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1.   

界的な人口増加により 2050 年までに食糧生産を倍増する必要があると試算されている。同時に、農業
は世界の淡水資源の 8 割を消費し、リン酸鉱石を枯渇する勢いで化学肥料を生産・投入している。このよ
うに大量の資源を投入したにも関わらず、潜在収量の 25%が害虫・病気ストレスによって損失されている
（図１）。日本での害虫被害は、年間約 1 兆円である。この資源のロスを防ぐために、世界では年間 4 兆
円（300 万トン）の農薬が投入されている。化学農薬と病害虫耐性を付与された遺伝子組換え作物は一時的
に目覚ましい効果を上げた。しかし、この手法では既に抵抗性害虫が出現している。そのため、病害虫から
作物を保護する新しい技術が求められている。  
本研究では、植物が害虫に曝されると、揮発性物質を放出して近隣の植物へ情報伝達するという植物の防

御機構に着目した。この揮発性物質には免疫活性化作用があり、これに反応して周りの植物の免疫系も活性
化される。
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responses to leaf damage from S. litura. We hypothesized 
that S. litura OS treated wounds recover differently than 
those treated with water alone.

Using OS from the generalist chewing insect S. litura 
and Arabidopsis as the host plant, we found evidence 
that suggested: (1) OS modulates protective responses 
to wounding in plants; (2) OS triggers premature 
senescence which we define as yellowing of leaf tissue 
linked to declining chlorophyll content caused via the 
loss of chloroplasts in mesophyll cells. This prompts 
reallocation of nutritional resources which originated 
from degradation of chlorophyll machineries (Guo and 
Gan 2005; Lim et al. 2007).

Materials and methods
Plant materials and treatment
Plant materials, growth conditions, as well as undetached 
leaf imaging techniques were set up using a reporter line. 
As described by Betsuyaku et al. (2018), this reporter line 
consisted of the promoter region of the VEGETATIVE 
STORAGE PROTEIN 1 (VSP1) which is fused to YELLOW 
FLUORESCENT PROTEIN (YFP) with a NUCLEAR 

LOCALIZATION SIGNAL (NLS).
Autofluorescence and wound-site observations were 

performed using Columbia-0 Arabidopsis plants. These plants 
were grown in standard conditions of 16 h light/8 h dark cycles 
at 22°C. The blade of a 23G syringe was used to wound leaves. 
0.5 µl of OS was applied to the wounds. 0.5 µl of water was 
applied to the control leaves.

Microscope setup
Chlorophyll autofluorescence and YFP were detected by using 
Texas Red and YFP filters. We used a DFC7000T camera 
controlled by LasX software (Leica Microsystems) to acquire 
color pictures and autofluorescent images. Two weeks after the 
initial treatment, we used Z-stack to acquire images for control 
and OS treated leaves.

Quantification techniques
ImageJ (National Institute of Health) was used to measure: a) 
the open area of plant wounds; and b) leaf senescence. The area 
of senescence was calculated by subtracting open space—where 
there are no cells—from the area of autofluorescent loss.

Figure 1. Activation of the JA pathway around wounded areas treated with and without OS. A, Illustration of the experimental procedure. B, Left 
panel, YFP signal from transgenic Arabidopsis plants harboring VSP-YFP; right panel, black and white pictures were taken in parallel as a reference. 
Scale bar: 1 mm.
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a fixed square ROI (Figure 2b left), the shape of the plant 
was registered as the ROI (Figure 2b right).

Since it was impractical to manually define ROI for 
each of the 70 frames recorded, we registered ROI for 
every 8th frame. Using an identical data set, we then 
measured the signal intensity for each registered frame. 
The results of our manual shape tracking analysis 
exhibited a similar pattern to that of a fixed ROI (Figure 
2c). Defining ROI by automatically tracing plant shapes 
resulted in higher sensitivity in measuring signal 
intensities than fixed square ROIs. This can be explained 
by the reduction of noise due to the minimization of 
background when manually tracing plant shapes. Because 
of the limited number of frames analyzed, temporal 
resolution was also reduced over time. We were able to 

overcome the challenges of manual definition using the 
automated technique we developed for tracking ROI. 
Figure 3a contains a detailed outline of the procedure.

