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Abstract Laser-scanning fluorescence microscopy for efficient acquisition of time-gated
and spectrally resolved fluorescence images was developed based on line illumination
of the laser beam and detection of the fluorescence image through a slit. In this optical
arrangement, the fluorescence image was obtained by scanning only one axis perpendicular
to the excitation line, and the acquisition time was significantly reduced compared with
conventional laser-scanning confocal microscopy. A multidimensional fluorescence dataset
consisting of fluorescence intensities as a function of x-position, y-position, fluorescence
wavelength, and delay time after photoexcitation was analyzed and decomposed based on
the parallel factor analysis model. The performance of the line-scanning microscopy was
examined by applying it to the analysis of one of the plant defense responses, accumulation
of antimicrobial compounds of phytoalexin in oat (Avena sativa), induced by the elicitor
treatment.
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1 Introduction

Fluorescence microscopy is widely used to study biological phenomena in living cells
and tissues. Recent progress in the development of laser-scanning microscopy and various
fluorescent probes has demonstrated that a fluorescence-based method, which is basically
free from background noise, is sensitive and selective [1-3]. However, fluorescence of
native molecules existing in cells and tissues can be sometimes detected and becomes
unwelcome background noise for fluorescence microscopy. When the wavelength of the
excitation light is tuned to the near ultraviolet (UV) region, this “autofluorescence” is
not negligible because many molecules show photoabsorption spectra in the near-UV
region: aromatic amino acids (tryptophan, phenylalanine, tyrosine), the extracellular matrix
(collagen, elastin), coenzymes relating to electron transfer systems (nicotinamide adenine
dinucleotide, flavin adenine dinucleotide), and many kinds of secondary metabolites,
especially in plants.

Since these molecules are, in general, physiologically important, their autofluorescence
has been used to monitor the metabolic state of living cells and applied to tissue diagnostics
[4-18]: Physiological alterations in tissues are detected as changes in the fluorescence
properties of associated molecules, including an increase or decrease in the fluorescence
intensity and a peak shift of the fluorescence spectrum. Most cells and tissues contain
several autofluorescent molecules with broad and overlapping fluorescence spectra in the
near-UV region. Therefore, it is essential to develop a technique for the decomposition
of a mixture of unknown fluorescence components, and to trace the spectral change of a
specific component. One of the straightforward and effective approaches is to acquire and
analyze a multidimensional fluorescence dataset that includes, for example, fluorescence
spectrum, excitation spectrum, time profile, anisotropy, and spatial localization. Two-
dimensional fluorescence spectroscopy acquiring excitation and fluorescence spectra has
been widely used at research and diagnostic levels because of the high selectivity and
simple configuration of the measurement system [13—18]. A variety of multidimensional
fluorescence microscopes have been developed based on unique optical configurations
including Fourier or Hadamard transformations [19, 20], structured illumination [21], and
line-scanning methods [22].

In this study, we developed a method of laser-scanning fluorescence microscopy obtain-
ing time-gated and spectrally resolved fluorescence images, that is, fluorescence intensities
as a function of x-position, y-position, fluorescence wavelength, and delay time after
photoexcitation. Conventional laser-scanning confocal microscopy requires a long time
to acquire a whole dataset of such multidimensional fluorescence intensities. In addition,
the detector requires a relatively long exposure time because autofluorescence is generally
very weak. Therefore, we developed a line-scanning technique, which is based on line
illumination of the laser beam and detection of the fluorescence image through a slit instead
of a pinhole [22-26]. In this optical arrangement, the fluorescence image was obtained by
scanning only one axis perpendicular to the excitation line, and the acquisition time was
significantly reduced compared with conventional laser-scanning confocal microscopy.

