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A - absorption

APX - ascorbate-peroxidase
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1O2 - singlet oxygen

O/ - superoxide anion radical

'OH - hydroxyl radical

PAR - photosynthetically active radiation (400-700 nm)

P680 - photosystem II reaction center chlorophyll

P700 - photosystem I reaction center chlorophyll

PSII - photosystem II
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ROS - reactive oxygen species 
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1. INTRODUCTION

During their life cycle plants are daily exposed to naturally occurring adverse 

environmental impacts, such as high intensities of photosynthetically active radiation 

(PAR), increased fluxes of ultraviolet radiation, extreme temperatures, water 

deprivation or pathogen attack, or to the combination of these. All the above 

conditions may cause morphological changes and physiological alterations leading to 

decreased viability. When plants are exposed to various stress conditions, a number of 

metabolic functions are affected through the generation of reactive oxygen species 

(ROS). If the balance between the production and the removal of the deleterious 

active oxygen derivatives is disturbed, the excess ROS may initiate oxidative 

reactions, which may damage lipids, proteins, pigments and DNA. One of the most 

frequent stress conditions occurring in the field is the stress induced by excess PAR. 

Plants may often be exposed to high irradiances of both visible (400-700 nm) and 

ultraviolet radiation (280-390 nm). The study of the excess irradiation-induced 

damages is an important field of plant stress research.

Our studies were focused on the investigation of light stress at the level of in 

vivo ROS production. Due to the abundance of oxygen in the chloroplasts, the 

photosynthetic electron transport is extremely vulnerable to oxidative damage 

provoked by excess PAR or by UV radiation. We were interested to study which types 

of ROS are involved in the mechanism of in vivo photoinhibition and stress by both 

UV-A and UV-B irradiation. We aimed to adapt a direct ROS detection method for in 

vivo plant applications, and to use this technique as well to study the impact of light 

stress on plants at the level of active oxygen production.
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1.1. Solar radiation. General considerations.

Besides being the driving force of photosynthesis, light may as well be 

damaging for photosynthetic organisms. High doses of photosynthetically active 

radiation result in photoinhibition, on the other hand, increasing doses of ultraviolet 

radiation cause physiological alterations.

The incoming solar radiation is greatly modified by atmospheric and surface 

processes, before reaching the Earth. The industrial development triggered the 

common use and emission into the atmosphere of chlorofluorocarbons and of other 

pollutants, which contributed to partial destruction of the protecting ozone shield. The 

ozone layer selectively absorbs a part of the high energy, damaging UV-B radiation 

(Frederick and Lubin, 1988, McFarland and Kaye, 1992). The solar radiation reaching 

the Earth's surface is divided into ultraviolet B (UV-B: 280-320 nm), ultraviolet A 

(UV-A: 320-400 nm) and visible (PAR: 400-700 nm) radiation, the latter one being 

used for photosynthesis by the vegetation. The lower wavelength UV-C (< 280 nm) 

radiation is totally absorbed by the atmosphere, the UV-B only partially, while the 

UV-A is not absorbed (Fig. 1.1).

The amount and the spectral composition of the solar radiation reaching the 

Earth's surface is influenced by ozone depletion, which serves as a natural shield for 

the surface (Kerr and McElroy, 1993, Madronich et al., 1998). Ozone is formed by 

combining molecular oxygen with atomic oxygen formed in a process activated by 

short wavelength UV-C (240 nm) radiation. The apparition of the ozone hole was first 

reported in the Antarctic region, but later in the agriculturally important regions of the 

Northern hemisphere as well. Therefore the study of the effect of increased ultraviolet 

radiation on biological systems had a central role in a multitude of studies in the last 

decades (Tevini, 1988, Tevini and Teramura, 1989, Stapleton, 1992, Teramura and 

Sullivan, 1994, Strid et al., 1994, Vass, 1996, Rozema et al., 1997, Jansen et al., 1998, 

Caldwell et al., 1998, Caldwell et al., 2003).
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Fig. 1.1.: Incoming solar radiation is partially absorbed by the ozone layer, 

before reaching the Earth's surface: UV-C radiation (200-280 nm) is totally 

absorbed, UV-B (280-320 nm) only partially, UV-A (320-400 nm) and visible 

irradiation (PAR: 400-700 nm) reach the ground surface.

The solar flux received by plants at a particular location can be different, 

depending on the natural fluctuations throughout the annual cycle and on the artificial 

changes brought about by the introduction of air pollutants. The distribution of the 

radiation and its interaction with the vegetation is influenced by multiple factors, such 

as weather conditions, altitude, or micro-climatic components (Madronich et al., 

1998).
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The 400-700 nm range of the solar radiation is indispensable for the 

photosynthesis of photosynthetic organisms, and therefore they are inevitably exposed 

to ultraviolet radiation as well. All life forms have adapted to receive UV doses within 

a certain range. Unlike animals and humans, plants are fixed to one location during 

their development cycle, and therefore unable to leave their environmental conditions. 

This makes them particularly vulnerable to changes in the ambient UV irradiance 

levels. Plants have developed several complex internal mechanisms to protect 

themselves against overexposure to solar radiation (Rozema et al., 1997, Jansen et al., 

1998). Their tolerance is determined by the effectiveness of those processes, which 

diminish the damaging effect of the radiation, and of those mechanisms, which repair 

the damage.

Despite the varied biological protection mechanisms of plants, exposure to UV 

radiation affects the growth and yield of plant species. Minor changes of the 

components (UV-A and UV-B) of the solar UV spectrum significantly affect plants, 

leading to reduced height, smaller leaf number, and decreased fresh weight 

(Panagopoulos et al., 1990, Li et al., 1998, Li et al., 1999, Gao et al., 2003). However, 

the range of responses of plants to UV varies greatly from species to species, and 

depends on the developmental stage of the plant as well (Li et al., 2000a, Li et al., 

2000b, Dai et al., 1994, Kakani et al., 2003).

1.2. Oxidative stress

Evolution of life on Earth began in an atmosphere totally different from the 

atmosphere of our days, in that there was virtually no oxygen. The atmospheric 

oxygen appeared when certain organisms evolved the capacity to split water into 

oxygen and hydrogen atoms. Together with the rise of oxygen in the atmosphere, a 

part of the biota adapted to the presence of oxygen, and evolved towards aerobic life, 

but the evolution of aerobic life forms requiring oxygen for their metabolism triggered 

the processes of oxygen activation as well. Activated oxygen species are highly 

reactive powerful oxidants, oxygen toxicity relays on its conversion into reactive 

species (Cadenas, 1989).

Reactive oxygen species (ROS) are products of plant metabolism. All aerobic 

organisms are equipped with a highly effective network of either enzymatic or non- 
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enzymatic defense and ROS neutralizing strategies to counterbalance the toxicity and 

the damaging effect of the highly reactive oxygen derivatives. Under physiological 

conditions, the effect of various ROS is kept under tight control. When the balance 

between ROS production and removal is disturbed, the elevated level of active oxygen 

production exceeds the neutralizing capacity of the antioxidant network and oxidative 

damages occur (Foyer et al., 1994, Inze and Montagu, 1995, Alscher et al., 1997, 

Overmyer et al., 2003). ROS may damage all cellular components: DNA, lipids and 

proteins, initiating serious cellular injuries, which may result in loss of function and 

eventually in cell death (Fig. 1.2.) (Scandalios, 2002).

Stressors

Aging/senescence 
Wounding 

Xenobiotics 
Radiation/light 
Heat and cold 

Pathogens 
Biotoxins 
Drought 

Heavy metals 
Air pollutants 

(O3;SO2) 
Hormones

Molecular 
damage to

Lipids and 
fatly acids 

Amino acids
Proteins 

Nucleic acids
Pigments

Cellular effects

Membrane damage 
Loss of organelle functions 

Reduction in metabolic 
efficiency 

Reduced carbon fixation 
Electrolyte leakage 
Chromatid breaks 

Mutations

TIBS

Fig. 1.2. The biological consequences of ROS mediated oxidative stress 

(Scandalios, 2002).

1.2.1. Chemistry of reactive oxygen species. Oxygen activation.

From the point of view of oxidative stress, the collective term of reactive 

oxygen species (ROS) covers not just the radical-type derivatives, such as hydroxyl 

and lipidperoxyl radicals, but also charged forms, for example the superoxide anion 

radical, or neutral ROS, as hydrogen peroxide or singlet oxygen.

A free radical is defined as an atom or molecule containing one or more 

unpaired electrons on its outermost electron orbital, which can be anionic, cationic or 

neutral one. Radicals are easily formed by electron addition or substraction. When a 

covalent bond is broken by homolytic fission, both atoms remain with one of the 

shared electrons, becoming free radicals. This type of reaction needs energy input, 
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possibly provided by heat or electromagnetic radiation. All atoms and molecules tend 

to achieve an energetically stable state, requiring the presence of paired electrons on 

their outermost electron shell. Since the free radical state is energetically unfavorable, 

the lifetime of radicals is much shorter than that of non-radical forms therefore 

radicals tend to react with either another free radical, or with non-radical type 

molecules. The later reactions promote further radical chain reaction cascades, having 

relevancy in biological systems. The propagation of the chain is terminated by the 

reaction of two radicals. Free radical reactions requiring little energy, which initiate 

branched chain reactions, can be very dangerous to animals and plants (Halliwell and 

Gutteridge, 1985).

Oxygen activation may occur by two different mechanisms: involving either 

electron or energy transfer.

1.2.1.1. Oxygen reduction by electron transfer reactions (monovalent reduction)

Atmospheric molecular oxygen (3O2) in its ground state is a bi-radical having 

two unpaired electrons in its outer orbital with parallel spins and its reactivity results 

from this property (Fig. 1.3 a). Oxygen is very unlikely to participate in reactions with 

organic molecules, since molecules having also two unpaired electrons with parallel 

spins on their outer orbital, but opposite to those of the oxygen are very rare. This spin 

restriction favors reactions in which oxygen is monovalently reduced by electron 

addition (Halliwell and Gutteridge, 1985).

Superoxide anion radical (O2-^) (Figs. 1.3 b and 1.4.) is formed by single 

electron addition to the ground state O2. Though O2‘' proved to react directly with 

phospholipids, proteins and DNA (Halliwell and Gutteridge, 1985), its main toxicity 

relays on its conversion into more damaging species, such as hydroxyl radical. By 

proton uptake, O2 • forms the perhydroxyl radical COOH), a powerful oxidant. The 

half-life of O2-^ is in the microsecond range, and its membrane-permeability has low 

rates (Takahashi and Asada, 1983).

The reduction of two O2-^ molecules, accompanied by protonation leads to 

hydrogen peroxide (H2O2) formation (Figs. 1.3 c and 1.4.). In vivo the decay of O2-^ to
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H2O2 is catalyzed by superoxide dismutases (SODs), or it can be formed through 

reduction by ascorbate or ferredoxin. Spontaneous dismutation has a 105 - times 

slower rate than the reactions catalyzed by SOD (Bowler et al., 1992). H2O2 is 

considered even more harmful than the O2-^ itself, because it readily permeates 

membranes, being a relatively stable uncharged molecule. The lifetime of H2O2 is 

about 1 millisecond, higher than the half-life of other ROS, and is considered as an 

important mediator of intracellular signaling processes (Foyer et al. 1997, Van Camp 

and Inze, 1998, Karpinski et al., 1999, Mackerness et al., 2001, Van Bereusegem et 

al., 2001, Vranova et al., 2002). The reactivity of H2O2 is attributed mainly to its 

ability to form the highly reactive hydroxyl radical (•OH) (Figs. 1.3 d and 1.4.) in the 

presence of a transient metal reductant (Fe2+ or Cu+) (Haber and Weiss, 1984). 

Irradiation of water by UV light or ionizing radiation results in the production of •OH 

radicals, although in biological systems the main •OH source is considered to be the 

Haber Weiss reaction.

o :: o• • •«
owygen

02

M• • ••
: o ; o ;•• •• H
hydrogen 
peroxide

H202

: o ; h 
«

hydroxyl 
radical
[•OH]

Fig. 1.3. Schematic representation of the electron structures of reactive 

oxygen species formed by monovalent reduction of molecular oxygen (a.) : superoxide 

anion radical (b.), hydrogen peroxide (c.) and hydroxyl radical (d.).

