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In order to understand the physiological functions of
reactive oxygen species (ROS) generated in leaves, their
direct measurement in vivo is of special importance. Here
we report experiments with two dansyl-based ROS sensors,
the singlet oxygen specific DanePy and HO-1889NH, which
is reactive to both singlet oxygen and superoxide radicals.
Here we report in vivo detection of 'O, and O," by fluores-
cence quenching of two dansyl-based ROS sensors, the 'O,
specific DanePy and HO-1889NH, which was reactive with
both 'O, and O,™". The ROS sensors were administered to
spinach leaves through a pinhole, and then the leaves were
exposed to either excess photosynthetically active radiation
or UV (280-360 nm) radiation. Microlocalization of the sen-
sors’ fluorescence and its ROS-induced quenching was fol-
lowed with confocal laser scanning microscopy and with
fluorescence imaging. These sensors were specifically local-
ized in chloroplasts. Quenching analysis indicated that the
leaves exposed to strong light produced 'O,, but hardly any
O,™". On the other hand, the dominant ROS in UV-irradi-
ated leaves was O, ", while 'OZ was minor.

Keywords: Reactive oxygen — Double (fluorescent and spin)
sensor — Photoinhibition — Ultraviolet light.

Abbreviations: DanePy, 3-[N-(B-diethylaminoethyl)-N-dansyl]
aminomethyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole; HO-1889NH,
3-(N-dansyl)aminomethyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrole;
LSM, laser scanning microscopy; ROS, reactive oxygen species; PAR,
photosynthetically active radiation; PS, photosystem; UV-A, 320-
360 nm ultraviolet radiation; UV-B, 280320 nm ultraviolet radiation.

Part of these results was reported in a preliminary form at the
12th International Congress on Photosynthesis, 18-23 August 2001,
Brisbane (Australia).

Introduction

Plants rely on light as essential energy source and signal
for photosynthesis, biosynthesis of cell components, photomor-
phogenesis and development. Light requirements are largely
variable in terms of intensities and spectral distribution,
depending on the plant species, developmental stage, and are
also affected by acclimation to local environmental conditions.

For photosynthesis, photosynthetically active radiation (PAR)
from sunlight is essential. This shows large seasonal and diur-
nal changes, and its intensity is also influenced by meteorologi-
cal factors. When the photon intensity is within the range of the
utilizing capacity of chloroplasts for CO,-fixation, the genera-
tion rate of reactive oxygen species (ROS) is very low, and these
molecules are effectively scavenged. However, when either PAR
intensity is higher or the utilizing capacity is lowered by envi-
ronmental stresses, excess photons promote the production of
ROS and cause the photoinhibition (PI) of photosynthesis.
Under such conditions, PSII is preferentially damaged (for
reviews see Powles 1984, Barber and Andersson 1992).

In addition to excess PAR, UV-B (280-320 nm) radiation
from sunlight also inhibits photosynthesis (for reviews see Ter-
amura and Sullivan 1994, Vass 1997). Similarly to the photoin-
hibition by excess PAR, UV also results in the inactivation of
PSII electron transport (Bornman 1989) and damage to a PSII
core protein, D1 (Renger et al. 1989, Vass et al. 1996). How-
ever, there are differences in the effect of the two light stresses.
For instance, the primary site of their electron transport inacti-
vation in PSII (Kulandaivelu and Noorudeen 1983), the cleav-
age site of D1 (Greenberg et al. 1989), whether they cleave
PSII core proteins other than D1 (Renger et al. 1989), and the
oxygen dependence of their effect in vitro (Aro et al. 1993,
Friso et al. 1994).

Under physiological or mild stress conditions, the steady
state ROS concentration is kept low by the scavenging activity
of enzymes and other antioxidants (for reviews see Asada
1994, Asada 1999). Also, active de novo synthesis of D1 pro-
tein (reviewed by Aro et al. 1993) recovers PSII functions rap-
idly. Artificial strong stress as well as a combination of several
stress factors in the field may result in conditions when the
antioxidant system and repair mechanisms are not able to pre-
vent or counterbalance oxidative damage. ROS appear to be
key molecules under many biotic and abiotic stress conditions
and are considered in a variety of roles, such as oxidants of tar-
get molecules, primary elicitors of damage, propagators, and
signal molecules for the activation of defense or repair. With
the exception of H,0,, the half-lives of ROS are very short in
water: several s for superoxide anion radicals (O, ") and micro-
seconds for singlet oxygen ('0,), and thus their diffusion dis-
tances from the generation sites are very short (Halliwell and
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Fig. 1 Structures and 330 nm excited fluorescence spectra of the dansyl-based ROS sensors applied in this study. (A) Fluorescence spectra of
0.2 mM DanePy and 0.2 mM HO-1889NH, and their corresponding nitroxide adducts DanePyO and HO-1889 at 0.2 mM in 50 mM Na-
phosphate, pH 7.2, containing 5% ethanol. (B) Fluorescence spectra of spinach leaf infiltrated through a pinhole with 1 mM DanePy or 1 mM
HO-1889NH, and the blue-green intrinsic fluorescence of a leaf infiltrated with water only. All fluorescence spectra are normalised to the peak