We used chlorophyll autofluorescence as a proxy for 
plant shape because the plants were recorded from an 
overhead view. We separated autofluorescent signals 
from chlorophyll to correspond with bright field images. 
To accomplish this, we simultaneously recorded bright 
field images alongside Texas Red and YFP images. It 
is necessary to acquire YFP and autofluorescence in 
separate channel to retain specificity of each signal, which 
is essential for precision of the measurements. We then 
converted the data to grayscale (Figure 3b, 3c, 3g). The 
threshold of grayscale images from the Texas Red filter 
was adjusted to represent Texas Red filter and bright field 

Figure 1. Plant movement. (a) Movement of the Arabidopsis leaves over 12 h of time-lapse imaging from an overhead view. Dotted lines outline the 
contour of the upper three leaves at 0 h. The solid line denotes the position of the same leaves after a 12-hour interval. Scale Bar: 5 mm (b) Schematic 
view of YFP measurement in which a single ROI was selected to cover plant movements. The yellow line indicates ROI. (Top) Bright field (Left) and 
YFP (Right) images from 0, 16, and 20 h. (Bottom) Representative view of 70 frames using a single ROI for 24 h. (c) Measurement of YFP intensity 
during 24 h in 70 frames using ROI from b. Each square indicates a single frame.

Figure 2. Empty space found within a single ROI. (a) Left panel shows bright field images. Right panel shows YFP images. Top, 0 h; Middle, 12 h; 
Bottom, 24 h from the start of the experiment. Blue area indicates regions within the ROI not occupied by plants. Yellow line indicates ROI. Scale 
Bar: 5 mm (b) Examples of fixed ROI (square) and manually defined ROI following plant shapes using bright field images for each frame. (c) Average 
values of brightness were measured using FIJI software with a fixed ROI (square) and manually defined ROIs (triangle).
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YFP (Right) images from 0, 16, and 20 h. (Bottom) Representative view of 70 frames using a single ROI for 24 h. (c) Measurement of YFP intensity 
during 24 h in 70 frames using ROI from b. Each square indicates a single frame.

Figure 2. Empty space found within a single ROI. (a) Left panel shows bright field images. Right panel shows YFP images. Top, 0 h; Middle, 12 h; 
Bottom, 24 h from the start of the experiment. Blue area indicates regions within the ROI not occupied by plants. Yellow line indicates ROI. Scale 
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images (Figure 3d). This procedure was followed by fine 
tuning the plant shape contour by using noise adjustment 
(Figure 3e). The threshold of grayscale images from the 
YFP filter were also adjusted (Figure 3g, 3h). These images, 
including background signals, were superposed onto their 
corresponding Texas Red filtered images to create merged 
images (Figure 3f, 3h, 3i). Only the YFP signals present 
within the boundaries of the plant shape were registered 
as target protein-specific signals. Background noise was 

automatically excluded (Figure 3i, 3k).
In our analysis, we found that fixed ROI and shape 

recognition demonstrated consistent results (Figures 1c, 
3l, Supplementary Material 2). Supplementary Material 
3 exhibits an independent measurement of fluorescent 
signals to help validate our technique.

Situations where our technique is not directly 
applicable include examining specimens that do not emit 
chlorophyll autofluorescence like plant roots. In these 

Figure 3. Automated measurement of specific signals in moving Arabidopsis leaves. (a) Overview of the workflow. (b) Converting color YFP and 
Texas Red filtered images into grayscale images. White squares indicate selected channels. (c–j) Outline of step-by-step process with intermediate 
images to automate the tracing of plant movement. (k) Example of our method for automatic measurement over 70 frames. (Left panel) The left 
picture shows an image from the YFP filter that includes background signals. The right picture shows YFP signals that are present in both YFP and 
Texas Red filtered images. Magenta, both YFP and Texas Red are present; Yellow, Texas Red filtered images; Red; YFP filtered images. (Right panel) A 
representative illustration for 70 frames. (l) Measurement of YFP intensity during 24 h in 70 frames using our automated method. Triangles indicate 
mean value for YFP intensity for each frame.
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a fixed square ROI (Figure 2b left), the shape of the plant 
was registered as the ROI (Figure 2b right).

Since it was impractical to manually define ROI for 
each of the 70 frames recorded, we registered ROI for 
every 8th frame. Using an identical data set, we then 
measured the signal intensity for each registered frame. 
The results of our manual shape tracking analysis 
exhibited a similar pattern to that of a fixed ROI (Figure 
2c). Defining ROI by automatically tracing plant shapes 
resulted in higher sensitivity in measuring signal 
intensities than fixed square ROIs. This can be explained 
by the reduction of noise due to the minimization of 
background when manually tracing plant shapes. Because 
of the limited number of frames analyzed, temporal 
resolution was also reduced over time. We were able to 

overcome the challenges of manual definition using the 
automated technique we developed for tracking ROI. 
Figure 3a contains a detailed outline of the procedure.