A multidimensional fluorescence dataset was analyzed and decomposed based on
the parallel factor analysis (PARAFAC) model [27-29]. PARAFAC is one of several
decomposition methods for a multidimensional dataset and is widely used in the field of
chemometrics. A major advantage of the model is that data following this model can be
uniquely decomposed into individual contributions. The fluorescence data are examples to
which PARAFAC has been widely employed [30].
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The performance of line-scanning microscopy, in which time-gated and spectrally
resolved fluorescence images are obtained and decomposed based on the PARAFAC model,
was examined by applying it to the analysis of one of the induced plant defense responses:
the accumulation of antimicrobial compounds, which are generally known as phytoalexins,
in oat (Avena sativa). Oat leaves produce avenanthramides such as phytoalexins when
attacked by pathogens or treated with an elicitor [31-36]. Avenanthramides are substituted
hydroxycinnamic acid conjugates, which demonstrate photoabsorption in the near-UV
region. By using line-scanning microscopy, we have measured the autofluorescence of
oat leaves and analyzed the accumulation of avenanthramides in response to the elicitor.
The results demonstrate that our approach is powerful and effective for the analysis of
complicated responses in living cells.

2 Materials and Methods
2.1 Line-scanning Microscopy

A schematic illustration of the line-scanning microscopy method is shown in Fig. 1.
An amplified mode-locked Ti:sapphire laser (Coherent, RegA9000) was operated at a
wavelength of 780 nm and a repetition rate of 200 kHz. The second harmonics (center
wavelength of 390 nm, pulse duration of 150 fs) generated in a thin BBO crystal was used
were an excitation light source. A line illumination pattern (in parallel with the y-direction
in Fig. 1) was created by a cylindrical lens ( f= 150 mm) and was focused on a sample with
a 10X objective lens (Olympus, numerical aperture of 0.30). The excitation intensity was
reduced to 10 pJ, which was measured in front of the objective lens.

The fluorescence image of the line illumination on the sample was relayed to the entrance
slit of a polychromator (Acton, SpectraPro-150, 300 grooves per millimeter grating). The
slit width was set at 70 um, corresponding to 7 um on the sample in this configuration.
Fluorescence passing through the entrance slit was spectrally dispersed by the grating
and detected by a charge-coupled device (CCD) camera (640 x 480 pixels). An image
intensifier with a gate width of 200 ps (LaVision, PicoStar HR) was placed in front of
the CCD to provide a time-resolved fluorescence image with a time resolution of 200 ps.
A time delay between a laser pulse and a gating electronic pulse was changed by an

Fig. 1 A schematic illustration
of line-scanning microscopy
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electronic delay generator (Becker & Hickl GmbH, DEL-150). As a result, a single frame
of the CCD provided information on the two-dimensional time-gated fluorescence data:
The fluorescence image of the line illumination ()-direction) on the sample was vertically
aligned on the two-dimensional data, while the fluorescence spectrum at each y-position in
the excitation line was horizontally allocated. Hereafter, we refer to the two-dimensional
time-gated data as a “y —A map.” A y —A map consists of 480-um height (y) in length on
the sample and 265-nm spectral bandwidth (1). We obtained the sample images, which we
call “x—y images,” with the time-gated fluorescence spectra by shifting the sample position
along the x-direction (perpendicular to the excitation line) and reconstructing the dataset of
y —A maps acquired at each x-position. Furthermore, varying the gate timing of the in-
tensifier, we finally obtained multiple fluorescence images as a function of a wavelength (1)
and a delay time (7). Since the scanning dimensions of a sample position can be reduced by
combining line excitation and multichannel detection, this method acquires a whole dataset
remarkably faster than conventional confocal microscopy. In this study, the typical exposure
time of the detector was set at 200 ms. Under this condition, it takes about 10 min to acquire
a dataset consisting of, for example, 640(x) x 480(y) x 640(1) x 2 (7).

2.2 PARAFAC Model

The three-dimensional PARAFAC model with F' components can be written as

F
X = Y aibjseis+ e
/=1
i=1,... Lj=1,....Jik=1,....K

where x;; is the fluorescence intensity element of the three-dimensional dataset X (/ x
Jx K). In our case, (a1 ....ars), (b1 5....byr), and (c1,,...,.cxr) correspond to a fluorescence
spectrum, a time profile, and an x—y image of the fth component, respectively. The e;; is a
residual. The PARAFAC model assumes that the fluorescence spectrum of each component
is independent of the delay time and the position, whereas the relative contribution of each
fluorescence component changes at the delay time and the position. This assumption is
reasonable in the subnanosecond time resolution of our system.

