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Chlorophyll Fluorescence Imaging at 77 K for Assessing the
Heterogeneously Distributed Light Stress Over a Leaf Surface
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We developed a chlorophyll fluorescence imaging system that is capable of capturing chlo-
rophyll fluorescence intensity images (F683 and F730) of plant leaves at liquid nitrogen tempera-
ture (77 K). F683 is mainly emitted from photosystem (PS) II and light harvesting complex
(LHC) II and F730 is mainly emitted from PS I and LHC I, therefore the ratio image of F730 to
F683 (i.e. F730/F683) indicates the relative changes in the status of the light energy utilization in
the photosystems, e.g. state transition, and can be used to produce maps of relative levels of light
stress over a leaf’s surface. Using this system, we assessed the heterogeneously distributed light
stresses over kidney bean leaf surfaces, caused by light irradiance and representative photosynthe-
sis inhibitor (DCMU and DTT) infiltration treatments. As a result, F730/F683 increased in the
light-irradiated leaf areas but remained at a lower value in the DCMU- and DTT-infiltrated leaf
areas. These results prove that this 77 K chlorophyll fluorescence imaging system is capable of
assessing the light stress that is heterogeneously distributed over a leaf surface.

Keywords : image diagnosis, photoinhibition, photosynthesis inhibitor, photosystem, state tran-
sition

INTRODUCTION

Chlorophyll fluorescence is emitted from chlorophyll a pigment and, therefore, chlorophyll
fluorescence imaging techniques can be used for the early detection of invisible photosynthetic dys-
function of plant leaves, as pioneered by Omasa et al. (1987) and Daley et al. (1989). Furthermore,
many useful chlorophyll fluorescence parameters, such as NPQ and ®rsi, which quantify photosyn-
thetic activity, have been developed (Genty et al., 1989; Bilger and Bjorkman, 1990; Krause and
Weis, 1991; Maxwell and Johnson, 2000) and applied to imaging techniques for assessing the het-
erogeneous distribution of photosynthetic activity over the plant leaf (Daley, 1995; Genty and
Meyer, 1995; Rolfe and Scholes, 1995; Siebke and Weis, 1995; Lichtenthaler and Miehé, 1997,
Omasa and Takayama, 2003).

NPQ, which is used to evaluate photosynthetic stresses caused by excessive light energy input,
is one of the most useful chlorophyll fluorescence non-photochemical quenching parameters
(Miiller et al., 2001). NPQ is a relative indicator of the strength of the transthylakoidal pH gradient
and the ability of chloroplasts to dissipate excess excitation energy as heat (Krause and Weis, 1991;
Maxwell and Johnson, 2000). Therefore, NPQ images have been used to assess various stresses
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distributed over the leaf surface (Osmond et al., 1998; Osmond and Park, 2001; Omasa and
Takayama, 2003). However, in order to obtain an NPQ image, it is necessary to first obtain a pre-
liminary chlorophyll fluorescence image under dark conditions (Daley, 1995; Osmond et al., 1998;
Omasa and Takayama, 2003), but this preliminary measurement is bothersome.

Most chlorophyll fluorescence parameters, including NPQ, are measured at room temperature.
However, we can also obtain quantitative information on plant physiological status by measuring
chlorophyll fluorescence at liquid nitrogen temperature (77 K). At room temperature, chlorophyll
fluorescence in the red and far-red regions is emitted mainly by photosystem (PS) II, and the fluo-
rescence emanating from PS I contributes little. However, PS I fluorescence in the far-red region
(720725 nm) significantly increases with a great emission from light harvesting complex (LHC)
I peaking around 740 nm at low temperatures (Krause et al., 1983; Krause and Weis, 1991;
Govindjee, 1995). At 77 K, fluorescence can be roughly classified into two emission bands, with
peaks at around 680-695 nm and 720-740 nm. The former waveband emanates from PS II and
LHC 1II and the latter from PS I and LHC I (Krause and Weis, 1991; Govindjee, 1995). Hence, the
relationship between 680-695 nm and 720-740 nm fluorescence at 77 K, i.e. the ratio of 720-740
nm fluorescence intensity to 680-695 nm fluorescence intensity, has been used as an indicator of
photoinhibition (Osmond, 1981; Powles and Bjoérkman, 1982; Krause et al., 1983; Krause and
Weis, 1991).