intensity of 0.2 mM DanePy in (A).

Gutteridge 1999). Therefore, for effective in vivo detection of
ROS, specific sensors and probes should be localized at a site
where ROS is photoproduced.

Spin trapping EPR spectroscopy proved useful in detect-
ing ROS in isolated photosynthetic membranes exposed to
strong light (Hideg et al. 1994a, Hideg et al. 1995, Hirayama et
al. 1995, Yruela et al. 1996), or UV radiation (Hideg and Vass
1996). However, its application to intact leaves was limited due
to the reduction of spin adducts to the hydroxylamine form by
leaf metabolites (Hideg et al. 1994b) and to technical problems
caused by the high water content of leaves (Hideg et al. 2000a).
Double (spin and fluorescent) ROS sensors, consisting of a
fluorophore and a nitroxide precursor were found more stable
in leaves than spin traps. In the absence of ROS, the double
sensors are highly fluorescent but EPR silent. Upon reacting
with ROS, conversion of the spin trap moiety into an EPR

active nitroxide results in partial fluorescence quenching
(Green et al. 1990). This principle was realised in a dansyl-
based 'O, sensor, DanePy (Kélai et al. 1998, Hideg et al.
2000a). Using DanePy, we have shown the generation of 'O, in
leaves by strong PAR (under photoinhibitory conditions) but
not by UV-B radiation (Hideg et al. 1998, Hideg et al. 2000b).
For these studies, the ROS sensor was vacuum infiltrated into
leaf discs. However, vacuum infiltration of the sensor may
destroy cell structures and induce the destabilization of the sen-
sor by leaf metabolites. Further, it enhances the non-specific
blue-green fluorescence when excited by UV (Chapelle et al.
1984), which disturbs the measurement of DanePy fluores-
cence quenching to follow 'O, generation.

In the present study, we compared methods to administer
ROS sensors into leaves in order to minimize the above inter-
ferences and found that the infiltration through a pinhole gave
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1156 Fluorescent 'O, and O,™" sensors for leaves

Fig. 2 Images of garden pea (a—d) and tobacco (e—f) leaves infiltrated with 2 mM DanePy using osmotic uptake — transpiration stream —
through the petiole (a, b), vacuum infiltration (c, d) or syringe infiltration through a pinhole (e—f). (a, ¢, e) are photographic images, (b, d, f) are

images of 410-640 nm fluorescence excited with UV (310 nm) light.

few artefacts. Using this method, we conducted a comparative
study of ROS production in spinach leaves exposed to either
photoinhibition by excess PAR or UV radiation, using the 'O,
sensor DanePy and a new dansyl-based sensor, HO-1889NH,
which is capable of detecting 'O, and O,. Stress-induced
quenching of the ROS sensors’ fluorescence was followed in
leaf tissue by confocal laser scanning microscopy (LSM), as
well as by fluorescence imaging.

Results

Fluorescence and specificity of ROS sensors

Fig. 1 shows the structures and 330 nm excited fluores-
cence emission spectra of the two dansyl-based double sensors
used in this study. Fluorescence emission from the correspond-
ing nitroxides, DanePyO and HO-1889, were 5-6 times lower
than that of the ROS sensors, DanePy and HO-1889NH (Fig.
1A), respectively. When infiltrated into spinach leaves, fluores-
cence of the ROS sensors was less intense, due to absorption of
both the excitation light and the emitted ROS sensor fluores-
cence in leaf tissue (Fig. 1B). Fluorescence emission spectra of
the sensors were superimposed on the UV-excited blue-green
autofluorescence of green leaves (Chapelle et al. 1984) (Fig.
1B). The autofluorescence from spinach leaves was relatively
lower than from other plants, for example cereals (data not
shown). Thus, with adequate infiltration through a pinhole
(detailed below), the intrinsic fluorescence in the 515-550 nm

spectral region was less than 10% of the sensors’ fluorescence.