•OH is one of the strongest oxidizing agents. Controlled in vivo generation of 

this species is responsible for the defense against pathogens (Tiedemann, 1997). The 

•OH produced by cell wall peroxidases was proposed to take part in the process of cell 

extension (Schweikert et al., 2002). Upon exposure to various stress conditions, the 

generation rate of •OH may increase. Because of its extreme reactivity this radical has 

very short half-life of 10-9s, reacts instantaneously with molecules in its environment, 

with proteins, lipids or DNA. Hydroxyl radicals are too reactive to be eliminated 
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enzymatically, they have no scavenging enzyme and therefore their formation must be 

regulated to prevent damage (Halliwell and Gutteridge, 1985).

1.2.1.2. Activation of oxygen by energy transfer reactions

If ground state triplet oxygen absorbs sufficient energy to inverse the spin of 

one of its unpaired electrons, singlet oxygen (1O2) is formed (Fig. 1.4.). 1O2 is not a 

free radical form of ROS and its reactivity is due to the absence of the spin restriction 

opposed to molecular oxygen. 1O2 has also two unpaired electrons on its outer 

electron orbital, but these electrons have opposite spins, therefore they have high 

affinities to reacting with any molecule having unpaired electrons. It is an especially 

reactive ROS, usually produced in photosensitized reactions (type II 

photosensitisation) between an illuminated triplet-state dye molecule and molecular 

oxygen (Tanielian et al., 1984). The production of 1O2 by photosensitisation is a four 

step process: light is absorbed by the photosensitiser and the photosensitiser triplet is 

formed, then trapping of the triplet state by molecular oxygen occurs and the energy is 

transferred from the triplet state dye to molecular oxygen. The excited triplet dye 

decays to ground state by this reaction.

O2 + 3 P* 1O2+P

Fe 2+ Fe 3+

+e +e +e
H2O2 •OH h2o

+2 H+ + H+ + H+

Fig 1.4. Pathways of oxygen activation either by excitation energy transfer or 

monovalent reduction.
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1.3. Cellular production sites of reactive oxygen species

Reactive oxygen species are normally metabolic products existing in all 

aerobic cells and have essential functions. Their production in plants is controlled by 

the action of a dynamic system of different defense strategies to avoid the damaging 

effect of ROS. Plants have evolved different avoidance strategies, anatomical, 

physiological adaptation mechanisms, enzymatic and non-enzymatic defense in order 

to prevent damage by ROS (Halliwell, 1999). Low levels of ROS are regulated in 

order to carry out signaling processes and several pathways exist in plants to detoxify 

the ROS produced in excess, especially during stress. Oxidative stress occurs only 

when the interplay between the steady state ROS concentration and of their 

modulating enzymes is disturbed by an exogenous factor and the capacity of the 

antioxidant network is overwhelmed by the excess ROS. When the production of 

activated oxygen species is kept under tight control, they perform crucial roles in the 

cells.

Since plants cannot leave their ambient environment, they have to avoid 

various stress effects. Avoidance is an important defense strategy of plants to 

alleviate the effects of various stresses, by short-term anatomical changes, such as leaf 

movement (Nouges and Baker, 2000), curling, stomata closing (Maier-Maecker, 

1999, Tabaeizadeh, 1998, Cornic, 2000, Lawlor, 2002,) and long-term genetic 

adaptations such as stomata hiding into special structures, by developing dense leaf 

hairs on the epidermis or leaf area changes. The metabolism of plants may also adapt 

to specific stress conditions, by the induction of the C4 and CAM-type of metabolism 

(Luttge, 2002, Noctor et al., 2002). The rearrangement of the photosynthetic apparatus 

(Mullineaux and Karpinski, 2002) is also a way of protection against photo-oxidation, 

for example the uncoupling of the light harvesting complexes from the photosystems 

(Zolla and Rinalducci, 2002) in case of excess irradiation, or rearrangement of the 

chloroplasts in the cell (Park et al., 1996). Chloroplasts move inside the cell in 

response to the intensity and direction of the incident light (Wada et al., 1993). The 

development of large number of smaller chloroplasts is favored instead of larger 

chloroplasts by the effectiveness of chloroplast rearrangement (Jeong et al., 2002). 

Thylakoid membrane-reorganization is an adaptive strategy to alleviate the damaging 

effect of heat stress (Gounaris et al., 1984). The antioxidant distribution between 
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bundle sheet and mesophyll cells is changed when plants are exposed to low 

temperature (Pastori et al., 2000), the size of antioxidant pool in maize seedlings was 

proved to be modified significantly when exposed to UV irradiation (Carletti et al., 

2003). A wide variety of antioxidant enzymes are up-regulated under stress conditions 

(Panagopoulos et al., 1990, Costa et al., 2002, De Gara et al., 2003).

Those cellular compartments, where the activation of oxygen is possible, have 

the potential to become sources of ROS. Therefore chloroplasts, mitochondria, the 

endoplasmatic reticulum and the cell walls are sites of oxygen activation.

Since our work was focused only on the study of the effect of light stress on 

the photosynthetic apparatus, at the level of ROS production, we present only the 

chloroplast localized processes in more details, and give only a brief overview of 

other cellular ROS-generating processes.

1.3.1. Chloroplasts as major sources of ROS formation

Oxygenic photosynthesis is one of the major sources of active oxygen 

evolution in plant cells, by maintaining high oxygen concentrations in the 

environment of the photosynthetic electron transport. At the level of electron 

transport, agents with high oxidizing and reducing potential are formed, which may 

promote ROS formation. Since the electron transport system is embedded into lipid 

membranes, the probability of peroxidation reactions of the unsaturated fatty acids is 

high. Several sites of ROS formation have been identified at the level of electron 

transport.

1.3.1.1. Overview of the oxygenic photosynthesis

The photosynthetic membranes of plants convert the energy of solar radiation 

into chemical energy of ATP and NADPH, which are later used in the energy­

requiring biochemical processes of CO2 reduction to carbohydrates. The first step of 

photosynthesis is the absorption of light energy of the photosynthetically usable 

(photosynthetically active radiation, PAR) part of the solar irradiation by the 

chlorophyll and carotenoid containing antenna complexes (Kühlbrandt, 1994), which 

rapidly transfer energy to the reaction centers that initiate photochemical reactions 
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(Anderson and Styring, 1991). The absorbed quanta are transferred with 

approximately 90 % efficiency from the antenna system to the reaction center 

complexes, due to the organization of the pigments and their binding proteins 

(Kuhlbrandt et al., 1994). The energy transformation step takes place within the 

reaction centers, where the primary photochemical reaction, the charge separation 

occurs between P680 and pheophytin (Pheo), leading to P680+/Pheo- charge pair. The 

redox components of the electron transport chain, redox active tyrosine, P680 reaction 

center chlorophyll dimer, pheophytin, and the plastoquinone acceptors QA and QB are 

bound to the the key-reaction center proteins ofPSII, D1 and D2 (Barber et al., 1997, 

Barber, 1998, Barber and Kuhlbrandt, 1999, Zouni et al., 2001, Rutherford and Faller, 

2001). The electron of Pheo- resulting from the primary charge separation is 

transferred to a permanently bound plastoquinone acceptor, the QA (Fig. 1.5.).

QA is a single-electron acceptor, from which the electron is transferred to the 

mobile QB plastoquinone acceptor, which works as two electron acceptor. Upon 

receiving a second electron, QB becomes fully reduced and protonated in two 

turnovers of the reaction center. Photosystem II (PSII) complex drives two chemical 

reactions: the oxidation of water and subsequent reduction of plastoquinone (Fig. 

1.5.). The electron transferred to QA is substituted with other electrons from the 

activity of the water-oxidizing complex (Fig. 1.5.). Photosystem II is the only known 

protein complex that can oxidize water, resulting in oxygen evolution to the 

atmosphere. Water oxidation requires two molecules of water and involves thus four 

turnovers of the reaction center. The results of the process are: one oxygen molecule, 

four protons and four electrons.

Electrons are further transferred from the plastoquinone acceptors to the 

cytochrome b6/f complex, from where with the participation of a mobile plastocyanin 

molecule, localized at the lumenal side of the thylakoid membrane, are transferred to 

Photosystem I (PSI) complex (Fromme et al., 2001). In the PS I reaction center the 

primary electron donor is a chlorophyll a dimer, P700, the acceptors are A0, a 

chlorophyll monomer, a phylloquinone molecule, A1, and a Fe4S4 cluster. PSI further 

reduces ferredoxin, localized at the stromal side ofthe thylakoids. Ferredoxin reduces 

NADP, providing electrons for NADPH production (Fig. 1.5.).

The two photosystems overall contribute to the formation of proton gardient, 

electrochemical potential between the stromal and lumenal sides ofthe thylakoid 
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membranes, which by the functioning of the ATP-synthase complex leads to ATP 

formation. The chemical energy carriers, NADPH and ATP formed during the light­

reactions of the photosynthesis are utilized by Calvin-cycle, for carbon assimilation. 

Ribulose biphosphate carboxylase-oxidase (Rubisco) is the key enzyme of the Calvin 

cycle, catalyzes the incorporation of CO2 into ribulose-1,5-diphosphate.

In natural environments, both the intensity and the spectral composition of the 

ambient light fluctuate with time. The amount of energy reaching the photosystems is 

regulated by the distribution of the light harvesting pigment-protein complexes around 

the photosystems. If the spectral quality or the flux of the received light changes, a 

protein kinase phosphorylates the apoproteins of the light-harvesting LHCII complex. 

Upon phosphorylation, LHCII is uncoupled from PSII and acts instead as the light­

harvesting antenna for PSI. Activation of an LHCII kinase therefore decreases 

absorption of light by PSII and increases absorption of light by PSI (Allen, 1981, 

Bennett, 1983, Allen, 1992, Allen, 1995, Allen and Nilsson, 1997). The harvesting of 

light energy is a strongly regulated process (Horton et al., 1996). The uncoupling of 

the LHCII antennas from PSII complexes has a very important protective role, by 

regulating the amount of light energy reaching the reaction center complexes. It is a 

very important mechanism in the effective utilization of light energy.

The electron transport components show lateral heterogeneity in their 

distribution in the thylakoid membranes. Functional PSII complexes are mainly 

localized in the stacked grana-regions of thylakoid membranes, while the majority of 

PSI complexes and the ATP-ase complexes are located in the stroma-thylakoids 

(Anderson, 1981, Anderson, 1982, Arvidsson et al., 1999, Allen and Forsberg, 2001).

Although light is essential for photosynthesis, it may as well become a stress 

factor. When the intensity of the light is higher than the utilizing capacity of the 

photosystems, strong oxidizing and reducing agents are formed, which promote the 

evolution of damaging ROS.

1.3.1.2. Singlet oxygen

Excess irradiation impairs the functioning of the photosynthetic electron 

transport and leads to the accumulation of excited chlorophyll triplets (Telfer and
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Barber, 1989, Vass et al., 1992, Vass and Styring, 1992, Vass and Styring, 1993), 1O2 

is formed in photosensitised reaction between the excited chlorophyll triplet and 

molecular oxygen (Durrant et al., 1990, Macpherson et al., 1993, Telfer et al., 1994).

Plants prevent the production of 1O2 by decreasing the probability of triplet 

chlorophyll formation or by eliminating the already formed triplet. When linear 

electron flow function is intact, chlorophyll molecules in triplet state do not 

accumulate. Plants usually minimize the possibility of triplet formation by dissipating 

the excess energy as heat, accompanied by a decline in the chlorophyll fluorescence 

yield, called non-photochemical quenching of chlorophyll fluorescence. The proton 

gradient formed under high intensity illumination leads to the activation of the 

xantophyll cycle, in which violaxanthin deepoxidation is effectuated by violaxanthin- 

deepoxidase enzyme to zeaxanthin through anteraxanthin (Gilmore and Yamamoto, 

1993, Pfundel and Bilger, 1994, Demmig-Adams and Adams, 1992, Demmig-Adams 

and Adams, 1996). The reverse process of the cycle occurs under low light, when 

antheraxanthin and zeaxanthin are epoxidised by zeaxanthin-epoxidase to 

violaxanthin (Ruban et al., 2002). Violaxanthin-deepoxidase is localized at the 

lumenal side ofthe thylakoid and it is activated at a pH value below 6.5.