In this study, we developed a system that captures chlorophyll fluorescence images at 77 K.
Using this system, we assessed the light stresses that were heterogeneously distributed over leaf
surfaces caused by light irradiance and photosynthesis inhibitor infiltration treatments.

MATERIALS AND METHODS

Plant material

Kidney bean (Phaseolus vulgaris L. cv. ‘Morocco’) seeds were sown in pots (12 cm in diame-
ter and 10 cm tall) and grown for 8 weeks in a greenhouse. The pots were filled with artificial soil
(mixture of vermiculite and perlite, 1:1, v/v). Air temperature and relative humidity were 26.5°C
and 45% during the day and 20.0°C and 55% at night. Plants were watered daily with a nutrient
solution (1:1,000 dilution of HYPONex). Fully expanded mature attached or detached leaves were
used for the measurements.

77 K chlorophyll fluorescence imaging system

Figure 1 shows a schematic diagram of the 77 K chlorophyll fluorescence imaging system.
This system captures chlorophyll fluorescence images of the leaf surface at liquid nitrogen tem-
perature (77 K). A plant leaf was horizontally fixed on the outside bottom surface of a transparent
glass beaker (10 cm in diameter and 6 cm deep) and was kept submerged in liquid nitrogen by jack-
ing up a metal container filled with liquid nitrogen as necessary. Then the leaf was illuminated by
pulsed blue light, i.e. the measuring light, provided by high-luminescence blue light-emitting di-
odes (LEDs) to excite chlorophyll fluorescence. The radiation spectrum of the blue LEDs is shown
in Fig. 2 (Fig. 2 also shows the transmittance spectra of the band-pass filters that are mentioned
later). The duration and interval of the measuring light pulses were 2 ms and 16.6 ms, respectively.
The light intensity at the leaf surface was 0.3 umol m*s™', which induces fully reduction of Q,, ini-
tial quinone electron acceptor in PS II, because reoxidation of Q cannot take place at 77 K (Powles
and Bjorkman, 1982). Therefore, all fluorescence imaging was done at the F,, level in this system.

Chlorophyll fluorescence images were captured with a cooled charge-coupled device (CCD)
video camera (C5985-02; Hamamatsu Photonics) equipped with two band-pass filters in front of
the lens. Figure 2 shows the transmittance spectra of the band-pass filters. The 683-nm and 730-
nm band-pass filters (Optical Coatings Japan) transmitted fluorescence with peak wavelengths of
683 nm and 730 nm, respectively. By changing the band-pass filters, two chlorophyll fluorescence
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Fig. 1  Schematic diagram of the 77 K chlorophyll fluorescence imaging system. A leaf is kept submerged
in liquid nitrogen by adjusting the jack level. The measuring light pulse from blue LEDs induces
chlorophyll fluorescence. A filter changer, with 683-nm and 730-nm band-pass filters is placed in
front of the lens of a CCD camera. White actinic light to irradiate the leaf surface is provided by four
180-W metal halide lamps via a fiber optic tube.
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Fig. 2 Radiation spectrum of the blue LEDs used in the 77 K chlorophyll fluorescence imaging system (dot-
ted line), and transmittance spectra of the 683-nm (black solid line) and 730-nm (gray solid line)
band-pass filters.