Specificities of DanePy and HO-1889NH for ROS were
characterized by quenching of their fluorescence in response to
chemically generated ROS (Table 1). Although the structures
of DanePy and HO-1889NH are very similar to each other —
different only in a side chain — they showed different specifi-
cities. DanePy was specific to 'O, as shown previously (Kélai
et al. 1998). HO-1889NH showed lower sensitivity to 102, but
had an additional reactivity to O, ". Fluorescence of the two
sensors was not quenched by either hydroxyl radicals (COH) or
H,0, (Table 1). It is also worth noting that the fluorescence of
the tested ROS sensors was not influenced by the presence of
iron ions — neither in the Fe(Il) (ammonium ferrous sulfate),
nor in the Fe(IlI) (FeCl,) form (Hankovszky et al. 2001).

Infiltration methods of ROS sensors and their effect on photo-
synthesis
Distribution of the ROS sensor in leaves was largely

Table 1 Relative changes in the fluorescence emission of the
ROS sensors upon reacting with various ROS from chemical
sources

No addition 'O, H,0, 'OH 0O,”

100% 35% 97%  98%  93%
100% 60% 98%  96%  65%

DanePy
HO-1889NH
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Fig. 3 LSM images of 351 nm excited red (A >650 nm) (a, d, g) and green (515< A <550 nm) (b, e, h) fluorescence detected in spinach leaves
infiltrated with either 5% aqueous ethanol (a, b), 1 mM DanePy (d, e) or I mM HO-1889NH (g, h) in water containing 5% ethanol. Image size
115x115 um. Graphs (c, f, i) compare intensities of red and green fluorescence along the numbered, right to left diagonal lines shown in the

images.

affected by the infiltration method. Neither uptake through the
transpiration system from the petiole, nor vacuum infiltration
in a plastic syringe provided uniform distribution of the sensor
in leaf tissues. The transpiration uptake through the leaf peti-
ole was poor, and sensor fluorescence was mainly observed in
the vascular tissue (Fig. 2b). In vacuum-infiltrated leaves,
DanePy was deposited in the petiole and was not continually
distributed in the leaf tissue (Fig. 2d). On the other hand, infil-
tration through a pinhole resulted in uniform distribution of the
sensor in mesophyll cells (Fig. 2f). Typical diameter of the
infiltrated area was 8—12 mm diameter, depending on the prox-
imity of vascular tissue. Distribution of HO-1889NH was the
same as that of DanePy (data not shown).

Effects of the vacuum infiltration and the infiltration
through a pinhole were compared for spinach leaves with and

without DanePy. PSII activity, as measured by variable chloro-
phyll fluorescence (F,/F,, = 0.78 in untreated leaves), was not
affected by the infiltration through a pinhole, but decreased by
about 10% by vacuum infiltration. CO, assimilation rate (6.0
CO, umol m™ s™) was inactivated by about 70% by the vac-
uum infiltration, but only by 20% by the infiltration through a
pinhole (Table 2). The presence of DanePy in the infiltrating
solution showed little effect, indicating that activity loss was
mainly due to structural damage to leaf cells and chloroplasts
during the infiltration process rather than to DanePy. Further,
vacuum infiltration enhanced the UV-excited blue-green intrin-
sic leaf fluorescence (data not shown), probably due to struc-
tural damage of leaf tissue, and thus disturbed the ROS sensor
fluorescence quenching analysis. Such disturbance was, how-
ever, much lower when the sensors were applied by infiltration
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Fig. 4 LSM images of 351 nm excited green (515< A <550 nm) fluorescence from a DanePy infiltrated spinach leaf (a—d), fluorescence intensity
along the diagonal line showed in (a) (e~h) and histograms of fluorescence images (i—l). After infiltration, the leaf was exposed to 1,800 pmol m=
s™' PAR for 0 min (a, ¢, i), 15 min (b, f, j), 30 min (c, g, k) and 45 min (d, h, 1). LSM image size: 115x115 um.

through a pinhole (Fig. 1B). Therefore, in the following experi-  ROS sensors are localized in chloroplasts as detected by

ments, the ROS sensors were infiltrated to leaf tissue by the  confocal LSM

pinhole method. Fig. 3 illustrates typical microscopic distribution of
DanePy and HO-1889NH in spinach leaves. The ROS sensors
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Fig. 5 LSM images of 351 nm excited green (515< A <550 nm) fluorescence from a HO-1889NH infiltrated spinach leaf (a—d), fluorescence
intensity along the diagonal line showed in (a) (e—h) and histograms of fluorescence images (i—1). After infiltration, the leaf was exposed to pho-
toinhibition for 0 min (a, e, i), 15 min (b, f, j), 30 min (c, g, k) and 45 min (d, h, I). LSM image size: 115x115 pm.