In the reaction center carotenoids are known to quench chlorophyll triplet states 

by triplet-triplet energy transfer, dissipating the potentially lethal excitation energy to 

the surroundings by intersystem crossing to the ground state (Young and Frank, 1996, 

Demmig-Adams, 1990), thus preventing the formation of toxic 1O2. Carotenoids may 

confer protection to the reaction centers by directly quenching 1O2 as well. Some 

studies hypothesize that beta-carotenoids are connected to the D1 protein turnover 

mechanism as well (Trebst and Depka, 1997, Depka et al., 1998).

Singlet oxygen has no specific scavenging enzyme, therefore it is neutralized 

by chloroplast localized 1O2 quenchers, such as are ascorbate or tocopherol (Knox 

and Dodge, 1985, Trebst et al., 2002). Tocopherols are localized in the thylakoid 

membranes of the chloroplasts, being general antioxidants for membrane stability 

protection. The in planta concentration of tocopherols is light-regulated. Ascorbate is 

an effective 1O2 scavenger and takes part in the regeneration of the membrane-bound 

antioxidants, such as tocopherol and reacts with superoxide, perhydroxyl and 

hydroxyl radicals as well (Halliwell and Gutteridge, 1985, Foyer et al., 1994).
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For all scavengers it is extremely important to be localized near the site of ROS 

production, in order to neutralize them efficiently.

1.3.1.3. Superoxide

The reduction of molecular oxygen to superoxide is a characteristic of the 

illuminated functional thylakoids. When NADP is not available at the donor side of 

PS I, the electron derived from the photosynthetic electron transport chain may be 

intercepted by molecular oxygen, which is photoreduced to superoxide (Asada, 

1992a). This process is known as the Mehler reaction (Mehler, 1951a, Mehler, 

1951b). Most of the superoxide produced in the thylakoid membranes is oxidized 

back to molecular oxygen probably via plastocyanin or f-cytochrome mediated 

pathway (Asada, 1992a). This ROS shows little permeability towards lipid-bilayers, 

permeability coefficient of the phospholipid bilayer for O2 - was estimated to be 

2x10-6cm s-1 at pH 7.3 and 25 °C (Takahashi and Asada, 1983). Membrane-localized 

superoxide anions may have longer half-life, in the range of several microseconds, 

compared to those evolved in aqueous phase (Takahashi and Asada, 1988).

Within the cells, superoxide dismutases (SODs) constitute the first line of 

defense against superoxide (Alscher et al., 2002). SODs are a family of metallo- 

enzymes, which catalyze the dismutation of O2-^ into H2O2 and O2 (McCord and 

Fridovich, 1969a, McCord and Fridovich, 1969b). SODs are present in all cell 

compartments where O2-^ evolution is possible. Since phospholipid membranes are 

not permeable for O2-^ (Takahashi and Asada, 1983) SODs have to be present near 

the site of ROS formation. Based on their metal cofactors, in eucaryotic cells three 

classes of SODs are distinguished: CuZnSOD present in the chloroplasts, peroxisomes 

and in cytosol, FeSOD is localized in the chloroplasts, MnSOD which is located in the 

mitochondria and in peroxisomes (Del Rio et al., 1983, Bowler et al., 1992). 

Superoxide has been involved in the mechanism of various oxidative stresses, for 

example temperature stress, senescence processes, water stress, herbicide-induced 

stress, stress induced by air pollutants and in photooxidative processes under chilling 

temperatures (McRae and Thompson, 1983, Hodgson and Raison, 1991). O2-^ was 

hypothesized to be involved in the mechanism of light stress as well, which will be 

discussedindetailsinChapter4., asbeinginthemainfocusofourstudies.
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1.3.1.4. Hydrogen peroxide

Hydrogen peroxide in chloroplasts is generated by the dismutation of two O2 • 

molecules to H2O2 and O2, catalyzed by superoxide dismutases. Hydrogen peroxide 

has the longest lifetime among ROS, in the millisecond range, therefore it can readily 

permeate membranes and was considered as the ideal candidate as a signal molecule 

(Van Camp and Inze, 1998). Catalases (CAT) are heme-containing enzymes, which 

catalyze the decomposition of H2O2 into water and oxygen. Although catalases are not 

active in the chloroplasts, they are indispensable for ROS detoxification during stress, 

when high levels ofROS are produced (Willekens, et al., 1997).

The H2O2 derived from the O2-^ produced in the Mehler reaction (Mehler, 

1951a, Mehler, 1951b) is reduced by ascorbate-peroxidase (APX) to water (Fig 1.6 a), 

requiring ascorbate as a substrate (Asada et al., 1999) in the water-water cycle. APX 

is located in the stroma-thylakoid and the function of this enzyme is assured by a 

large, millimolar ascorbate pool (Asada, 1992b). The ascorbate-glutathione cycle is an 

important mechanism of ROS neutralization during normal metabolism but 

particularly during stress. Ascorbate is oxidized through ascorbate peroxidase (APX) 

activity to monodehydro-ascorbate radical (MDA). From MDA dehydroascorbic acid 

(DHA) is formed. Both MDA and DHA can be reduced to ascorbate by 

monodehydroascorbate reductase (MDAR) and dehydroascorbate reductase (DHAR) 

respectively (Asada, 1999). DHA reduction is coupled with the oxidation of the 

reduced form of glutathione (GSH) (Noctor and Foyer, 1998). GSH is a water-soluble 

tripeptide, containing a sulfhydryl group, and the oxidized product is glutathione 

disulfide (GSSG), in which a disulfide bond joins two molecules. The re-reduction of 

the GSSG is only possible in the presence of NAD(P)H. Glutathione, found in 

chloroplasts in 1-5 mM concentration is thus essential for the functioning of ascorbate 

peroxidase (Noctor and Foyer, 1998) (Fig. 1.6 b).

H2O2 produced in the cytosol is neutralized by the activity of glutathione­

peroxidase (GPX) (Dixon et al., 1998). Reduced glutathione is oxidized to GSSG by 

H2O2, catalyzed by GPX. Oxidized glutathione is reduced back to GSH in a reaction 

catalyzed by glutathione reductase (GR). The reducing power for this reaction is 

supplied by NAD(P)H (Fig. 1.6 c.).
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The balance between the superoxide-dismutase, ascorbate peroxidase and 

catalase activity in cells is critical for determining the steady state levels of O2 - and 

H2O2 (Bowler et al., 1992). This balance is effective in preventing the formation of 

the highly toxic hydroxyl radical in Fenton's reaction, catalyzed by metal ions (Asada 

and Takahashi, 1987). The cooperation of the antioxidants in cascades is 

advantageous, because they are constantly regenerated (for example ascorbate from 

MDA, and GSH from GSSG) and they can scavenge again the free radicals.

H2O2 is involved in the mechanism ofa large variety ofstress conditions, may 

act as a signal molecule because has a lifetime long enough for free diffusion and as 

being an uncharged molecule is able to penetrate membranes. H2O2 molecules were 

proved to be involved in the mechanism of water stress, herbicide induced stress, and 

are believed to be key regulators of many oxidative processes (Prasad et al., 1994, 

Foyer et al., 1997, Van Bereusegem et al., 2001). The possible involvement of H2O2 

in the mechanism oflight stress will be discussed in Chapter 4.

1.3.1.5. Hydroxyl radicals

•OH is a biologically relevant radical, since it is the most damaging ROS with 

the shortest lifetime in the range of picoseconds. The high reactivity of •OH was 

attributed to the lack of specific scavenging enzyme and to its short lifetime. Plants 

can only protect themselves from •OH-induced oxidative damage by the prevention of 

its formation, therefore the potential precursors, superoxide and hydrogen peroxide 

are neutralized. •OH formation may be prevented by sequestrating components such 

as iron, which could catalyze •OH evolving reactions. It was shown, that transgenic 

tobacco plants, which overexpressed alfalfa ferritin in vegetative tissues, retained 

photosynthetic function upon free radical toxicity generated by excess iron or 

paraquat treatment longer than control plants. The ferritin accumulating plants 

exhibited tolerance to necrotic damage caused by viral and fungal infections as well. 

Ferritin may protect plant cells from oxidative damage induced by a wide range of 

stresses by lowering intracellular iron and thus hydroxyl radical concentrations (Deák 

et al., 1999).
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•OH radical was proved to be involved in various stress mechanisms, among 

which its role in light stress will be discussed in Chapter 4.

1.3.1.6. Lipidperoxyl radicals

Biological membranes are organized structures composed of lipid bilayers 

incorporating structural and functional proteins. Biomembranes regulate the flow of 

materials and information between different regions of cells and between a cell and its 

environment. The membrane damage induced by the attack of various ROS on the 

lipid or protein moieties can be highly deleterious. •OH may initiate radical chain 

reactions with organic molecules, particularly with polyunsaturated fatty acids of 

membrane lipids. In this reaction, a lipid radical is stabilized by molecular 

rearrangement, therefore a conjugated diene is formed, which is able to react with 

molecular oxygen further, yielding peroxyl radical (RO()\) (Cadenas, 1989, Buettner,

1993).  The peroxyl radical itself may abstract hydrogen from an other unsaturated 

fatty acid, and the reaction propagates, which may be terminated by the reaction of 

two radicals (Wagner et al., 1994, Girotti, 2001). Tocopherol is a lipophylic 

antioxidant and it is synthesized in the chloroplasts, functions as a chain breaking 

antioxidant, preventing lipid peroxidation. Upon reacting with lipid peroxides, alpha- 

chromanoxyl radical is formed, this latter one being less reactive than the original 

lipidperoxyl radical. The alpha-chromanoxyl radical is oxidized back to vitamin E by 

ascorbate and NADP (Halliwell and Gutteridge, 1999).

1.3.2. Cellular ROS sources other than chloroplasts

Since mitochondria also possess electron transport chains, the leakage of 

electrons and activation of oxygen becomes likely in this cell compartment as well. 

Most oxygen is consumed in mitochondria by the cytochrome-c oxidase and oxygen 

is reduced at the site of alternative oxidase as well. NADH dehydrogenase was shown 

to be involved in the synthesis of O2-^and H2O2 in mitochondria (M0ller, 2001). 

Detoxification reactions by cytochromes, especially by cytochrome P450 in the 

endoplasmic reticulum may also lead to O2-^generation (Halliwell and
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Gutteridge, 1985) and peroxisomes were shown to be sites of H2O2 production. Lipid 

catabolism, the beta-oxidation of fatty acids yields H2O2, purine decomposition 

involves the presence of O2-\ Glycolate-oxidase produces H2O2 in a two-step electron 

transfer reaction from glycolate to oxygen (Del Rio et al., 1998).

The activity of NADPH oxidase in the plasma membrane leads to 

O2-•generation and NADH oxidase has also been identified to produce ROS (Morre et 

al., 1988). It is activated by auxin, and its role is proposed to be in cell wall 

acidification and auxin-dependent elongation. As sources of H2O2 the pH-dependent 

cell wall peroxidases, amine oxidases have been proposed in the apoplast (Bolwell 

and Wojtaszek, 1997).

Reactive oxygen species are considered in a variety ofroles: as primary elicitors 

of damage or as important mediators of cellular damage. Lately their role as signal 

transduction molecules has also been shown. They have critical function in 

incompatible plant-pathogen interactions in plant defense responses. Studies have 

hypothesized that H2O2 and O2-^may act as both local and systemic signals in 

pathogen defense (Bolwell and Wojtaszek, 1997). Reactive oxygen species have 

important regulating role in the process of programmed cell death, are produced in 

response to a variety ofabiotic stresses, such as extreme temperature, UV irradiation, 

ozone exposure, osmotic stress or drought (Prasad et al., 1994, Mackerness et al., 

2001). They may induce at the same time the regulation of certain genes (Desikan et 

al., 2001, Mackerness, 2000) and may as well activate protein-kinase cascades (Hirt, 

1997). Several of the plant stress responses overlap, suggesting common signalling 

factors, with ROS (Foyer et al., 1997) and nitric oxide (Durner et al., 1998, Durner 

and Klessig, 1999) being the most likely candidates. ROS play a central role in the 

coordination ofplant responses and are involved in acclimation responses (Prasad et 

al., 1994) and cross-talk (Bowler and Fluhr, 2000), where the response to one stress 

confers greater resistance to a second similar exposure, or greater resistance to 

exposure to another stress. For example, sub-lethal dose of ozone or UV irradiation 

conferred increased resistance to virulent pathogen infection (Sharma et al., 1996). 