For the PARAFAC calculations, we obtained y—A maps by scanning the x-position
(1-um step, 640 positions in total). Two frames of different delay times (r = 0.0 and
3.0 ns) were obtained at each x-position. As a result, a multidimensional fluorescence
dataset which consisted of 640(x) x 480(y) x 640(X) x 2(tr) was obtained. This dataset
was binned with 25-nm steps along the fluorescence wavelength dimension to reduce
data size for calculations. The spatial dimensions of 640(x)x 480(y) were reshaped to a
one-dimensional array (of size 307,200) in the PARAFAC calculation and then reshaped
again to the spatial dimensions of 640(x) x 480(y) after the calculations were completed.
Therefore, the dataset, which consisted of 10(A) x 2 (t) x 307,200(xy), was fitted by the
PARAFAC model. In PARAFAC modeling, nonnegativity constraints were applied to all
three dimensions. All the analyses were performed with the N-way toolbox for MATLAB
[37], which is a set of MATLAB routines designed to perform multiway data analysis.

2.3 Sample Preparation

Oat seeds (4. sativa L., cv. Shokan 1) were soaked in distilled water for 24 h to facilitate
germination, sown in wet vermiculite, and maintained at 20°C for 7 days under continuous
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artificial light exposure at a photosynthetic photon flux density of 50 umol m~2 s~! in the
growth chamber.

Leaf segments were prepared from the primary leaves of 7-day-old oat seedlings. The
lower epidermis was peeled away and the mesophyll cells were floated on 3 ml of the
elicitor solution or distilled water in a Petri dish with the peeled surface in contact with
the solution [38]. Penta- N-acetylchitopentaose solution (concentration of 1 mM) was used
as an elicitor while distilled water was used as a control. There is no absorption band in
the near-UV region in the penta- N-acetylchitopentaose solution. In addition, we confirmed
that the solution does not emit fluorescence for the excitation light at 390 nm used in
this study. All the experiments were performed in the leaf segments after incubation for
48 h at 20°C. Penta- N-acetylchitopentaose was purchased from Seikagaku Kogyo, Tokyo.
Avenanthramide A (N-(4-hydroxycinnamoyl)-5-hydroxyanthranilic acid) is a gift from
Dr. A. Ishihara (Kyoto University, Kyoto).

3 Results and Discussion

3.1 Characterization of Time-Resolved Fluorescence Spectra

A transmission image of mesophyll cells of an oat leaf treated with an elicitor is shown
in Fig. 2a. Figure 2b shows a y—\ map observed at a delay time of 0.0 ns and at the

position of x; indicated by a dotted line in Fig. 2a. This kind of information on the time-
gated fluorescence spectrum at each y-position can be obtained as a single frame of the

(b) T=0.0ns - (c) 7=3.0ns

450 500 550 600 650
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450 500 530 600 650
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(e) T=0.0ns = (f) T=3.0ns
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— = T 1T T 1T vTrTTr
100 pm 450 500 550 600 650

Fig.2 a Transmission image of mesophyll cells of an oat leaf treated with an elicitor. b Time-gated y—A map
observed at the x; position indicated by a dotted line in a. Delay time 7 is 0.0 ns. ¢ The same as b but 7 is
3.0 ns. d—f The same as a—c, respectively, but the oat leaf was treated with distilled water as a control. All
the time-gated y—A maps are normalized by the fluorescence intensity of the short-wavelength components
centered around 450 nm to focus on the weak fluorescence in 450-650 nm. Therefore, the intensity at a
wavelength region longer than 650 nm is above the scale and is shown as a white area
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CCD, demonstrating the unique and effective configuration of the line-scanning method.
In Fig. 2b, in addition to the strong fluorescence component at a wavelength longer than
650 nm, weak fluorescence components can be recognized in the region of 450—650 nm: at
least two components of a short-wavelength component centered at ~450 nm, and a middle-
wavelength component centered at ~510 nm. As a result, three components with different
fluorescence spectra were observed in the elicitor-treated cells.

Figure 2¢ shows a y—A map observed at the same position of x; but at a delay
time of 3.0 ns, where fluorescence intensity was normalized by the short-wavelength
component. The fluorescence pattern of the middle-wavelength component disappears and
the fluorescence intensity of the long-wavelength component decreases, indicating that the
fluorescence lifetimes of these components are shorter than that of the short-wavelength
component.