were infiltrated through pinholes and their cellular localisation  along the plasma membrane of the cells (Fig. 3a, d, g). The
was detected by their UV-induced green (515-550 nm) fluores-  UV-inducible green intrinsic fluorescence was low in leaves
cence by confocal LSM. UV-induced red chlorophyll fluores- infiltrated with 5% aqueous ethanol without the ROS sensor
cence identified chloroplasts, which were localized mainly  (Fig. 3b), and its location did not coincide with the red chloro-
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Fig. 6 Images of DanePy infiltrated spinach leaves acquired by a
microscope and digital image analysing system (see Materials and
Methods). Leaf pictures in reflected (a) and transmitted (b) visible illu-
mination. UV (295-375 nm) excited images of 410—640 nm fluores-
cence from the same leaf segment as in (a) and (b) after 0 min (c),
15 min (d), 45 min (e) and 75 min (f) exposure to 1,800 pmol m2s~!
PAR and from another leaf after irradiation with broad band UV (280—
360 nm) for 0 min (g), 30 min (h) and 60 min (i). The graph below the
images compares the stress-induced loss in total DanePy fluorescence
in leaves photoinhibited by excess PAR (full squares) and in UV irra-
diated (empty squares) leaves as a function of photosynthetic electron
transport loss. Data points which were calculated from images in the
upper part of the figure are marked with corresponding letters. Typical
errors in total fluorescence and in loss of photosynthetic yield parame-
ter were calculated from three independent experiments and are shown
as vertical and horizontal error bars, respectively, in the lower left cor-
ner of the figure.

phyll fluorescence (Fig. 3¢). In this way, the green fluores-
cence from DanePy and HO-1889NH infiltrated leaves (Fig. 3e
and h, respectively) was emitted almost entirely from the ROS
sensors. Comparison of the intensity distribution of green fluo-
rescence from the ROS sensors with that of red chlorophyll flu-

Total fluorescence (% of untreated)

0 1 i 1 i 1 i 1 I 1

0 25 50 75 100
Loss of photosynthetic electron transport (% of untreated)

Fig. 7 UV (295-375 nm) excited images of 410—640 nm fluores-
cence in HO-1889NH infiltrated spinach leaves. After infiltration, one
leaf segment was exposed to photoinhibition by 1,800 umol m= s
PAR for 0 min (a), 45 min (b) and 75 min (c) and another leaf was irra-
diated broad band UV (280360 nm) for 0 min (d), 30 min (e) and
60 min (f). The graph below the images compares the stress-induced
loss in total HO-1889NH fluorescence in photoinhibited (full squares)
and in UV irradiated (empty squares) leaves as a function of photosyn-
thetic electron transport loss. Data points which were calculated from
images in the upper part of the figure are marked with corresponding
letters. Typical errors in total fluorescence and in loss of photosyn-
thetic yield parameter were calculated from three independent experi-
ments and are shown as vertical and horizontal error bars, respectively,
in the lower left corner of the figure.

orescence showed that both DanePy and HO-1889NH pene-
trated into chloroplasts (Fig. 3f and i, respectively). Intensity
profiles of the green fluorescence at the local minima between
these peaks was always above zero, which represent the emis-
sion from the ROS sensors in the symplastic or apoplastic com-
partment and the intrinsic autofluorescence (Fig. 3e, h). How-
ever, ratios of ROS fluorescence from chloroplastic and
symplastic origin do not necessarily reflect quantitative distri-
bution, as the fluorescence yield of the sensors may depend on
their environment (for example, aqueous or membrane).
Fluorescence from the ROS sensors in chloroplasts was
quenched when the infiltrated leaves were exposed to excess
PAR. Fig. 4 and 5 document changes in the intensities of
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Table 2 Comparison of variable chlorophyll fluorescence (F /F, ) and CO, assimilation rate in
untreated and DanePy or water infiltrated spinach leaves

Treatment F/F, CO, assimilation rate (umol m= s™)
Untreated 0.78+0.08 6.0+0.41
Vacuum infiltrated with DanePy 0.70£0.07 0.8+0.35
Vacuum infiltrated with 5% ethanol 0.73+0.03 2.3+0.45
Pinhole infiltrated with DanePy 0.78+0.05 5.1£0.29
Pinhole infiltrated with 5% ethanol 0.77£0.07 4.91£0.49

DanePy was infiltrated in 1 mM water solution (containing 5% ethanol) either by vacuum infiltration or
through a pinhole (see Materials and Methods for details). For reference, leaves were also treated with the

infiltrating solution only, i.e. without DanePy.