Transgenic tobacco plants expressing alfalfa aldose/aldehyde reductase enzyme were 

considerably more tolerant to oxidative damage caused by paraquat and heavy metal 
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stress. These plants were also more resistant to drought stress (Oberschall et al., 

2000).

ROS perform a wide array of roles in plant cells, and there is an apparent 

controversy in their roles. ROS are necessary for the survival ofthe plants, performing 

signal transduction and gene-activating processes, but they can as well be lethal when 

they are overproduced, due to the disturbance in the balance between their production 

and removal. The study ofthe roles ofROS in plants' life and their damaging effect is 

an important field ofplant stress physiology.

1.4. Stress by excess photosynthetically active radiation

For plant survival light is essential, since it is the driving force of 

photosynthesis. Plants utilize the photosynthetically active radiation (PAR: 400-700 

nm) wavelength range of the sunlight. Under lower PAR fluxes the received photon 

energy does not exceed the energy utilizing capacity of the chloroplasts and the rate of 

ROS generation is low and kept under tight control by the ROS scavenging 

molecules. Light itself may become a stress factor for plants when over-saturates the 

photosynthetic light reactions, by initiating processes which lead to serious structural 

and functional damage of the photosynthetic machinery.

The intensity of light reaching the Earth's surface is not constant, shows intense 

seasonal and diurnal variations, and is influenced by different factors. Under field 

conditions leaves are often exposed to high light intensities close to 2000 Limol m-2s-1, 

thus photoinhibition by excess irradiation is a very common process. When PAR 

intensity is higher, or the antioxidant network is impaired by environmental stress 

conditions, the balance between the pro-oxidant - antioxidant status of the cell is 

disturbed and ROS production increases beyond the capacity of the antioxidant 

network to cope with it. Under photoinhibitory conditions, photosystem II is 

preferentially damaged (Powles, 1984, Barber and Andersson, 1992, Barber, 1994, 

Aro et al., 1993). Photoinhibitory damage may occur through two different 

mechanisms: either by acceptor side-induced or by donor side-induced processes.
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1.4.1. Acceptor-side induced photoinhibition

The acceptor-side induced photoinhibition occurs under saturating intensity 

illumination and aerobic conditions. This process results in decreased photosynthetic 

oxygen evolution (Powles, 1984). In acceptor side-induced photoinhibition the 

inhibition of the electron transfer from QA to QB was attributed to the lack of 

reducible plastoquinone molecules, since the plastoquinone pool and the QB became 

fully reduced (Ohad et al., 1990, Vass et al., 1992). When the plastoquinone pool is 

fully reduced, relatively stable double reduced QA molecules are formed. QA2- is non- 

physiological, is only formed under photoinhibition. After protonation, it leaves the 

binding site and thus promotes triplet chlorophyll formation (Styring et al., 1990, 

Durrant et al., 1990, Vass et al., 1992, Vass and Styring, 1992, Vass and Styring, 

1993, Barber and Andersson, 1992). The triplet-state reaction center chlorophyll 

(3P680) decays to ground state in the presence of molecular O2 by energy transfer 

reactions, promoting 1O2 formation. The highly reactive 1O2 damages the protein 

environment, alters the D1 core protein of PSII (Aro et al., 1990, Durrant et al., 1990, 

Vass et al., 1992, Vass and Styring, 1993, De Las Rivas et al., 1993, Mishra et al., 

1993, Macpherson et al., 1993, Telfer et al., 1994, Hideg et al., 1994 a, Hideg et al., 

1994 b, Kettuunen et al., 1996).

D1 protein degradation is a two-step process: first the D1 protein is damaged by 

photochemical events its conformation is changed, which in the second step is 

recognized and degraded by proteases. The steps of the proteolysis are GTP and ATP 

dependent (Aro et al., 1992, Spetea et al., 1999, Spetea et al., 2000). Characteristic 

fragments of D1 protein degradation are 23 kDa N-terminal and 10 kDa C-terminal 

products (Greenberg et al., 1987, Cánovas and Barber, 1993). After selective 

degradation of the D1 reaction center protein of PS II, more general membrane and 

protein damage occurs (Melis, 1999, Barber and Andersson, 1992). Other studies 

identified 24 kDa and 16 kDa C-terminal, and 18 kDa N-terminal fragments (De Las 

Rivas et al., 1992, Kettuunen et al., 1996). Due to this process PSII is disintegrated 

(Hundal et al., 1990, Barbato et al., 1991, Barbato et al., 1992).

The antenna proteins of the light harvesting complexes are severely damaged 

under photoinhibitory conditions. Singlet oxygen takes part in the degradation of the 
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antenna complexes to monomeric state, as a physiological defense response of the 

plant (Rinalducci et al., 2004).

1.4.2. Donor-side induced photoinhibition

Unlike the acceptor side-induced process, donor side-induced photoinhibition 

occurs under anaerobic conditions, and lower PAR intensities. This mechanism is the 

characteristic of donor side impaired thylakoids, when photoinhibitory illumination 

was preceded by inactivation of the water-oxidizing complex (Blubaugh et al., 1991). 

Strong, long-lived oxidants are produced by the primary charge separation (Telfer and 

Barber, 1989, Aro et al., 1993). Under donor side-induced photoinhibition the main 

D1 degradation fragments were determined to be 24 kDa C-terminal and 9 kDa N- 

terminal fragments, at the lumen exposed loop of the protein (Barbato et al., 1991, 

Barbato et al., 1992).

In vivo studies showed that photoinhibitory irradiances damage PSI as well, 

especially when stress factors are present together (for example excess light and 

chilling temperatures) (Tjus et al., 1998, Tjus et al., 1999, Sonoike and Terashima,

1994).  Under these conditions, both PSI and PSII were vulnerable to photoinhibition 

in thylakoid membranes and chloroplasts (Inoue et al., 1986, Sonoike, 1995). Damage 

may occur even at ambient temperatures in isolated systems. PSI is more protected 

and less vulnerable to photoinhibition under non-chilling temperatures in vivo, than 

PSII. During the thylakoid isolation some protectants, which act in vivo, are lost. The 

combination of light with other stress conditions (for example extreme temperature or 

UV-B irradiation) may lessen the effectiveness of the protecting energy dissipating 

pathways as well the ROS neutralizing capacity of antioxidants. In stressed plants the 

ROS level increases.

Although photoinhibition damages the photosynthetic electron transport, plants 

survive photoinhibitory damage through complex repair processes, involving 

degradation and de novo synthesis of the reaction center proteins. This is a very fast 

and dynamic mechanism, since the halftime of D1 protein turnover can be as short as 

30 minutes. D1 protein turns over much faster than any other subunit of photosystem 

II. The mechanism of D1 protein repair implies proteolytic cleavage of the damaged 

protein, its removal, de novo synthesis, reinsertion in the membrane, and replacement 
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ofthe damaged protein with a newly synthesized one (Kyle et al., 1984, Mattoo et al., 

1984, Adir et al., 1990, Hundal et al., 1990, Aro and Andersson, 1993, Sundby et al.,

1993).  When PSII components are damaged, the PSII complexes diffuse out from the 

grana- to the stroma-tylakoids, where they are disassembled, and the damaged D1 

proteins are later replaced with new, functional proteins (Aro and Andersson, 1993).

Plants have developed several molecular mechanisms to control the amount of 

energy reaching to the reaction centers. Excess radiation energy is dissipated through 

the xantophyll cycle (Demmig Adams, 1990, Demmig-Adams and Adams, 1996, 

Horton et al., 1996). Besides dissipating the excess energy, the state ofthe LHCII also 

regulates the amount of light energy reaching the reaction centers (Fork and Satoh, 

1986). When LHCII proteins undergo phosphorylation (Gal and Ohad, 1997, Allen 

and Nilsson, 1997) the antenna is detached from PSII, diffuses into the stroma­

thylakoid, decreasing the light harvesting capacity of PSII. Carotenoids located in the 

reaction centers minimize the damaging effect of the possible ROS production, either 

by direct triplet chlorophyll quenching or by scavenging of the deleterious singlet 

oxygen. The cyclic electron flow around PSII alleviates the potential damage, 

decreasing the accumulation of agents with high oxidative potential (Barber and de 

Las Rivas, 1993). The PSII/PSI ratio is regulated at the level of gene expression in 

thylakoids (Allen, 1993, Pfannschmidt et al., 1999, Pfannschmidt et al., 2003).

In the mechanism of both acceptor side-, and donor side-induced 

photoinhibition various ROS were involved, when the balance between the 

effectiveness ofthe protective mechanisms and ROS yielding reactions was disturbed. 

Highly toxic species are formed, when excited pigments, such as triplet excited 

chlorophyll molecules take part in energy-transfer reactions to oxygen, or if electron 

leakage from the electron transfer pathway to oxygen becomes possible. At the level 

of ROS production, photoinhibition is an intensely studied process. Reactive oxygen 

species are very important in many biological processes, but their extremely short 

lifetime makes them hard to detect. Several methods have been developed to identify 

ROS in vitro, but their in vivo detection meets several technical difficulties. 

Photoinhibition induced protein damage was found to be accompanied by hydroxyl 

radical formation (Hideg et al., 1994a) in the donor side-induced mechanism and by 
1O2 (Hideg et al., 1994a, Krasnovsky, 1994, Telfer et al., 1994) evolution in the



INTRODUCTION

acceptor side-induced photoinhibition in vitro, by various detection methods. In vivo 

1O2 evolution was also in the focus of several studies (Hideg et al., 1998, Hidegetal., 

2000b, Hideg et al., 2001), and even the induction of superoxide radical production 

was hypothesized in vivo (Fryer et al., 2002), but not in vitro. Superoxide radicals 

were not detected by EPR spectroscopy as promoters of photoinhibitory damage in 

spinach thylakoids (Hideg et al., 1995), though they have been supposed to participate 

in photoinhibition as products of electron 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). The involvement of ROS other than singlet oxygen and 

superoxide in the mechanism of photoinhibition was also studied. Isolated Ca2+ and 

Cl’ depleted PSII particles with functional water splitting complex produced 

radicals and superoxide upon illumination on the acceptor side, and Cl- depleted ones 

additionally produced originating from H2O2 on the donor side of PSII (Arato et 

al., 2004).

Due to the lack of consensus between the different in vitro and in vivo studies 

our goal was to establish in vivo, by using a direct detection method adapted for plant 

stress studies, the nature ROS types other than singlet oxygen, if any, involved in the 
mechanism of photoinhibition.

1.5. Stress by ultraviolet radiation

Photosynthetic organisms need sunlight and therefore they are also exposed to 

the UV photons of the solar radiation. The depletion of the ozone layer - which 

selectively absorbs part of the UV-B radiation - is a source of concerns about the 

biological impact ofthe increased solar UV fluxes on the biota (Kerr et al., 1993). In 

general, biological damage is stronger at shorter wavelengths, thus a minor increase in 

the total UV-B irradiation may cause significant damage to living systems (Tevini, 

1988, Caldwell et al., 2003). In this way the increase in the UV/PAR ratio of solar 

radiation received may become a stress factor for plants.

Ultraviolet-B radiation (280-320 nm) is an environmental challenge affecting 

a number of metabolic functions through the generation of reactive oxygen species. 

Higher plant species show a wide variety in their response to elevated UV-B 
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radiation. UV stress has many direct and indirect effects on plants: it may cause plant 

morphogenetic effects, which can in turn modify the architecture of plants and the 

structure ofthe vegetation. UV-B radiation may alter pigment composition, influences 

the adaptive mechanisms of plants and alters on long term the biomass production 

(Sullivan and Teramura, 1990, Teramura and Sullivan, 1990, Teramura and Sullivan,

1994).  Ofmuch importance is the response of agriculturally important plant species, 

for example cotton was proved to loose fiber quality upon UV-B exposure (Gao et al., 

2003).

Although plants can tolerate lower levels of UV radiation, above a certain 

threshold it induces active oxygen mediated oxidative stress, leading to severe 

functional disorders. However, the tolerance threshold is species-dependent and the 

effectiveness of acclimation mechanisms versus the damaging processes is also 

influenced by the developmental stage ofthe plants, younger leaves are less damaged 

than older ones (Mackerness et al., 1998).