We used chlorophyll autofluorescence as a proxy for 
plant shape because the plants were recorded from an 
overhead view. We separated autofluorescent signals 
from chlorophyll to correspond with bright field images. 
To accomplish this, we simultaneously recorded bright 
field images alongside Texas Red and YFP images. It 
is necessary to acquire YFP and autofluorescence in 
separate channel to retain specificity of each signal, which 
is essential for precision of the measurements. We then 
converted the data to grayscale (Figure 3b, 3c, 3g). The 
threshold of grayscale images from the Texas Red filter 
was adjusted to represent Texas Red filter and bright field 

Figure 1. Plant movement. (a) Movement of the Arabidopsis leaves over 12 h of time-lapse imaging from an overhead view. Dotted lines outline the 
contour of the upper three leaves at 0 h. The solid line denotes the position of the same leaves after a 12-hour interval. Scale Bar: 5 mm (b) Schematic 
view of YFP measurement in which a single ROI was selected to cover plant movements. The yellow line indicates ROI. (Top) Bright field (Left) and 
YFP (Right) images from 0, 16, and 20 h. (Bottom) Representative view of 70 frames using a single ROI for 24 h. (c) Measurement of YFP intensity 
during 24 h in 70 frames using ROI from b. Each square indicates a single frame.

Figure 2. Empty space found within a single ROI. (a) Left panel shows bright field images. Right panel shows YFP images. Top, 0 h; Middle, 12 h; 
Bottom, 24 h from the start of the experiment. Blue area indicates regions within the ROI not occupied by plants. Yellow line indicates ROI. Scale 
Bar: 5 mm (b) Examples of fixed ROI (square) and manually defined ROI following plant shapes using bright field images for each frame. (c) Average 
values of brightness were measured using FIJI software with a fixed ROI (square) and manually defined ROIs (triangle).

  N. Kinoshita et al. 9

Copyright © 2019 The Japanese Society for Plant Cell and Molecular Biology

a fixed square ROI (Figure 2b left), the shape of the plant 
was registered as the ROI (Figure 2b right).

Since it was impractical to manually define ROI for 
each of the 70 frames recorded, we registered ROI for 
every 8th frame. Using an identical data set, we then 
measured the signal intensity for each registered frame. 
The results of our manual shape tracking analysis 
exhibited a similar pattern to that of a fixed ROI (Figure 
2c). Defining ROI by automatically tracing plant shapes 
resulted in higher sensitivity in measuring signal 
intensities than fixed square ROIs. This can be explained 
by the reduction of noise due to the minimization of 
background when manually tracing plant shapes. Because 
of the limited number of frames analyzed, temporal 
resolution was also reduced over time. We were able to 

overcome the challenges of manual definition using the 
automated technique we developed for tracking ROI. 
Figure 3a contains a detailed outline of the procedure.

We used chlorophyll autofluorescence as a proxy for 
plant shape because the plants were recorded from an 
overhead view. We separated autofluorescent signals 
from chlorophyll to correspond with bright field images. 
To accomplish this, we simultaneously recorded bright 
field images alongside Texas Red and YFP images. It 
is necessary to acquire YFP and autofluorescence in 
separate channel to retain specificity of each signal, which 
is essential for precision of the measurements. We then 
converted the data to grayscale (Figure 3b, 3c, 3g). The 
threshold of grayscale images from the Texas Red filter 
was adjusted to represent Texas Red filter and bright field 

Figure 1. Plant movement. (a) Movement of the Arabidopsis leaves over 12 h of time-lapse imaging from an overhead view. Dotted lines outline the 
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during 24 h in 70 frames using ROI from b. Each square indicates a single frame.

Figure 2. Empty space found within a single ROI. (a) Left panel shows bright field images. Right panel shows YFP images. Top, 0 h; Middle, 12 h; 
Bottom, 24 h from the start of the experiment. Blue area indicates regions within the ROI not occupied by plants. Yellow line indicates ROI. Scale 
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images (Figure 3d). This procedure was followed by fine 
tuning the plant shape contour by using noise adjustment 
(Figure 3e). The threshold of grayscale images from the 
YFP filter were also adjusted (Figure 3g, 3h). These images, 
including background signals, were superposed onto their 
corresponding Texas Red filtered images to create merged 
images (Figure 3f, 3h, 3i). Only the YFP signals present 
within the boundaries of the plant shape were registered 
as target protein-specific signals. Background noise was 

automatically excluded (Figure 3i, 3k).
In our analysis, we found that fixed ROI and shape 

recognition demonstrated consistent results (Figures 1c, 
3l, Supplementary Material 2). Supplementary Material 
3 exhibits an independent measurement of fluorescent 
signals to help validate our technique.

Situations where our technique is not directly 
applicable include examining specimens that do not emit 
chlorophyll autofluorescence like plant roots. In these 

Figure 3. Automated measurement of specific signals in moving Arabidopsis leaves. (a) Overview of the workflow. (b) Converting color YFP and 
Texas Red filtered images into grayscale images. White squares indicate selected channels. (c–j) Outline of step-by-step process with intermediate 
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