DanePy and HO-1889NH fluorescence, respectively, inside the
mesophyll cells during exposures for up to 45 min. For quanti-
tative analysis, fluorescence intensity profiles (Fig. 4e—h, e—h)
were plotted along diagonal lines in the LSM pictures (Fig. 4a,
5a). For both ROS sensors, fluorescence intensities decreased,
especially in chloroplasts, with increasing exposure times (Fig.
4e-h, Se-h). The sharp peaks in DanePy fluorescence intensity
profiles observed in untreated samples (Fig. 4e) almost com-
pletely disappeared (Fig. 4h) and those of HO-1889NH fluores-
cence decreased by at least 50% (Fig. Se, h). The green fluores-
cence of either sensors was only affected by excess PAR in
compartments other than chloroplasts. Excess PAR induced
decline of ROS fluorescence is also illustrated using histo-
grams calculated from all data points in the LSM images. Shift-
ing of histogram maxima to the left, towards lower fluores-
cence intensities and the conversion of broad peaks into
sharper ones were observed with increasing exposure times to
excess PAR for both DanePy (Fig. 4i-1) and HO-1889NH
(Fig. 5i-1).

Quenching of ROS sensor fluorescence by exposing leaves to
excess PAR or UV

Data in Fig. 4 clearly indicated, that 'O, was generated by
excess PAR, mostly in chloroplasts. In confocal LSM experi-
ments, excess PAR was applied to leaf cuttings. In order to esti-
mate ROS production in whole leaves quantitatively, the ROS
sensors were infiltrated to spinach leaves through pinholes. A
photographic image of a leaf area infiltrated with DanePy is
shown in Fig. 6a. Usually, the pinhole itself was not visible and
the infiltrated area was obvious in pictures taken with transillu-
mination only, due to its higher water content as compared to
non-infiltrated tissue (Fig. 6b). Infiltrated leaves were allowed
to dry for 10 min, then a UV-induced 410—640 nm fluores-
cence image of the area was taken (Fig. 6¢). Under these exper-
imental conditions, the UV-excited blue-green intrinsic fluores-
cence of the leaf was negligible, since fluorescence was
detected from the infiltrated area only (compare Fig. 6b, c).
The fluorescence of both ROS sensors was stable in the dark
(data not shown) but quenched by exposing the leaves to
excess PAR (Fig. 6, 7).

Fluorescence images in Fig. 6 show the effects of excess
PAR and UV radiation on the fluorescence of DanePy infil-
trated leaves (Fig. 6c—f, g—i, respectively). The leaf was
exposed to excess PAR for 75 min, which resulted in gradual
quenching of the sensor’s fluorescence (Fig. 6¢—f). On the
other hand, exposure to UV-A and UV-B radiation (280-
360 nm) for 60 min affected DanePy fluorescence to a small
extent only, although PSII electron transport rate was inacti-
vated to less than 10% (Fig. 6g—i). In the graph below the
images, there is a quantitative analysis of these and other, simi-
lar, sets of experiments. Quantitative analysis confirmed con-
clusions from visual information of the images, and showed
that the exposure of spinach leaves to excess PAR resulted in
progressive loss of DanePy fluorescence. On the other hand,
UV radiation had little effect on fluorescence from the 'O, sen-
sor (Fig. 6).

The 'O, and O, " reactive HO-1889NH was infiltrated into
the leaves and its fluorescence was followed during exposure
to the same excess PAR and UV treatments as in Fig. 6. Images
in Fig. 7a—c show that, similarly to DanePy, HO-1889NH fluo-
rescence was also quenched during exposing the leaf to excess
PAR. As at the bottom of Fig. 7, where data from Fig. 7a—c are
combined with values from other sets of the same experiment,
quenching of HO-1889NH fluorescence was about 50%
smaller than that of DanePy under similar conditions (Fig. 6).
While UV radiation did not cause significant quenching in
DanePy fluorescence (Fig. 6g—i), the same treatment of HO-
1889NH infiltrated leaves caused strong, progressive quench-
ing in the fluorescence of this ROS sensor, to a larger extent
than excess PAR (Fig. 7d—e). These observations indicated that
excess PAR caused 'O, generation but practically no O,
while O, " gave rise to most quenching of HO-1889NH fluo-
rescence in UV-exposed leaves.