High intensity UV-B irradiation damages the majority of essential cellular 

constituents. UV-B targets nucleic acids in plant cells, resulting in a multitude of 

DNA photoproducts, mainly cyclobutane-pyrimidine dimers, and to a lesser extent 

pyrimidine (6-4)-pyrimidone dimers (Britt, 1996, Pang and Hays, 1991). The UV-B 

induced DNA damages are repaired via light-dependent photo-reactivation (Britt, 

1996), by the action of photolyase enzymes (Waterworth et al., 2002). Amino acids 

and proteins are also prone to damage by UV radiation, due to the strong tyrosine, 

tryptophane, phenylalanine absorption in the UV region (Vladimirov et al., 1970). 

Photolysis of cysteine residues results in the breaking of the disulfide bonds, which 

stabilize the tertiary structure of proteins (Creed et al., 1984). Therefore, UV-B 

irradiation may alter the function of proteins and the activity of the enzymes by 

modifying their structure. The key-enzyme ofcarbon fixation in plants, Rubisco (Strid 

et al., 1990), the ATP-ase (Murphy, 1983, Zhang et al., 1994) and the violaxanthin 

deepoxidase (Pfundel et al., 1992) are damaged by UV radiation via cysteine 

modification. Lipids, especially phospho- and glycolipids with isolated or conjugated 

double bonds are prone to UV induced photochemical modification under aerobic 

conditions (Panagopoulos et al., 1990, Kramer et al., 1991). Thus, UV-B irradiation 

damages membranes, and the lipid-peroxyl radicals formed in this process may 

initiate further radical reaction cascades.
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1.5.1. The effects of UV-B radiation on photosynthesis

Almost all redox- and protein components of the photosynthetic electron 

transport are sensitive to UV-B (Vass, 1996). The impairment of the photosystems is 

dose dependent, preferentially PSII (Bormann, 1989, Strid et al., 1990) is damaged, 

PSI being only affected by higher intensities (Brandle et al., 1977). Due to UV-stress, 

reduction in dry weight and total chlorophyll was also reported (Fiscus and Booker,

1995).

The action sites of UV-B damage have been hypothesized to be the manganese 

cluster of the water-oxidizing complex, accompanied by damage of the QA and QB, 

and of the redoxactive TyrZ and TyrD (Greenberg et al., 1989, Renger et al., 1989, 

Vass et al.,1996). Although the majority of redox and protein components are 

damaged, the predominantly UV-B sensitive site of PSII is the water oxidizing 

complex, rather than the acceptor side (Vass et al., 1996, Spetea et al., 1996). The 

core proteins of PSII, D1 and D2 are degraded to specific fragments: D1 is cleaved 

into a 20 kDa C-terminal and a 12-13 kDa N-terminal fragment, different from those 

appearing when the plant is exposed to excess PAR, indicating different degradation 

patterns (Friso et al., 1994a). The production of these fragments has been detected in 

isolated membranes (Friso et al., 1994a), and in isolated reaction centers (Friso et al.,

1995).  Because the primary cleavage site of D1 is located close to the Mn binding 

site, the primary sensitizer of D1 damage is considered to be the water-oxidizing 

complex, but direct UV-B damage to the protein matrix may also occur. A quinone- 

independent pathway has been hypothesized for the fragmentation of the D2 protein, 

because D2 loss was also observed in PSII reaction-center complexes lacking quinone 

acceptors (Spetea et al., 1996). The protein environment in the vicinity of the Mn 

cluster may also be damaged by free radicals. Since the dominating free radical 

species in UV-B irradiated PSII preparations have been found to be hydroxyl and 

carbon-centerd radicals (Hideg and Vass, 1996), these may act as inducers of D1 

damage. Most of the studies which investigated the effect of UV-B irradiation on PSI 

concluded that compared to damage of PSII, PSI is rather unaffected (Brandle et al., 

1977). This difference in the sensitivity of the two photosystems to UV-B irradiation 

may reside in the fact, that the water-oxidizing complex is linked to PSII and the 
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redoxacive tyrosines are also part of the PSII complex. The cytochrome b6/f complex 

is mainly unaffected by UV-irradiation (Strid et al., 1990).

In an environmentally relevant background of photosynthetically active 

radiation, the UV-B (but not the UV-A) induced degradation of the core proteins D1 

and D2 was synergistically accelerated (Jansen et al., 1996). The counteraction of UV 

radiation with PAR may have damaging effect on the repair mechanisms of the cell as 

well: the recovery from photodamage may be hampered by the UV-B induced 

destruction of unsaturated membrane lipids (Kramer et al., 1991). Low intensities of 

UV radiation and low PAR levels may act synergistically enhancing photodamage of 

PSII by inhibiting the D1 repair cycle (Jansen et al., 1996).

UV-B irradiation may affect the efficiency of light harvesting as well, the light 

harvesting complex LHCII, which is responsible for the absorbtion of light and energy 

transfer to the reaction centers is sensitive to UV-B irradiation. LHCII functionally 

disconnects from PSII in UV-B exposed thylakoids, and UV-B radiation decreases the 

mRNA transcription level of the cab gene, responsible for the synthesis of the 

chlorophyll a/b binding proteins of LHCII (Jordan et al., 1991). The excess energy 

dissipating mechanisms of plants may also be obstructed by UV-B induced damage to 

the violaxanthine-deepoxidase, which may lead to inoperative xantophyll cycle 

(Pfundel etal., 1992).

1.5.2. UV-B radiation induced reactive oxygen species

UV-B may impair the function of proteins or the defense system of the plant 

by the inactivation of the radical scavenging enzymes (Strid, 1993). ROS induction is 

known to be the early plant response to UV-B exposure. High levels of UV-B 

radiation induce lipid peroxidation and membrane damage by the action of various 

reactive oxygen species (Takeuchi et al., 1995). In isolated thylakoid membranes, 

UV-B exposure triggered hydroxyl radical generation was detected by EPR 

spectroscopy, but the presence of carbon centerd (methyl-like), and peroxyl radicals 

(Hideg and Vass, 1996, Hideg et al. 1999) were also reported. Singlet oxygen was not 

found in the same preparation. UV-B induced D1 protein degradation was assigned to 

hydroxyl radicals (Hideg et al. 1999). Several indirect in vitro and in vivo studies also 

point the oxidative nature of UV-B stress, and hypothesize the possible production of
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ROS other than hydroxyl and carbon-centered radicals. Long UV-B treatments of 

about 6-30 h induced stress related genes in SOD sprayed leaves (Mackerness et al., 

1998, Mackerness et al., 2001). The induction of superoxide radical evolution was 

assumed in these Arabidopsis thaliana leaves. UV-B treatment activated the plants' 

own superoxide dismutase enzymes in higher plants (Rao and Ormrod, 1995), as well 

as in Chlorella (Malanga and Puntarulo, 1995). These data suggested increased O2 • 

production under UV-B stress under various experimental conditions. UV-B radiation 

triggered the rise of ultra-weak luminescence in Brassica napus leaves, an indicator of 

oxidative membrane damage (Cen and Björn, 1994). Upon UV-B exposure, increased 

amount of ascorbate radicals was also detected in vivo (Hideg et al., 1997).

1.5.3. UV defense mechanisms

Although ultraviolet radiation may induce severe morphological and 

physiological disorders, plants may acclimate to lower levels of UV-B by various 

morphological and functional changes, which favor their survival. As a whole-plant 

response leaf curling and thickening was reported (Bornman and Vogelman, 1991). 

Thickening of the epidermal layer increases the UV absorbtion pathway and has also 

been reported as a UV response (de Lucia et al., 1992). The induction of stomata 

closure to regulate the gas-exchange, redistribution of chlorophyll or hypocotyl 

elongation (Kim et al., 1998) are also important mechanisms of adaptation to low UV 

irradiation. Lower doses of UV-B (but not UV-A radiation) radiation caused tendril 

coiling in Pisum sativum (Brosche and Strid, 2000). These morphological changes 

induced by lower levels of UV-B are important in the adaptation process (Rozema et 

al., 1997).

Plants have various sensitivity to UV irradiation, certain species have adapted 

more successfully to higher UV fluences than others. Tolerance and acclimation to 

UV-B mainly depends on the balance between the damaging reactions and antioxidant 

efficiency or repair responses. Acclimation is a complex process, which involves 

various signalling pathways (Mackerness et al., 2001). Plants respond to increased 

UV irradiation by down-regulation of photosynthetic genes (Jordan et al., 1991) and 

up-regulation of those genes, which are associated with the defense against stress.
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Induction offlavonoid biosynthesis is one ofthe most extensively characterized plant 

responses to UV-B irradiation (Jansen et al., 1998). For example the expression of 

calchone synthase, which is the key enzyme of flavonoid biosynthesis was found to 

increase within a few hours after the exposure to UV-B (Chappel and Hahlbrock, 

1984). Low UV fluences stimulate the up-regulation of antioxidant- and flavonoid 

biosynthetic genes ofthe phenylpropanoid pathway, which result in the accumulation 

offlavonoids and sinapic esters (Day and Vogelmann, 1995).

Plants protect themselves from the harmful radiation by synthetizing 

flavonoids, which accumulate mainly in the upper epidermal cell layer ofleaves, and 

act as internal filters and by making adjustments to the antioxidant systems at both 

cell and whole organism level. Flavonoids are believed to act not just as UV-screens, 

but are effective antioxidants as well (Bornman, 1989, Takeuchi et al., 1996, Rozema 

et al., 2002). The use of transgenic plants is a powerful tool in plant stress studies. 

Plants having reduced ability to screen out the UV radiation show increased DNA 

damage, the accumulation of cyclobutane pyrimidine dimers increased (Mazza et al., 

2000). Arabidopsis plants lacking phenolic UV-screens were more sensitive to UV 

irradiation than wild type ones (Landry et al., 1995).

In Vicia faba it was shown that two flavonoids particularly responded to 

enhanced UV-B. Quercetin and kaempferol were UV-B inducible, both being mainly 

located in epidermal cells. In addition to UV-screening, quercetin may also act as an 

antioxidant. (Rozema et al., 2002). Other studies suggest that carotenoids and 

flavonoids may also be involved in plant UV-B photoprotection (Frederick and Lubin, 

1988). Different alkaloid-type compounds, such as polyamines may also contribute to 

UV tolerance. It was found, that there is positive correlation between the tolerance to 

UV-B and the elevated level ofpolyamines in soybean (Kramer et al., 1991).

Low levels of UV-B irradiation lead to a reinforcement of the antioxidant 

system as one of the plants' adaptive responses. Glutathione showed enhanced 

turnover under UV-B irradiation, but no net change in its concentration (Masi et al., 

2002). Following UV-B exposure, the tocopherol content was lower in maize 

seedlings pointing to the membrane environment as a primary target of UV-B 

radiation. On the other hand, the water-soluble antioxidant content was largely 

unaffected (Carletti et al., 2003). Radicals formed through lipid peroxidation in 

thylakoid membranes due to UV-B irradiation are scavenged effectively by alpha­
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tocopherol (DeLong and Steffen, 1998). In Spirodella exposed to supplemental UV-B, 

the activity of scavengers increased very fast, as an early defense response. Scavenger 

activity decreased in the frame of a few days, but the already achieved tolerance did 

not become altered, suggesting the replacement of the original early mechanism, by 

an other one, believed to be the accumulation of UV-screening pigments (Jansen, 

1998).

Proline accumulation in plants exposed to UV irradiation may also protect 

cells against peroxidation processes (Pardha Saradhi et al., 1995).

ROS induction, known as one of the early effects of exposure to high UV-B 

irradiation, leads to lipid peroxidation and membrane damages. Before adequeate 

shielding by flavonoids is achieved, these oxidizing agents have to be counteracted by 

antioxidants and protective pigments to prevent cellular damage. A chain reaction is 

proposed as response of maize plants to supplemental UV-B irradiation: as first step, 

while the synthesis of screening pigments in the epidermis proceeds, thylakoid 

membranes are oxidatively damaged. Then radicals are counteracted by the 

antioxidant system. Once concentrations of the UV-absorbing compounds in the 

epidermis were sufficient, antioxidant responses were no longer observable, showing 

that maize was able to prevent oxidative stress by UV-B irradiation by UV-screening 

(Carletti et al., 2003).

All low intensity UV-B irradiation induced plant adaptive responses are 

regulated by a widely studied, complex signalling mechanism. UV-B signaling 

pathways involve the participation of various ROS in plant tissues (Mackerness et al., 

2000, Mackerness et al., 2001). Singlet oxygen has also been involved as a signalling 

molecule in the UV-induced pathogen-related gene induction mechanism (Green and 

Fluhr, 1995).