images, F683 and F730, were captured for each leaf. F683 is mainly emitted from PS II and LHC
11, and F730 is mainly emitted from PS I and LHC I but some of F730 was excited by the excitation
energy transferred from PS II to PS I (Krause et al., 1983; Krause and Weis, 1991; Govindjee,
1995). Shutter speeds (exposure times) of the CCD camera were altered depending on the chloro-
phyll fluorescence intensities. The captured fluorescence images were recorded on a hard disk of
a notebook computer at 720 horizontal X 480 vertical pixels per frame with 8-bit resolution. Using
the F683 and F730 images, the fluorescence ratio image of F730 to F683 (F730/F683), which indi-
cates the changes in the light energy utilization status in the two photosystems (Krause et al., 1983;
Krause and Weis, 1991), was calculated using software we produced ourselves.
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EXPERIMENTAL TREATMENTS

Light irradiation treatment

Figure 3 shows a schematic diagram of the light irradiation treatment. An attached kidney
bean leaf was fixed horizontally, and part of the leaf was covered with an opaque cover sheet (area
A), a second part of the leaf was covered with an attenuation filter (area B), and a third part of the
leaf was left uncovered (area C). Area A was exposed to dark conditions for 25 min, and areas B
and C were irradiated with white actinic light at photosynthetic photon flux (PPF) densities of 250
and 1,000 umol m”s’', respectively, for 5 min after 20 min dark-adaptation. The white actinic light
was provided by four 180-W metal halide lamps (LS-M180; Sumita Optical Glass). Other environ-
mental conditions were kept constant: air temperature was 20°C, relative humidity was 50% and at-
mospheric O, and CO, concentrations were about 21% and 500 ppm, respectively. After the light
irradiation treatment, the leaf was immediately immersed in liquid nitrogen and then chlorophyll
fluorescence images (F683 and F730) were obtained. During the imaging procedure, the leaf was
kept immersed in liquid nitrogen by adjusting the liquid nitrogen level as necessary.

DCMU infiltration treatment

The petiole of a detached kidney bean leaf was immersed in 10 °-M 3-(3, 4-Dichlorophenyl)-1,
1-dimethylurea (DCMU), then the leaf was fixed horizontally in light at a PPF of 250 umol m” s
for 5 h in order to induce the infiltration of DCMU. DCMU is an inhibitor of photosynthetic elec-
tron transport within PS II (Krause and Weis, 1991; Govindjee, 1995). After the DCMU infiltra-
tion treatment, the DCMU-infiltrated leaf was exposed to dark conditions for 20 min and then
irradiated with actinic light at a PPF of 1,000 umol m* s for 5 min. After the brief light irradia-
tion treatment, the leaf was immediately immersed in liquid nitrogen, and then F683 and F730 were
measured.

DTT infiltration treatment

The petiole of a detached kidney bean leaf was immersed in 10-mM Dithiothreitol (DTT) and
then the leaf was fixed horizontally in light at a PPF of 60 umol m~ s for 6 h in order to induce
the infiltration of DTT. DTT is an inhibitor of violaxanthin de-epoxidase, and prevents activation
of the xanthophyll cycle that dissipates excessive light energy as heat when absorbed light energy
is excessive (Krause and Weis, 1991; Osmond and Park, 2001). After the DTT infiltration treat-
ment, the DTT-infiltrated leaf was exposed to dark conditions for 20 min, and then an F. (maxi-
mum fluorescence intensity under dark conditions) image was obtained by using a saturation light
pulse at a PPF of 1,800 umol m” s™' during the dark-adaptation. Next the leaf was irradiated with
actinic light at a PPF of 300 umol m* s ' for 5 min in order to enhance heterogeneity over the leaf
surface. At the end of the brief irradiation treatment, images of F (steady state fluorescence inten-

Attenuation filter

Fig. 3  Schematic diagram of the light irradiation treatment. Area A was covered with an opaque cover sheet
and exposed to dark conditions for 25 min. Area B was covered with an attenuation filter. Area C
was left uncovered. Areas B and C were irradiated with white actinic light at PPFs of 250 and 1,000
wumol m” s, respectively, for 5 min after 20 min dark-adaptation.
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sity under actinic light conditions) and F.,” (maximum fluorescence intensity under light conditions)
were obtained. Using the fluorescence intensity images measured at room temperature, NPQ and
Dpsy images were calculated using the following equations,

F.—F.’ Fm’/RSL*F/RAL
= — q) _ o T
NPQ F.’ o F.’/Rs.
where Rs. and Ra. are the intensities of the saturation pulse and actinic light (Genty et al., 1989;
Bilger and Bjorkman, 1990; Maxwell and Johnson, 2000; Miiller et al., 2001). Immediately after
the fluorescence imaging at room temperature, the leaf was immersed in liquid nitrogen and F683
and F730 were measured.