Figure 2d is a transmission image of mesophyll cells of an oat leaf treated with distilled
water as a control. In contrast to the three components observed in the elicitor-treated cells,
only two components with different fluorescence spectra can be recognized in a y—A map
at a delay time of 0.0 ns and at the position of x; (Fig. 2e): a short-wavelength component
centered at ~450 nm and a long-wavelength component centered at a wavelength longer
than 650 nm. In a y—A map at a delay time of 3.0 ns (Fig. 2f), where the fluorescence
intensity was normalized by the short-wavelength component, the intensity of the long-
wavelength component decreases. This indicates that the fluorescence lifetime of the long-
wavelength component, is shorter than that of the short-wavelength component as is the
case with the elicitor-treated cells.

To study fluorescence properties of these components in more detail, time-integrated
fluorescence spectra and time profiles of the fluorescence intensities, which were obtained
by varying the delay time t with a step of 0.02 ns and then averaging in each area of P;—Ps
(see Figs. 2b, e), were plotted in Fig. 3a, b, respectively. Here, the fluorescence properties
of the long-wavelength component P; were in agreement with those of the component Ps.
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Fig.3 a Time-integrated fluorescence spectra and b time profiles of the fluorescence intensities. The /ines are
results experimentally observed and the circles are the components extracted by PARAFAC. The fluorescence
spectra and the time profiles were drawn with appropriate shifts in a vertical direction for comparison
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Table 1 Decay times and their

. h . Samples Time constants, ns (amplitudes in percent)
relative amplitudes obtained by
fitting to the fluorescence time Py <02 (45.5) 1.2 (49.5) 3.05.0
profiles in Fig. 3b P, <0.2 (74.6) 0.6 (23.3) 2.0(2.1)
P3 (Ps) <0.2 (56.5) 0.6 (43.5)
Py <0.2 (35.8) 1.2 (52.6) 3.0 (11.6)
Avenanthramide A <0.2 (94.3) 0.5(5.4) 3.5(0.3)

Therefore, the fluorescence spectrum and the time profile of P; were plotted as the only
long-wavelength component in Fig. 3.

The sharp structure that appears in the fluorescence spectra around 455 nm is due to
Raman scattering of water. Fluorescence properties of P; and P4, which correspond to
the short-wavelength components observed in the elicitor-treated and water-treated cells,
respectively, are similar to each other. The middle-wavelength component (P,), which
was observed only in the elicitor-treated cells, had a broad fluorescence spectrum. The
fluorescence spectra of the long-wavelength components (P; and Ps) observed in the
elicitor-treated and water-treated cells, respectively, have a narrow width and a peak of
677 nm.

The time profiles of these components shown in Fig. 3b can be fitted by two or three
exponential decays convoluted with an instrumental response function. The parameters
obtained by the fitting are listed in Table 1. The time profiles of P, and P, have the same
time constants of <0.2, 1.2, and 3.0 ns but different ratios of the amplitudes. The time
profile of P, shows faster decay than those of P; and Pj. In the time profiles of P; and Ps,
the long decay component of a few nanoseconds was not observed.

3.2 Spatial Localization of Fluorescence Components

To study the spatial localization of these florescence components, x—y images at different
wavelengths are shown in Fig. 4. Here, x—y images of the elicitor-treated cells were
constructed with the fluorescence at ¢ = 0.0 ns and averaged in a 25-nm bin size centered
at L = 442, 567, and 667 nm (Fig. 4a—c, respectively). Fluorescence at these selected
wavelengths is mainly derived from the short-, middle-, and long-wavelength components,
respectively. It is noticed that the minor contributions from other components vanish
because of spectral overlap among different components.

The short- and long-wavelength components have a similar spatial localization at this
spatial resolution. Namely, the fluorescence of these components was observed in the same
cell. On the other hand, the x—y image of the middle-wavelength component shows a
complementary pattern to the other components. That is, the fluorescence intensity of the
middle-wavelength component is high in the cell, whereas the fluorescence of the long-
wavelength component is weak.