1.5.4 The effect of UV-A radiation on plants

While the damaging mechanism of UV-B radiation is in the focus of several 

studies, less information is available on the effect of UV-A, although the intensity of 

solar UV-A is many times higher than that of UV-B. Unlike UV-B, UV-A intensity is 

not attenuated by penetration through the atmosphere. The difference in the action site 

of UV-A and UV-B in photosynthesis has been intensely discussed, attributing 
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smaller damaging effect to the longer wavelength (UV-A) irradiation, than to the 

higher photon-energy UV-B (Turcsanyi and Vass, 2000). Various plant responses to 

UV irradiation are in agreement on a lesser effect of the same dose of UV-A as 

compared of UV-B. UV-A stress inhibited approximately 5-10 times less the growth 

of oat plants than UV-B (Flint and Caldwell, 2003), and 2-3 times less UV-A induced 

DNA damage was shown in alfalfa seedlings, than in UV-B irradiated ones (Quaite et 

al., 1992). UV-A was found to be approximately 90% less efficient in inhibiting 

photosynthesis of Rumex leaves (Rundel, 1983) and the photosynthetic efficiency was 

lowered less in UV-A treated isolated chloroplasts (Jones and Kok, 1966) than in the 

corresponding UV-B treated ones. UV-A affected photosynthesis of isolated 

thylakoids (Turcsanyi and Vass, 2000, Vass et al., 2002) and of green algae (White 

and Jahnke, 2002) in a similar way, as UV-B, although the extent of damage was not 

as intense as in the case of UV-B. UV-A was found less effective to cause radical- 

related symptoms than UV-B (Hideg et al., 1997, Cen and Björn, 1994).

UV-A has also been shown to inhibit plant growth, to accelarate leaf 

senescence and to impair PSII electron flow. In isolated thylakoids, UV-A irradiation 

damaged PSII, both at the donor and the acceptor side, via a mechanism similar to that 

induced by UV-B irradiation (Turcsanyi and Vass, 2000). UV-A irradiation was 

shown to have no effect on the induction of stress related genes in SOD sprayed 

leaves (Mackerness et al., 1998, 2001).

Under field conditions stresses are usually present at the same time: for 

example, PAR may interact with both UV-B and UV-A, or high PAR fluxes are 

accompanied by high temperatures. The combination of stress factors damage the 

plants differently, as compared to the damages induced by stresses acting alone. 

Sometimes the combination of various stress factors may aide or hamper damage, 

antioxidant or repair mechanisms. Non-photoinhibitory levels of visible light acting 

simultaneously with UV-irradiation can ameliorate the UV-B effect (Warner and 

Caldwell, 1983).

Our work aimed to investigate in UV-stressed leaves the ROS production, to 

study the oxidative nature of UV-stress. We also aimed to compare the ROS 

generating efficiency of various UV-A and UV-B wavelengths in irradiated leaves, in 
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order to understanding the mechanism of UV induced damage. An other goal of our 

study was to compare the mechanism of stress by UV irradiation and photoinhibition 

at the level of ROS evolution.
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2. AIMS OF THE STUDY

Since there is a lack of consensus regarding the nature of reactive oxygen 

species production induced by light stress, various ROS have been involved in the 

mechanism of both stress by excess photosynthetically active radiation and ultraviolet 

irradiation. The aims of our work were:

1. We aimed to introduce a sensitive, specific method for direct in vivo ROS 

detection, in plant stress studies. Therefore, we developed further a recently 

introduced technique, ROS detection by double (fluorescent and spin) sensors. 

Our aim was to characterize and to apply the sensors in vivo. We aimed to find 

sensors for ROS other than the previously studied 1O2.

2. By applying a double sensor reactive with both singlet oxygen and superoxide, 

we aimed to investigate whether photoinhibition in vivo induced superoxide 

production, besides the singlet oxygen already detected in previous studies of 

our group. We aimed to extend our studies to in vivo applications.

3. Our other goal was to reveal whether singlet oxygen and superoxide were 

involved in UV stress: how various UV wavelengths activated the production 

of various ROS, whether there was a difference in the ability of UV-A and 

UV-B to promote the production of ROS in vitro and in vivo?
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3. MATERIALS AND METHODS

3.1. Thylakoid isolation

Thylakoid membranes were isolated from fresh market spinach and used on 

the day of purchase. Leaves were washed, their main vessels were cut off and the 

remaining tissue was homogenized in HEPES buffer (40 mM, pH 7.5) containing 400 

mM sucrose, 15 mM NaCl, 5 mM MgCh, 2 mM Na-EDTA, 5 mM Na-ascorbate and 

1 g/1 BSA (Takahashi and Asada, 1982). The homogenate was filtered through a 

three layer gauze filter and two layers of tissue-paper, in order to filter out the bigger 

chloroplast-fragments and centrifuged at 8000 x g for 20 minutes at 4°C. The 

supernatant was discarded, and the pellet was resuspended in a HEPES buffer 

(40 mM, pH 7.5), containing 400 mM sucrose, 15 mM NaCl and 5 mM MgCL?. The 

resuspension was performed by gently separating the thylakoids from the deposited 

starch with a brush. The resuspended pellet was centrifuged again at 8000 x g for 20 

minutes at 4°C, and the supernatant was discarded. The pellet was suspended in the 

above buffer and stored at - 80°C until use. All suspension steps were performed in 

dim green light.

3.2. Chlorophyll content determination

Chlorophyll content of the isolated thylakoid membranes was determined in 

80% acetone (Amon, 1949). Various volumes of thylakoids were diluted in 80% 

acetone. Absorption of each sample was determined at 645 nm and 662 nm. Chl(a) 

and Chl(b) concentrations were calculated as: 

Chi (a) = (12.7 x Aô62- 2.69 x Aô4s) x dilution factor 

Chi (a+b) = (8.02 x A662 + 20.2 x A645) x dilution factor

The obtained values were averaged and the concentration was given in pg/ml 

units.
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3.3. Chlorophyll extraction in detergent

For experiments with free chlorophyll, it was extracted from isolated thylakoid 

membranes with TritonX-100 detergent. Thylakoids of known chlorophyll 

concentration were suspended in a Na-phosphate buffer (50 mM, pH 7.2), containing 

10% Triton X-100. This mixture was stirred for 30 minutes at room temperature in the 

dark, then centrifuged at 6000 x g for 10 minutes. Extracted chlorophyll was present 

in the supernatant fraction, which was stored at -80°C until use.

3.4. Oxygen polarography

Photoinhibition and UV irradiation induced electron transport loss in isolated 

thylakoids was estimated from the decrease in oxygen evolution, expressed as 

percentage loss, compared to untreated samples.

Photosynthetic oxygen evolution of thylakoid samples (20 pg/ml chlorophyll, 

lml) was measured with a Clark-type oxygen electrode. First, a baseline signal was 

recorded while keeping the sample in the dark, for 2 minutes. The thylakoid 

suspension was then illuminated with saturating intensity PAR (1000 pmol m' s' ) in 

the presence of an electron acceptor, and the extent of oxygen evolution was recorded 

for 3-4 minutes. As acceptor, we used 3 mM 2,5-dimethyl-p-benzoquinone (DMBQ).

The electrode was calibrated by adding Na2S2Û4 to 1 ml distilled water and 

oxygen evolution was calculated assuming 0.120 pM oxygen dissolved in 1 ml water.

3.5. Variable chlorophyll fluorescence

The effect of photoinhibition and UV irradiation on the photosynthesis of 

various leaves was estimated from the relative decrease in their variable chlorophyll 

fluorescence. The extent of damage was expressed as percentage loss, as compared to 

non-irradiated, but already infiltrated leaves.

Maximum quantum yield parameters of PSII, Fv/Fm, and the electron transport 

rate, AF/Fm’ (Genty et al., 1989), were measured with either a PAM-100 or a portable 

mini-PAM chlorophyll fluorometer (Walz, Effeltrich, Germany). Fv/Fm was 
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determined in leaves dark adapted for 15 min. AF/Fm’ was measured under low 

intensity actinic light of 30 pmol m'2 s'1. Typical Fv/Fm and AF/Fm’ values of spinach 

leaf segments before the application of either photoinhibition by excess PAR or UV 

irradiation were of 0.81 and 0.44, respectively. The infiltration process lowered these 

parameters (Hideg et al., 1998, Hideg et al., 2002a). Fv/Fm and AF/Fm’ was lowered to 

88% and 75% by vacuum infiltration and to 90% and 85% by pinhole infiltration. The 

presence of the ROS sensors didn’t affect these parameters.

3.6. Plant material

For in vivo ROS detection under stress conditions, various plants were used.

All stress experiments were performed on either whole leaves or on freshly cut 

leaf segments.

Mature spinach (Spinacia oleracea') leaves were purchased from a local 

breeder and used on the same day. The plant material was transported to the 

laboratory in bundles with roots, in a moistened sponge. Arabidopsis thaliana plants 

were grown in greenhouse at 22-23°C and 50-60 |imol m'2 s'1 PAR, 16 h light/8 h 

dark. Plants were used 7 weeks after sowing.

Transgenic tobacco {Nicotiana tabacum} lines used in this study were obtained 

from collaborators, from the laboratory of Prof. Kozi Asada (Fukuyama University, 

Japan). The studied lines lacked either the chloroplast localized, or the cytosol 

localized superoxide dismutase (CuZn SOD) enzyme. These ANT4 and ANT3 plants, 

respectively, were compared to control (SRI) ones in their response to ultraviolet 

irradiation. Tobacco plants were grown in the greenhouse under 50-70 pmol m'2 s'1 

PAR, 16 h light/8 h dark, at 22-25° C for 6 weeks from sowing.

3.7. Fluorescent sensors. Tools of ROS detection.

Reactive oxygen species have short lifetimes and are present in extremely low 

concentrations in plant samples. Therefore, there is a need for special and very 

sensitive methods to identify them. EPR techniques are suitable for in vitro, isolated 

thylakoid membrane studies (Hideg et al., 1994a, Hideg et al., 1994b, Hideg et al., 
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1995), but in vivo ROS detection by EPR meets several technical difficulties, due to 

the interference of the high water content of leaves and microwaves. Applying 

fluorescent probes for in vivo studies, we can avoid the difficulties raised by the EPR 

ROS detection.

Fluorescent double sensors were designed and synthesized for our ROS 

experiments in the laboratory of Organic and Medicinal Chemistry at the University 

of Pécs. These double (spin and fluorescent) ROS sensors consist of a fluorophore 

group and a nitroxide precursor moiety (Kâlai et al., 1998, Hankovsky et al., 2001). 

They are more stable in leaves than the nitroxide spin traps alone (Hideg et al., 1998).

The fluorescence of ROS double sensors is intense, but they are EPR silent. 

When these sensors react with ROS, the spin trap moiety is converted into a nitroxide 

radical and this reaction results in partial quenching of the sensor’s fluorescence. The 

nitroxide form of the sensor is also EPR active (Green et al., 1990). This way, the 

reaction of the sensor with ROS can be monitored either by fluorescence quenching or 

by following the appearing of the EPR signal characteristic to the nitroxide. This 

principle was realised in a dansyl-based 'O2 sensor, DanePy. This ROS sensor was 

successfully applied in detecting *02 in vitro and in vivo (Kalai et al., 1998, Hideg et 

al., 1998, Hideg et al., 2000a, Hideg et al., 2000b, Hideg et al., 2001).

In the following section of the thesis, we also introduce and characterize 

potential double ROS sensors other than DanePy, which were later applied for stress- 

induced ROS detection in leaves. ROS detection was based on the fluorescence 

quenching of the sensor.

Fig. 3.1.: The principle of ROS detection with fluorescent sensors. The 

reaction of the sensor with specific ROS led to the formation of relatively stable 

nitroxide radical, and resulted in partial quenching of the originial fluorescence of

the sensor.
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Three of the fluorescent sensors applied in this study have a dansyl-group as 

fluorophore (Fig. 3.2.), and one contains rhodamine (Fig. 3.3.).