RESULTS AND DISCUSSION

Figure 4 shows visual, F683, F730 and F730/F683 images captured after the light irradiance
treatment. No visible damage was observed over the leaf surface. However, fluorescence intensity
significantly decreased in the light-treated areas (areas B and C) (see F683 and F730 in Fig. 4).
The mean values of F683 within the regions denoted by the squares drawn in areas A, B and C in
Fig. 4 were 154, 103 and 77, respectively; the mean values of F730 within the regions denoted by
the squares in areas A, B and C were 129, 115 and 101, respectively. These results suggest that
the light irradiance treatment lowered the chlorophyll fluorescence intensity regardless of its wave-
length (Krause et al., 1983). Moreover, the reduction in F683 in the light-treated areas was larger
than the reduction in F730. The substantial reduction in F683 seems to be due to strong non-
photochemical quenching, mainly caused by the xanthophyll cycle (Krause et al., 1983; Krause and
Weis, 1991). The mean values of F730/F683 within the regions denoted by the squares shown in
areas A, B and C in Fig. 4 were 0.79, 1.08 and 1.27, respectively. This result shows that the light
energy utilization status in the two photosystems altered in the light-treated areas, e.g. state transi-
tion (areas B and C) (Osmond, 1981; Powles and Bjorkman, 1982; Krause et al., 1983; Krause and
Weis, 1991). Furthermore, the difference between values of F730/F683 in areas B and C was
smaller than the difference in areas A and B. This result suggests that the status of light utilization
status in the photosystems can be altered easily, even under low intensity light conditions (Miiller
et al., 2001; Mullineaux and Emlyn-Jones, 2004).

Figure 5 shows the visual, F683, F730 and F730/F683 images of a DCMU-infiltrated leaf after

Visual image Ul F730/F683 : AraB

F730/F683
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a
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©Fluorescence intensity ; ©

Fig. 4 Visual, F683, F730 and F730/F683 images after brief light irradiation treatment. Dotted lines sepa-
rate areas A, B and C. The regions denoted by a square in each treated area were used for the cal-
culation of mean values.
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brief light irradiance treatment. In the F683 image, regions of high fluorescence were observed
along veins. The same regions also had slightly higher fluorescence intensity in the F730 image.
These results show that the regions along veins seem to have been infiltrated by DCMU, causing
the photosynthetic electron transport in PS II to be severely inhibited and preventing a
transthylakoidal pH gradient from forming (Krause and Weis, 1991; Govindjee, 1995; Osmond and
Park, 2001). Consequently, non-photochemical processes, which are triggered by the
transthylakoidal pH gradient, would not have been activated in those regions (Krause and Weis,
1991). As a result, F730/F683 in the DCMU-infiltrated regions was lower than that in the intervein
regions. This result shows that the light energy utilization status in the photosystems did not
change in the DCMU-infiltrated regions, because the xanthophyll cycle and the state-transition
would not have been activated in those regions (Osmond, 1981; Powles and Bjérkman, 1982;
Krause et al., 1983; Krause and Weis, 1991).