In the water-treated cells (control), two components with different fluorescence prop-
erties were recognized. Therefore, we show the x—y images constructed with fluorescence
intensity centered at 442 and 667 nm (averaged in a 25-nm bin size), which correspond to
the short- and long-wavelength components, respectively (Fig. 4d, e). The spatial patterns
of these images are similar to each other. This is the same result as observed in the elicitor-
treated cells.
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0

Fig. 4 a—c The x—y images of the elicitor-treated cells constructed with the fluorescence at 7 = 0.0 ns and
averaged in a 25-nm bin size centered at A = 442, 567, and 667 nm, respectively. d—e The x—y images of
the water-treated cells constructed with the fluorescence at 7 = 0.0 ns and averaged in a 25-nm bin size
centered at A = 442 and 667 nm, respectively. f~h The x—y images of components I, I, and I1I, respectively,
extracted by PARAFAC for the elicitor-treated cells. i—j The same as f and g, respectively, but PARAFAC
was performed for a dataset at a wavelength range of up to 605 nm (see the text). The images in each row
were scaled so that the highest intensity in the long-wavelength components (c, e, h) is 100

3.3 PARAFAC Decomposition

To extract the major fluorescence components from the multidimensional dataset obtained
in the elicitor-treated cells, we performed PARAFAC with three components. The size
of the dataset used for the calculation was 10(A) x 2(z) x 307, 200(xy) as described in
Section 2.2. We named the three components extracted by PARAFAC as components I,
II, and III, which corresponded to the short-, middle-, and long-wavelength components,
respectively. The fluorescence spectra of these components are plotted in Fig. 3a. Compo-
nent [ is peak-shifted to a shorter wavelength than the short-wavelength component ()
while component II is peak-shifted to a higher wavelength than the middle-wavelength
component (P,). It is considered that the overlapping region between the two components
was successfully separated by PARAFAC. Component III agrees well with the long-
wavelength component (P;). The relative intensities of components I, II, and III at 0.0 and
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3.0 ns are plotted in Fig. 3b. These were obtained in agreement with the time profiles of the
short-, middle-, and long-wavelength components, respectively.

Figure 4f-h shows the spatial localization of components I, II, and III extracted by
PARAFAC, respectively. Components I and III agree well with those of the short- and
long-wavelength components, respectively. On the other hand, the spatial localization of
component II is slightly different from that of the middle-wavelength component. The
complementary relationship between components II and I1I is not clear compared with that
between the middle- and long-wavelength components. In the fluorescence spectrum of
component II (see Fig. 3a), a rise toward a longer wavelength exists at around 650 nm.
This contribution is probably due to the cross talk of the long-wavelength component,
which comes from very different fluorescence intensities between the middle- and long-
wavelength components. It is suggested that the cross talk of the long-wavelength com-
ponent results in different spatial patterns between the middle-wavelength component and
component II.

To examine the spatial localizations of the short- and middle-wavelength components
without the effect of cross talk, we performed PARAFAC with two components for a
dataset at a wavelength range of up to 605 nm. We named the two components extracted by
PARAFAC as components I’ and II’, respectively. The fluorescence spectra of components
I’ and II” are in agreement with those of components I and II, respectively, in a wavelength
region lower than 605 nm. Further, the time profiles of components I’ and II” correspond
well to those of components I and II, respectively (data not shown). The spatial localization
of components I’ and II’ are shown in Fig. 4i, j, respectively. The former component’s
localization is the same as the spatial localization of component I (Fig. 4f) and was similar to
that of the short-wavelength component (Fig. 4a). On the other hand, the latter component’s
localization was different from the spatial localization of component II (Fig. 4g) but very
similar to that of the middle-wavelength component (Fig. 4b). The results indicate that the
different spatial pattern of component II compared with the others (the middle-wavelength
component and component II’) is due to the cross talk of the long-wavelength component.
Further, it is shown that cross talk can be partially avoided by appropriately limiting the
data used for PARAFAC.

3.4 Possible Assignments of Fluorescence Components

We observed the short-, middle-, and long-wavelength components in the elicitor-treated
cells and the short- and long-wavelength components in the water-treated cells. First,
we focused our attention on the long-wavelength components, which were observed in
both samples and found to have the same fluorescence properties. From the fluorescence
properties, this component is naturally assigned to chlorophyll.