The applied dansyl based sensors are the following (Fig. 3.2.):

5-Dimethylamino-naphthalene-1 -sulfonic acid (2-diethylamino-ethyl)-

(2,2,5,5-tetramethyl-2,5-dihydro- lH-pyrrol-3-ylmethyl)-amide (DanePy);

5-Dimethylamino-naphthalene-1 -sulfonic acid (2,2,5,5-tetramethyl-2,5-

dihydro- lH-pyrrol-3 -ylmethyl)-amide (HO-1889NH)

2-Methyl-l-oxy-3,4-dihydro-2H-pyrrole-2-carboxylic-acid [2-(5- 

dimethylamino-naphthalene-1 -sulfonylamino)-ethyl]-amide (L-2204) 

b.)

N(CH3)2

a.)

H DanePy

H

N(CH3)2

ROS

HO-1889O-

2

HO-1889NH

c.)

O L-2204

Fig. 3.2.: The dansyl-based double ROS sensors and their synthesized oxidised

pair applied in this study: DanePy and DanePyO a.), HO-1889NH and HO-1889 b.), 

and L-2204 and L-2204ox c.).
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HO-1889NH and DanePy have similar structures. HO-1889NH only lacks one 

side chain attached to the group linking the fluorescent moiety to the trap group. In L- 

2204, the fluorophore is combined with a free radical trap instead of the tetramethyl­

pyrrole moiety. The influence of the differences in the molecular structure of the 

sensors on their specificity towards various ROS was investigated.

The rhodamine-based sensor applied in this study was HO-2941 (3-N-(2,2,5,5- 

tetramethyl-2,5-dihydro-l H-pyrrol-3-carboxoamidopropyl) sulforhodamine), shown 

in Fig. 3.3. :

HO-2941 HO-2942

Fig. 3.3.: The rhodamine-based double sensor, and its oxidized pair applied in 

this study: HO-2941 and HO-2942.

3.7.1. Physicochemical characterization of traps

Double sensors have to fulfill several conditions in order to be applicable for 

in vivo ROS detection studies: they have to be sensitive to one or more types of ROS 

and have to be stable in the studied system. It is important that the applied sensors are 

able to reach the site of ROS production.

Before being applied in stress experiments both dansyl-type and rhodamine­

based ROS sensors were tested for in vitro stability and in plant samples, as well as 

for selectivity.

Fluorescence emission spectra of the ROS sensors were recorded at room 

temperature, with a Quanta Master QM-1 (Photon Technology Int. Inc., USA) 

spectrofluorimeter. For specificity and stability tests as well as for in vitro studies 
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both emission and excitation slits were 1 nm. Optimal excitation wavelengths were 

340 nm for DanePy and HO-1889NH, 360 nm for L-2204 and 533 nm for the 

rhodamine-based HO-2941. Fluorescence emission spectra were recorded in the 400­

650 nm or 550-650 nm ranges for dansyl or rhodamine based sensors, respectively.

To define the maximal ROS quenching ability, emission spectra of the sensors 

were compared to the spectra of their chemically synthetized nitroxide pairs. Both 

DanePy and HO-1889NH were capable of more than 80% fluorescence quenching 

therefore they are suitable tools for effective ROS detection (Fig. 3.4.).

Fig. 3.4.: 340 nm excited 400 - 650 nm fluorescence emission spectra of

200 uM DanePy and HO-1889NH and of their corresponding synthetized nitroxide 

pairs, DanePyO and HO-1889 in Na-phosphate buffer (pH=7.2).

The stability of the traps was investigated in a 50 mM Na-phosphate (pH 7.2) 

buffer, as a first step of physicochemical characterization.
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Reactivities of DanePy, HO-1889NH, L-2204 and HO-2941 for ROS were 

characterized by following their fluorescence quenching when chemically generated 

active oxygen species were added to their solutions (see page 54. for Table 1). Upon 

conversion of the trap group into nitroxide radical by ROS, the fluorescence of the 

sensors decreased (Fig. 3.1.). The fluorophore groups of both types of sensors, dansyl 

chloride and rhodamine chloride were tested without the putative ROS traps, as 

controls. The fluorescence of these compounds did not quench upon ROS addition, 

therefore the recorded fluorescence intensity loss of each sensor was attributed to the 

reaction of the trap moiety with ROS.

For these experiments, stock solutions of the sensors were prepared in 96% 

ethanol, then further diluted in sodium-phosphate buffer. The final concentration of 

ethanol in all samples was less than 5%.

Before chemical ROS generation, the fluorescence emission spectra of the 

sensors (200 pM) were recorded as reference.

’O2 was generated from 50 pM RoseBengal or from 50 pmol Triton-extracted 

chlorophyll by illuminating these solution for 10 minutes with 500 pmol m' s' PAR 

from a KL-1500 (DMP, Switzerland) lamp through an optical fiber. Warming of the 

samples was avoided by the use of the optical fiber. Dyes generated lO2 in a type II 

photodynamic reaction (Redmond and Gamlin, 1999, Caspi et al., 2000).

O2~* was produced by the illumination of 60 pM riboflavine for 10 minutes 

under the above illuminating conditions (Cunningham et al., 1985).

’OH was generated from the reaction of 200 pM H2O2 and 200 pM Fe(II)- 

sulphate, in Fenton’s reaction (Haber and Weiss, 1984):

Fe2+ + H2O2 Fe3+ + OH- + ’OH

Iron ions without H2O2 - neither in Fe (II) (from ammonium ferrous sulphate), 

nor in Fe (III) (from FeCh) form - did not influence the fluorescence of the tested 

ROS sensors (Hankovszky et al., 2001). In this way, the effect of the reaction mixture 

can be attributed to hydroxyl radicals.

When RoseBengal, detergent extracted chlorophyll or riboflavin was present 

in the sample, the reference spectrum was composed of the sensor’s and 

photosensitizer dye’s emission, excited at the optimum excitation wavelength of the 

sensor.
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After addition of the chemically generated ROS to the solution of the sensor, 

the fluorescence emission spectrum of the sensor was recorded again. ROS detection 

was based on the decrease of sensor fluorescence (Kâlai et al., 1998). The difference 

between the two fluorescence emission intensities (fluorescence quenching) 

represented the ROS scavenging ability of the respective sensor and was given as %. 

The conversion of the sensor into oxidized form is irreversible (Bilski et al., 2003).

As controls, the chemically synthesized nitroxide (oxidized) forms of the 

sensors were also tested for reactivity to the above ROS. These were not affected by 

ROS addition, therefore fluorescence decays of the sensors were attributed to ROS 

and not to other factors, such as illumination or reactions of ROS with the fluorophore 

moiety.

3.7.2. Detecting the ROS sensors’ fluorescence in leaves. Infiltration

For in vivo ROS detection we infiltrated leaf segments with either 1 mM 

DanePy or 1 mM HO-1889NH in water solution. Two different infiltration 

approaches were used for getting the sensor into the leaves: the leaves were either 

infiltrated with the solution of the sensor by vacuum infiltration, or by introducing it 

into the leaf through a pinhole.

Vacuum infiltration was done inside a plastic syringe. Small segments of leaf 

samples were placed inside the syringe from the back, and it was closed. The syringe 

was then filled with 1,5-2 ml of one of the ROS sensors (1 mM water solution, 

containing less than 10 % ethanol) within 15-20 s. After removing the air, the plunger 

was pulled rapidly while the nozzle was kept closed.

The other infiltration approach, through a pinhole derived from the adaptation 

of a method usually used for infecting leaves with pathogens. The solution of the 

sensor was forced into the leaf tissue through a pinhole made on the adaxial side by a 

plastic syringe without needle. A sharp and thin pin made the pinhole without 

punching through the leaf (Hideg et al., 2002a). This way the infiltrated area was 

about 1.5 cm depending on the proximity of vascular tissue (for details see Fig. 4.6. 

on page 63). The excess solution of the sensor was removed from the surface of the 

leaves with a tissue paper.
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In order to allow the diffusion of the sensor within the infiltrated leaves, they 

were kept in dark for 5-10 minutes, before the reference spectrum was recorded.

As compared to other methods, infiltration through a pinhole provided the 

most uniform distribution of the sensor in the leaf, and decreased photosynthetic 

electron transport parameters of the infiltrated segment the less, by only about 10-15 

% (Hideg et al., 2002a).

Stress-induced ROS production in the leaves previously infiltrated with any of 

the sensors was studied by various fluorescence detection methods: by 

spectrofluorimetry, fluorescence imaging and confocal laser scanning microscopy.

3.7.2.I. Spectrofluorimetry

From the sensor-infiltrated area of the leaf a 15 x 5 mm segment was cut off 

and fixed on a homemade metal sample holder. To avoid drying of the sample during 

the experiments, the leaf segment was placed on a wet tissue-paper stripe. The sample 

was than covered with a quartz plate, which ensured proper humidity environment for 

the sample, and also immobilised it.

The sample holder on which the leaf segment was fixed, was placed into the 

spectrofluorimeter, facing 45° angles to both excitation and emission axis (Fig. 3.6.). 

Two crossed polarizers (set to 90° polarization angles) were applied to exclude 

artefacts from reflection or light scattering, one at the excitation and another one at the 

emission side. All spectrofluorimetry measurements were carried out with a Quanta 

Master QM-1 spectrofluorometer (Photon Technology International - PTI, Inc. 

U.S.A.).

In leaf experiments the excitation and emission slits were both opened to 4 

nm. Five spectra were averaged from the same sample, in order to improve the signal­

noise ratio.
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excitation

Fig. 3.6. Scheme of the irradiation setup in leaf-experiments. The leaf 

segment was placed on the sample holder, facing 45° angles to both excitation and 

emission axis.

For each spectrum, 10 data points in the vicinity of the 532-535 nm maximum 

value were averaged. Fluorescence quenching of the sensor in the leaf pointed the 

presence of ROS (Hideg et al., 1998). Aside from the amplitude decrease of the 

fluorescence emission spectrum no other spectral parameters changed upon reaction 

of the sensor with ROS.

In order to be suitable for in vivo experiments, the ROS sensors have to be 

fairly stabile in the studied systems. All sensors were tested for stability in leaves. In 

these experiments, infiltrated leaves were kept in dark, and fluorescence of the sensors 

was checked periodically.

Each infiltration results in different absolute sensor fluorescence intensity. 

Various absolute fluorescence intensity values can be obtained in different plant 

species.

ROS sensors are not perfectly stable in leaves (Hideg et al., 1998). Due to this 

slight instability, all data were corrected with stability changes of the sensor during 

the time of the experiments.

Since the dansyl-based sensors are excitable in the UV range (by 340 nm), 

their fluorescence emission maximum overlaps with the 515-550 nm UV induced 
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blue-green intrinsic fluorescence of leaves (Chapelle et al., 1984, Chapelle et al., 

1991, Lang and Lichtenthaler, 1991, Lichtenthaler and Schweiger, 1998). Changes in 

the blue-green auto-fluorescence levels of leaves are good, although unspecific 

indicators of plant stress (Hideg et al., 2002b). Upon exposing leaves to UV 

radiation, their BGF level changes have also to be taken into account when 

monitoring the fluorescence quenching of the ROS sensors in vivo. Therefore, in plant 

stress experiments the relative fluorescence emission intensities of the sensors were 

corrected in the BGF background for all time points of the experiments.

After corrections, ROS production was given as the percentage loss in the 

sensors’ fluorescence as compared to the fluorescence emission measured before the 

application of the stress to the leaf.

3.7.2.2. Fluorescence imaging

Fluorescence images were recorded on detached leaves positioned flat on 

black paper, with their adaxial sides up. Fluorescence was followed using an Epi- 

LightUV FA500 monochrome CCD camera imaging system (AISIN Taitec, Kosmos 

Kenkyo Inc., Japan). The excitation was 310 nm (10 nm bandwidth) and emission was 

detected through a BG18 (410-640 nm) band pass filter. Fluorescence images were 

collected using the instrument’s image capture facility.

In an other set of experiments, a Leica MZ FL III Fluorescence Microscope 

(Leica Microsystems, Tokyo, Japan) was used, with 1.5 magnification. Excitation was 

from a broad band UV source, from a Supercure 203S source (San-Ei Electric Co., 

Japan) through a UG11+DUG11 band pass filter combination (295-375 nm). 

Fluorescence emission was detected through a BG18 (410-640 nm) band pass filter by 

a digital image analysing system (Pixera Viewfinder 3.5, Pixera Corp., USA). Images 

were acquired using identical focus settings.