Discussion

Both the 'O, sensitive DanePy and the 'O, and O, " reac-
tive HO-1889NH (Table 1) are capable of quenching more than
80% of their fluorescence upon reacting with their target ROS
(Fig. 1A). Local infiltration of a leaf segment through a pin-
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1162 Fluorescent 'O, and O,™" sensors for leaves

hole proved a mild technique for introducing the ROS sensors
uniformly (Fig. 2), causing less damage to photosynthetic proc-
esses than vacuum infiltration (Table 2).

Production of 'O, by exposing leaves to excess PAR

Confocal LSM studies of spinach leaves infiltrated with
either DanePy or using the pinhole method showed that the
ROS sensors penetrated into the cells and were localised — at
least partly — in the chloroplasts (Fig. 3). This confirmed the
localisation of DanePy in Arabidopsis leaves (Hideg et al.
2001) and was a new finding about HO-1889NH. Fluores-
cence from both DanePy and HO-1889NH was quenched by
exposing the leaves to excess PAR (Fig. 4, 5). Quenching of
DanePy fluorescence has been reported in Arabidopsis leaves
by excess PAR (Hideg et al. 2001). In the present study, quanti-
tative analysis of DanePy fluorescence showed that the excess
PAR-induced decrease mainly occurred in chloroplasts (Fig. 4).
We found no excess PAR effect on the confocal LSM fluores-
cence images of dansyl-chloride either in Arabidopsis (Hideg
et al. 2001) or in spinach leaves (data not shown). Dansyl-chlo-
ride contains the fluorescent moiety of the sensors but does not
contain the spin trap.

Because HO-1889NH is specific to both 'O, and O,",
decrease in its fluorescence in leaves exposed to excess PAR
(Fig. 5, 7) may be explained as a result of 'O, production,
which was also detected with DanePy (Fig. 4, 6). On the other
hand, it may also indicate the presence of O, " besides 'O,. In
isolated membrane preparations, superoxide radicals have been
implied to participate in photoinhibition as products of elec-
tron transport to oxygen both in functioning (Miyao 1994) and
in donor-side impaired PSII (Chen et al. 1995), and recently in
PSI (Tjus et al. 2001), although their production was not con-
firmed with spin trapping EPR spectroscopy (Hideg et al.
1995). In our experiments, HO-1889NH was less sensitive to
'0, than DanePy (Table 1), and its fluorescence was quenched
to a smaller extent than in that of DanePy in spinach leaves
exposed to excess PAR (Fig. 6, 7). As ROS sensors reached
inside the leaves and had similar localisation (Fig. 3), our data
suggest that the main product of photoinhibition in leaves is
'0, and the contribution of O, is minor.

The effect of ultraviolet radiation

Our earlier results with tobacco leaf disks which were
vacuum infiltrated with DanePy suggested that 'O, production
was not a characteristic product of UV-B stress (Hideg et al.
2000b). In the present study, we used whole spinach leaves and
studied stress-induced changes in the fluorescence of ROS sen-
sors which were infiltrated into the leaves through pinholes. A
broad band (280-360 nm) UV source was used including both
UV-B and UV-A. In experiments with DanePy infiltrated
leaves, fluorescence emission from the ROS sensor was not
markedly influenced by the UV treatment: 60 min irradiation
resulting in more than 90% loss of photosynthetic activity
caused only 8% loss of DanePy fluorescence, which was less

than the uncertainty of the measurement (15%) (Fig. 6). In this
way, our data confirmed that 'O, was not produced by a combi-
nation of UV-A and UV-B radiation.

On the other hand, the same radiation treatment caused a
large, progressive quenching of HO-1889NH fluorescence
(Fig. 7). Because we found no significant ROS production
under identical conditions with the singlet oxygen trap DanePy
(Fig. 6), stress-induced changes in HO-1889NH fluorescence
should be explained as reaction of the ROS trap with O, ".