Second, we moved on to the middle-wavelength component, which was only observed
in the elicitor-treated cells. This suggests the possibility that the component is associated
with avenanthramides. It was reported that avenanthramide A is a major component of
induced avenanthramides and reaches a maximum at 36-48 h after treatment with the
elicitor [39]. We measured time-resolved fluorescence spectra of avenanthramide A in an
aqueous solution (pH 7.0) in vitro. The time-integrated fluorescence spectrum is broad
and centered at 510 nm (Fig. 3a). The spectral shape is, in part, similar to that of 2 and
very similar to that of component II. The comparison of the time-integrated fluorescence
spectra supports the suggestion that the middle-wavelength component (or component
II) originates from avenanthramide A. However, the time profiles of the fluorescence
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intensities are very different from each other (Fig. 3b and Table 1). Both time profiles have
faster decay components than the time resolution (0.2 ns). The fast decay component of
avenanthramide A is much faster than that of component II. This presumably indicates the
different environments of avenanthramide A in vivo and in vitro because the fluorescence
decay (or fluorescence quantum yield) is generally very sensitive to the surrounding
environment of the molecules. Viscosity is known to be one of the parameters which
affects fluorescence quantum yield. The relationship between fluorescence quantum yield
and solvent viscosity has been studied for various dye molecules with a flexible structure,
such as diphenyl-methane and polymethine-dyes, and discussed in terms of conformational
changes induced by internal rotation [40, 41]. We measured the viscosity dependence of
fluorescence for avenanthramide A in an aqueous solution of saccharides and observed an
increase of fluorescence quantum efficiency with increasing solvent viscosity. Although this
observation is preliminary, it seems that the discrepancy between the fluorescence decay
profiles of the middle-wavelength component (or component II) and avenanthramide A in
aqueous solution is due to the different environments of avenanthramide A in vivo and in
vitro. To identify the middle-wavelength component (or component II) observed in this
study more reliably, a combination of other analytical methods is essential and now in
progress.

Finally, we discuss the short-wavelength components observed both in the elicitor- and
in water-treated samples. These two components are similar in their fluorescence properties,
implying that they have a common origin. Although a reasonable assignment for this com-
ponent is difficult at the present stage, it is considered that nicotinic coenzyme, NAD(P)H, is
a possible candidate for the short-wavelength component because the fluorescence spectra
are similar to each other [15-19, 22]. It is noticed that the relative intensity of the short-
wavelength component to that of the long-wavelength component is higher in the elicitor-
treated cells than that in water-treated cells (cf. Fig. 4a, d). This indicates the increase
of the short-wavelength component and/or the appearance of an additional fluorescence
component induced by the elicitor treatment. Addition of further fluorescence parameters
such as an excitation wavelength and anisotropy would help to identify the short-wavelength
component and also to separate such an additional fluorescence component induced by the
elicitor treatment.

4 Conclusions

For a study on spatiotemporal dynamics of autofluorescence molecules in living cells, we
developed a method of fluorescence microscopy based on efficient acquisition and analysis
of a multidimensional fluorescence dataset. The line-scanning method demonstrated the
rapid acquisition of time-gated and spectrally resolved fluorescence images. A multidimen-
sional dataset obtained was analyzed and decomposed by the PARAFAC modeling without
any prior knowledge about spectroscopic properties of autofluorescent molecules in the
cells.

We applied this method to the analysis of a plant defense response, accumulation of
phytoalexin in oat leaves, induced by the elicitor treatment. In addition to the strong
fluorescence from chlorophyll molecules, weak fluorescence components, one of which
possibly originated from avenanthramide A as a phytoalexin was observed in oat leaves
treated with an elicitor.

In this article, we presented the application of this method for the detection and analysis
of autofluorescent molecules in living cells. In addition to autofluorescent molecules,
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fluorescence indicators for Ca’*, pH, and so on [2, 3] may be unique targets for this method.
In general, the fluorescence quantum efficiency of autofluorescence is much lower than
that of the fluorescence of the indicators. Therefore, a technique for separating unknown
fluorescence components with very different quantum efficiencies is essential. Simultaneous
analysis of the spatiotemporal dynamics of autofluorescent molecules and fluorescence
indicators would be a powerful approach for revealing complicated responses in living cells.
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