of interest 

shown in Figure S18. The shaded background on each graph indicates when the sample was 

exposed to a given treatment. During the first 10 min of each experiment the samples were 

incubated in pure water. ‘1-NA-PP1’ indicates 10 µm 1-NA-PP1, ‘1-NA-PP1 NaCl’ 

indicates 10 µm 1-NA-PP1 + 150 mM NaCl, and ‘1-NA-PP1 flg22’ indicates 10 µm 1-NA-

PP1 + 1 µm flg22 was present in the imaging chamber during the shaded time period. Error 

bars indicate standard deviation. ‘Ratio (YFP/CFP)’ indicates the normalized value of YPet 

emission divided by Turquoise GL emission after excitation of Turquoise GL with 458 nm 

light. Videos are available as Movies S5–S8. 1-NA-PP1 is an ATP analog. These 

experiments were repeated at least four times with similar results.
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Figure 4. 
The response of sensor of mitogen-activated protein kinase (MAPK) activity (SOMA) to 

flg22 is heterogeneous.

The response of the SOMA-NES-1 and SOMA-NLS-1 transgenic lines to flg22 treatment 

was evaluated by analyzing cotyledon epidermal cells. Graphs depict the average ratio of 

YPet to Turquoise GL emission produced by exciting Turquoise GL using the regions of 

interest shown in Figure S19. The shaded background on each graph indicates when the 

sample was exposed to a given treatment. During the first 10 min of each experiment the 

samples were incubated in pure water. ‘flg22’ indicates that 1 µm flg22 was present in the 

imaging chamber during the shaded time period. Error bars indicate standard deviation. 

‘Ratio (YFP/CFP)’ indicates the normalized value of YPet emission divided by Turquoise 

GL emission after excitation of Turquoise GL with 458 nm light. Videos are available as 

Movies S9–S11. These experiments were repeated at least five times with similar results.
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Figure 5. 
Chitin induces a rapid increase in the ratio of YPet to Turquoise GL emission in guard cells.

The response of the SOMA-NES-1 and SOMA-NLS-1 transgenic lines to chitin treatment 

was evaluated by analyzing cotyledon epidermal cells. Graphs depict the average ratio of 

YPet to Turquoise GL emission produced by exciting Turquoise GL using the regions of 

interest shown in Figure S20. The shaded background on each graph indicates when the 

sample was exposed to a given treatment. During the first 10 min of each experiment the 

samples were incubated in pure water. ‘chitin’ indicates that 40 mg ml−1 chitin was present 

in the imaging chamber during the shaded time period. Error bars indicate standard 

deviation. ‘Ratio (YFP/CFP)’ indicates the normalized value of YPet emission divided by 

Turquoise GL emission after excitation of Turquoise GL with 458 nm light. Videos are 

available as Movies S12 and S13. These experiments were repeated at least five times with 

similar results.
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