Indirect evidence for O, " production in Arabidopsis
plants was reported during long treatment (6-30 h) by UV-B
but not by UV-A, on the basis of retarded induction of stress
related genes in SOD sprayed leaves (A.-H.-Mackerness et al.
1998, A.-H.-Mackerness et al. 2001). On the other hand, acti-
vation of the plants’ own superoxide dismutase enzymes by
UV-B treatment has also been reported in higher plants (Rao
and Ormrod 1995) as well as in Chlorella (Malanga and
Puntarulo 1995). As in our experiments treatment times were
shorter (maximum 1 h) and UV irradiation was stronger than in
the above reports, the observed O, (Fig. 7) is more likely
associated with damage to the photosynthetic apparatus,
although it cannot be excluded that some of these may also act
as signals for repair. Our earlier spin trapping EPR studies
showed that the first ROS generated in UV-B exposed isolated
thylakoid membranes were hydroxyl radicals (Hideg and Vass
1996) and O, " was not observed in these samples with HO-
1889NH, the fluorescent O, * sensor either (Barta and Hideg,
unpublished results). This suggests, that although in our UV
irradiation experiment O, " production was correlated with loss
of photosynthetic activity of the leaf, the source of O, " produc-
tion is either selectively activated by longer wavelength UV or
is present in leaves but missing from photosynthetic mem-
brane preparations.

Materials and Methods

Plant material and stress conditions

Garden pea (Pisum sativum) leaves were grown, under 50 umol
m~2s™! PAR (16 h light/8 h dark), at 25°C for 5 weeks from sowing.
Tobacco (Nicotiana tabaccum L.) plants were grown in the green-
house under natural light conditions, at 22-25°C for 4-5 weeks from
sowing. Mature spinach leaves were purchased at the local market in
bundles with roots in moistened sponge and used the same day. All
stress experiments were performed with detached spinach leaves while
keeping petioles wet with watered tissue paper.

Adaxial leaf sides were exposed to either PAR from a KL-1500
lamp at 1,800 pmol m2s™' (DMP, Switzerland) or to UV irradiation
from a Supercure 203S source (San-Ei Electric Co., Japan) through a
UG11+DUG11 (280-360 nm) band pass filter at 10 W m™. PAR and
UV irradiances were determined by a PAR quantum sensor and an
SD104Bcos sensor, respectively, using a LI-COR LI-250 radiometer
(LI-COR, U.S.A.). The UV sensor’s peak sensitivity was at 313 nm,
with half sensitivity at 298 and 327 nm, and less than 1% sensitivity
below 280 nm and above 360 nm.

Parameters for the maximum quantum yield of PSIIL, F /F , and
the electron transport rate, AF/F, ' (Genty et al. 1989), were measured
with either a PAM-100 or a mini-PAM chlorophyll fluorometer (Walz,
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Effeltrich, Germany). F,/F  was determined in leaves dark adapted for
15 min, and AF/F, was measured under 120 umol m~s™" actinic light.
Spinach leaves, for example, show typical F /F, and AF/F ' values
0.782£0.076 and 0.488+0.038, respectively. The effect of photoinhibi-
tion by excess PAR and UV radiation was assessed by the decrease in
AF/F, and the extent of damage was expressed as percentage loss as
compared to untreated leaves.

The CO,-fixation rate was determined using the portable photo-
synthetic system HCM-1000 (Walz, Effeltrich, Germany) under the
following conditions: 370 ppm CO, in air, 25°C and 200 umol m~=s™!
PAR. Untreated leaves gave a fixation rate of 6.0 pmol CO, m=2s™".

ROS sensors

For ROS detection, leaves or leaf segments were infiltrated with
either | mM DanePy (Kalai et al. 1998) or 1| mM HO-1889NH (Kalai
et al. 2002), in water solution, containing less than 5% ethanol by one
of the following three methods. Vacuum infiltration was done inside a
plastic syringe, within 15-20s, as described earlier (Hideg et al.
1998). Uptake of the sensor by transpiration stream was carried out by
immersing the petiole in the sensor solution overnight in the dark. The
third was a method used for introducing pathogens to leaves as initi-
ated by Prof. T. Shiraishi (Okayama University, Japan): the sensor
solution (approx 10-20 pl) was forced into the leaf tissue using a plas-
tic syringe without the needle into the middle layer, through a pinhole
of the tissue made at the adaxial side with a sharp pin.