Figure 6 shows NPQ and ®si images of a DTT-infiltrated leaf after brief light irradiance treat-
ment. A substantial reduction in NPQ was observed along veins. This result suggests that the DTT
moves along veins and inhibits the activity of violaxanthin de-epoxidase (Miiller et al., 2001).
Thus the development of non-photochemical quenching would have been largely prevented in those
regions (Osmond and Park, 2001). No significant decrease in ®si, however, was observed in the
DTT-infiltrated regions. These results show that the inhibition of violaxanthin de-epoxidase by
DTT does not have a significant impact on photosynthetic electron transport activity. Figure 7
shows F683, F730 and F730/F683 images of the same leaf as in Fig. 6. In the F683 image, fluo-

Visual image F730/F683

F730/F683
(Relative unit)

(Relative unit)

OFluorescence i

Fig. 5 Visual, F683, F730 and F730/F683 images of a DCMU-infiltrated leaf. The petiole of a detached leaf
was immersed in 10°-M DCMU, under light at a PPF of 250 umol m™ s™ for 5 h. After the DCMU
infiltration treatment, the leaf was adapted to dark conditions for 20 min and then irradiated with
white actinic light at a PPF of 1,000 umol m* s for 5 min.
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Fig. 6 NPQ and ®ss; images of a DTT-infiltrated leaf. The petiole of a detached leaf was immersed in 10-
mM DTT for 6 h. The NPQ image was calculated from F., and F.,” images. The F., image was pre-
liminarily measured under dark conditions, and the F.’ image was measured under actinic light
conditions by supplying saturation pulse light at a PPF of 1,800 umol m” s'. The ®ps: image was
calculated from the F,” and F images. The F image was measured under actinic light conditions at
a PPF of 300 umol m” s,
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Fig. 7 F683, F730, F730/F683 images of a DTT-infiltrated leaf (the same leaf as shown in Fig. 6).

rescence quenching was observed only in the intervein regions, where DTT did not infiltrate; how-
ever, the DTT-infiltrated regions along the veins maintained higher fluorescence intensity. These
observations show that non-photochemical quenching caused by the xanthophyll cycle is strictly
prevented by DTT in the DTT-infiltrated regions. On the other hand, the effects of DTT infiltration
could not be seen clearly in the F730 image. The value of F730/F683 increased in the intervein re-
gions, although it remained at a lower level in the DTT-infiltrated regions. This result shows that
the status of light energy utilization in the photosystems changed in the intervein regions, but did
not change much in the DTT-infiltrated region (Osmond, 1981; Krause et al., 1983; Krause and
Weis, 1991). Although DTT does inhibit violaxanthin de-epoxidase, it also reduces many compo-
nents of photosynthetic apparatuses. So, the symptoms observed in the DTT-infiltrated region
seem to be more or less affected by those concomitant effects.

At first glance, the F730/F683 image of the DCMU-infiltrated leaf seems similar to the
F730/F683 image of the DTT-infiltrated leaf (see Figs. 5 and 7). However, quite different phenom-
ena underpin these images. In the DTT-infiltrated regions, photosynthetic electron transport in PS
II was not inhibited, and thus a transthylakoidal pH gradient was generated (Fig. 7), which was
largely prevented in the DCMU-infiltrated regions (Fig. 5). Hence, it seems likely that there was
some increase in F730/F683 in the DTT-infiltrated regions that was not detected in this experiment
(Fig. 7).

In this study, we developed a 77 K chlorophyll fluorescence imaging system that is capable
of capturing chlorophyll fluorescence images of plant leaves at liquid nitrogen temperature. We
then used the imaging system to assess the light utilization status in the photosynthetic apparatus
that is heterogeneously distributed over a leaf surface. Through three simple and -easily-
comprehensible experiments, we highlighted the merits of this system. First, this system quantita-
tively evaluates the light energy utilization status in the photosynthetic apparatus over a leaf surface
without supplying saturation light pulses for the measurements. Moreover, this system does not re-
quire uniform distribution of measuring light within the measurement area because the effects of
heterogeneous distribution of the measuring light are compensated for in the calculation of the fluo-
rescence ratio image. Second, this system assesses photosynthetic photochemical activity without
any preliminary measurements, for example the F., measurement that is needed for NPQ measure-
ment. These features enable analysis of the heterogeneous distribution of photosynthetic activity
over a wider leaf area than would otherwise be possible.
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