Fluorescence spectroscopy

The fluorescence emission spectrum of ROS sensors was
recorded at room temperature, with a Quanta Master QM-1 (Photon
Technology Int. Inc., U.S.A.) spectrofluorometer using 330 nm excita-
tion. For ROS selectivity experiments, fluorescence was measured in a
quartz cuvette during continuous stirring in 0.2 mM solutions of one of
the ROS sensors in Na-phosphate buffer (50 mM, pH 7.2). Relative
changes in the sensor’s fluorescence were induced by trapping various
chemically induced ROS. Singlet oxygen ('0,) was generated from
illuminating 30 ug mI™" Triton-extracted chlorophyll by 500 pmol m™
s”' PAR. Hydroxyl radicals ("OH) were produced from 0.2 mM H,0,
— which was also applied independently — and 0.2 mM Fe(Il) from
ammonium ferrous sulfate. Superoxide anion radicals (O, ") were gen-
erated from illuminating 0.06 mM riboflavin by 500 pmol m™ s~
PAR. Five min after the ROS generating reaction under the above con-
ditions fluorescence quenching was determined as described earlier
(Kalai et al. 1998).

In leaf experiments, 2 cm long cuttings of leaves before and after
ROS sensor infiltration were positioned on a metal sample holder, at a
45° angle to both excitation and emission axis with their adaxial side
uppermost. In order to avoid the effect of any stray light, 0° and 90°
polarisers were used in front of the excitation and emission monochro-
mators, respectively. Excitation and emission slits were both 4 nm. In
order to improve signal : noise ratio, five spectra were collected and
averaged from the same sample to form one spectrum. Before deter-
mining fluorescence maxima, these raw data were smoothed by calcu-
lating a weighted average of neighbouring points. ROS detection was
based on the decrease of sensor fluorescence, as described earlier
(Hideg et al. 1998).

Fluorescence imaging

In all imaging experiments, fluorescence images were recorded
from detached leaves positioned flat, with adaxial sides uppermost on
black paper. Experiments comparing the localisation of ROS in leaves
after various infiltration methods were carried out using an Epi-
LightUV FA500 monochrome CCD camera imaging system (AISIN
Taitec, Kosmos Kenkyo Inc., Japan), equipped with 310 nm (10 nm

bandwidth) excitation. The manufacturer’s emission filter was
replaced with a BG18 (410-640 nm) band pass filter and fluorescence
images were collected using the instrument’s image capture facility.

For quantitative analysis, ROS sensor infiltrated spinach leaves
were studied with a Leica MZ FL III Microscope (Leica Microsys-
tems, Tokyo, Japan) using 1.5 magnification. Instead of using the
microscope’s own lamp, fluorescence was excited with 280-360 nm
UV radiation from the Supercure 203S source (San-Ei Electric Co.,
Japan) through a UG11+DUGI11 band pass filter combination (295—
375 nm) from above. Fluorescence emission was detected through a
BG18 (410—640 nm) band pass filter by a digital image analysing sys-
tem (Pixera Viewfinder 2.5, Pixera Corp., U.S.A.). All images were
collected using identical focus and pinhole settings. For evaluating
ROS-induced fluorescence quenching, individual images were con-
verted to greyscale and evaluated using the free UTHSCSA ImageT-
ool program, developed at the University of Texas Health Science
Center (San Antonio, Texas, U.S.A.) and available from the Internet
by anonymous FTP from ftp://maxrad6.uthscsa.edu.

Confocal LSM

Leaf cuttings (6x6 mm) including the area infiltrated with the
ROS sensor were sandwiched between two layers of UV-transparent
microscope cover glass (MicroStandard Cover Glass, Matsumi Glass,
Japan) and measured using a confocal laser scanning system (LSM
510, Karl Zeiss, Germany) in combination with an inverted micro-
scope (Axiovert 100 M, Karl Zeiss, Germany). Adaxial sides of the
leaf segments faced the 351 nm Ar laser excitation (80 mW, ENTCII-
653, Coherent Enterprise, Santa, California, U.S.A.). Fluorescence
emission was observed through filters: 515-550 nm for green and
above 650 nm for red fluorescence from a 115x115 um area. Images
were scanned at 0.8 s per frame, averaging four images. LSM images
have false colour coding. For example, all fluorescence detected in the
515-550 nm spectral region is shown in the same monochrome green,
regardless of its actual wavelength.

Quantitative analysis of the LSM images was carried out accord-
ing to three strategies: (1) in order to study the localisation of the ROS
sensor inside the leaf, we matched the intensity distributions of green
(ROS sensor) and red (chlorophyll) fluorescence along the same line
on the same image in leaves without stress. In order to characterise
stress-induced changes of green (ROS) fluorescence we compared
either (2) intensity distributions along a chosen line or (3) histograms
using a series of images acquired after exposure to PI or UV radiation
for various times. These data were generated using the profile and his-
togram generating feature of the LSM software.
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