For quantitative analysis, individual images were converted to greyscale and 

ROS-induced fluorescence quenching was evaluated the UTHSCSA ImageTool 

freeware (University of Texas Health Science Center, San Antonio, Texas, USA, 

available on the Internet by anonymous FTP from ftp://maxrad6.uthscsa.edu).

ftp://maxrad6.uthscsa.edu
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3.7.2.3 . Confocal LSM studies

For micro-localization studies, leaf cuttings (6x6 mm) including the area 

infiltrated with the ROS sensor were sandwiched between two UV-transparent 

microscope cover glass layers and measured using a confocal laser scanning system 

(LSM 510, Karl Zeiss, Germany) in combination with an inverted microscope 

(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, USA). Fluorescence emission was observed through 515-550 nm filters for 

green (sensor) and above 650 nm for red (chlorophyll) fluorescence. Fluorescence 

emission was collected from all5xll5 pm area. Images were scanned at 0.8 s per 

frame, averaging 4 images.

In order to study the localisation of the ROS sensor inside the leaf, the 

intensity distributions of the green ROS sensor fluorescence and of red chlorophyll 

fluorescence were compared along the same line on the same image in unstressed 

leaves. For characterising stress-induced changes of green fluorescence we compared 

the intensity distributions at various stages of the treatment.

Fluorescence imaging and LSM experiments were done by Dr. Éva Hideg at 

Fukuyama University, Japan, in collaboration with Prof. Kozi Asada (Hideg et al., 

2002). All other measurements were carried out at Szeged, by the author.

3.8. Stress conditions

3.8.1. Photoinhibition

The production of various ROS was studied in both isolated thylakoid 

membranes, and in vivo, in leaf samples exposed to photoinhibition by excess PAR.

3.8.1.1. Photoinhibition of thylakoid membranes

Isolated thylakoid membranes were diluted in 50 mM NaH2PÛ4: Na2HPO4 

buffer (pH 7.2) to 20 pg/ml final chlorophyll concentrations. The sensor’s solution 

was added to the thylakoid and the fluorescence emission spectrum of the ROS sensor 
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was recorded, while continuously stirring the sample to avoid precipitation of the 

membranes. Each sample contained less than 5% ethanol.

After recording a reference emission spectrum of the sensor, photoinhibition 

was carried out inside the spectrofluorimeter. The content of the cuvette was exposed 

to 1500 pMm'2 s'1 PAR, through an optical fiber from a KL-1500 (DMP-Switzerland) 

lamp, while being continuously stirred. This illumination process did not warm the 

samples. Thylakoid membranes were irradiated for 30 minutes and the fluorescence 

intensity of the sensor was checked periodically after 0, 10, 20 and 30 minutes of 

irradiation.

3.8.1.2. Photoinhibition of leaf samples

Leaves were infiltrated with the 1 mM water solution of one of the ROS 

sensors (see Chapter 3.7.) and were fixed to the metal sample holder. A reference 

fluorescence emission spectrum of the sensor was recorded. The fixed leaf-segment 

was exposed to 1800 pMm' s' intensity PAR illumination for 30 minutes through an 

optical fiber from a KL-1500 (DMP-Switzerland) lamp. The fluorescence intensity of 

the ROS sensor was checked periodically.

Photoinhibition of leaf samples was carried out inside the spectrofluorimeter 

and the leaf segment fixed to the sample holder was not moved during the duration of 

the experiment. Alternating fluorescence measurements and illumination sequences 

were carried out by turning the tourette of the sample-holder between measurements.

3.8.2. Stress by UV irradiation

Reactive oxygen production induced by UV stress by was studied in isolated 

thylakoids and in vivo, in leaves.

3.8.2.1. UV-A and UV-B irradiation of thylakoid membranes

Thylakoid membranes were diluted in 50 mM NaH2PO4: Na2HPO4 buffer 

(pH=7.2). Final chlorophyll concentration of the samples was of 20 pg/ml. The 

solution of the ROS sensors was added according to the method described in
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Chapter 3.8.1.1. A reference fluorescence emission spectrum of the sensor was 

recorded, than thylakoids were irradiated in the presence of the ROS sensor with 27 

|imol m'2 s'1 UV-B from a VL-215M lamp, having bandwidth of 295-320 nm with 

maximal emission at 312 nm (Vilbert-Lourmat, France). A cellulose acetate filter 

(Courtaulds Chemicals, U.K.) was used to exclude UV-C. In an other set of 

experiments, thylakoid membranes were irradiated with UV-A irradiation from a 

broadband 345-385 nm, 365 nm centered UV-lamp (Vilber Lourmat, VL-215L) of 35 

jimol m'2 s’1. The intensity of the UV irradiation was measured with a Cole-Parmer 

radiometer, equipped with either a 312 nm or a 365 nm sensor.

Samples were continuously stirred while being irradiated in order to avoid the 

precipitation of the membranes. During the 60 minutes UV-irradiation the 

fluorescence emission of the ROS sensor was checked periodically.

To compare the ability of various UV wavelengths to induce differential ROS 

production, thylakoids were exposed to quasi-monochromatic (±8 nm around central 

wavelength) UV irradiation in the range of 280-390 nm in the presence of one of the 

ROS sensors. The lamp of the spectrofluorimeter was used as quasi-monochromatic 

UV source. Photon flux was determined with ferrioxalate actinometry (see Chapter

3.10.).

3.8.2.2. UV-irradiation of leaf samples

In vivo reactive oxygen evolution in UV-stressed leaves was studied by 

applying different irradiation protocols.

1. To avoid having to keep the ROS sensor in the leaf for longer times, UV-B 

irradiation was applied in two sequences. Arabidopsis thaliana leaves were infiltrated 

with the solution of either DanePy or HO-1889NH. After recording a reference 

emission spectrum, infiltrated leaves were irradiated with 27 pmolm'2 s’1 UV-B, from 

a VL-215M lamp, for 30 minutes. During the stress treatment the fluorescence 

emission of the sensor was measured periodically (Fig. 3.7 a). In a second set of 

experiments leaves were first exposed to 27 jimolm’2 s'1 UV-B for 30 minutes, 

without infiltration. Pre-irradiated leaves were than infiltrated with one of the double 
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sensors and a reference spectrum was recorded. Leaves were then exposed again to 

UV-B radiation for 30 more minutes (Fig. 3.7 b). The fluorescence emission of the 

ROS sensor was recorded every 10 minutes during the second set of UV-B exposure. 

In total, the stress treatment lasted for one hour but the sensor was only infiltrated at 

halftime of the treatment.

ROS production between the 30 and 60 minutes of UV-B irradiation was 

estimated by comparing changes of the sensor fluorescence to the reference spectrum 

measured at the 30th minute of the stress treatment. Since the absolute fluorescence 

intensity value of the sensor in the leaf is different in each infiltration, the two sets of 

intensity data had to be combined. In this process the first reference point of the 

second series was normalised to the last data of the first series.

UV-B
a.)

infiltratio
ROS detection

4
0 30

b.)
UV-B UV-B

Winfiltration
> >^4 *4

ROS detection
4
0 30 60

Fig. 3.7.: Time-course of UV-B stress in Arabidopsis thaliana leaves 

infiltrated with one of the ROS sensors and irradiated for 30 minutes a.), or in leaves 

pre-treated for 30 minutes with UV-B irradiation and irradiated again after 

infiltration for 30 more minutes b.).
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2. For comparing the ability of various UV spectral components to generate 

ROS in vivo, spinach leaves were infiltrated with the solution of either DanePy or 

HO-1889NH and irradiated with equal quanta of quasi-monochromatic 

(approximately ± 8 nm around central wavelength) UV in the range of 280 - 390 nm. 

The stress treatment was carried out inside the spectrofluorimeter, using as UV source 

the lamp of the fluorometer.

As stress treatment, leaves were irradiated with 2 x 1022 photons of the 

selected wavelength. Irradiation times to achieve these doses were ranging from 15 to 

30 minutes. Treatment times needed to provide 2 x 10 photons of each selected 

wavelength were determined by femoxalate actinometry (See Chapter 3.10.).

3. ANT3 and ANT4 transgenic and SRI tobacco plants were exposed to the 

above dose of UV irradiation only at two selected wavelengths: 290 nm and 360 nm.

After recording a reference spectrum, the fluorescence intensities of the 

sensors were checked several times during the irradiation as well. Fluorescence 

emission spectra of the sensors were recorded with 4 nm wide excitation and emission 

side slits. UV irradiation of the samples was carried out using 16 nm wide excitation 

slit. Since the emission of the ROS sensor was checked periodically during the UV 

stress-treatment, the opening of the excitation side slit was changed frequently. The 

accuracy of the settings was controlled using a perylene-containing standard, provided 

by the spectrofluorimeter manufacturer. Data acquisition was complete in two 

minutes, and due to the reduced slit size, the 340 nm excitation applied for the 

fluorescence measurements did not cause any additional ROS production. All 

measurement and irradiation sequences were carried out without moving the leaf 

sample.

In all UV stress experiments, fluorescence data were corrected for the changes 

of the UV-inducible blue-green intrinsic fluorescence of leaves (Chapelle et al., 

1984). Maximum of the 340 nm-excited emission spectra of the dansyl-based sensors 

were around 532-535 nm, which in leaves overlapped with the UV-induced blue­

green auto-fluorescence. With adequate infiltration, this intrinsic fluorescence in the
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515-550 nm spectral region was usually kept less than 10-30% of the sensors’ 

fluorescence.

3.9. Other ROS detecting methods

3.9.1. Hydrogen peroxide detection by histochemical staining

Stress induced H2O2 production was studied in the ANT3, ANT4 transgenic 

and SRI wild type tobacco plants by a histochemical staining method (Thordal- 

Christensen et al., 1997). Tobacco leaves were exposed to 27 jimol m' s' UV-B from 

a VL-215M lamp. After the stress treatment leaves were immersed into a 2 mg/ml 

3,3’-diaminobenzidine (DAB) solution and kept in dark, while gently stirring the 

samples on a swinging table for 2 hours. This procedure ensures uniform distribution 

of the solution on the leaf surface. Stock solution of 50 mg/ml DAB was prepared in 

IN HC1 then it was further diluted to 2 mg/ml in milliQ water. The reaction of DAB 

with H2O2 was based on endogenous peroxidase activity of the leaves resulting in 

brownish colour of the tissue where the H2O2 was present. After 2 hours of DAB 

treatment, chlorophyll was removed from the leaves by boiling them in 96 % ethanol 

for 10 minutes in a water bath. After taking pictures of the stained leaves, they were 

further stored in 96 % ethanol, the H2O2-DAB complex being very stabile, the colour 

persisted for longer times.

3.9.2. Superoxide detection by cytochrome-c reduction in thylakoid membranes

In order to compare the Ch-* generating ability of equal doses of various UV 

wavelengths, the reduction of 20 pM cytochrome-c was followed in thylakoids (20 

pg/ml chlorophyll) exposed to UV radiation. The absorbance changes of cytochrome- 

c were monitored at 550 nm. Absorbance changes were detected both in the presence 

of 0.5 units of catalase, in order to neutralize H2O2, if present and without the enzyme 

(Vandewalle and Petersen, 1987).
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3.10. Ferrioxalate actinometry

Ferrioxalate actinometry (Hatchard and Parker, 1956) was carried out using 6 

mM K3Fe(C2O4)3 in 50 mM sulphuric acid. Potassium ferrioxalate was prepared by 

adding three parts of potassium oxalate (1.5 M) to one part of ferric chloride (1.5 M). 

The resulting precipitate was re-crystallized three times with water and dried. After 

being exposed to UV radiation in the spectrofluorimeter, the KaFe^O^ solution 

was diluted with 1 g L'1 1,10-phenantroline and 0.5 M sodium acetate buffer (2:2:1 

V:V:V), and kept in the dark for 30 min until the development of the colorimetric 

complex. The absorbance of the resulting Fe-(l,10-phenantroline)32+ was measured at 

510 nm and compared with a reference (ferrioxalate without irradiation) solution. UV 

photon flux (photons min'1) was calculated assuming a constant quantum yield for the 

reduction of iron ions over the 200-400 nm photoactive wavelength range (Lee and 

Seliger, 1964, Björn, 1971). Irradiation times corresponding to 2 x 1022 photons were 

found to be between 15-30 minutes, depending on wavelength of the applied UV 

irradiation. UV treatments, all representing the same total accumulated dose (the same 

number of photons) corresponded to approximately 18-36 mmoles m' s' photon 

flux and to a 28 - 45 kJ m' irradiance.

3.11. Statistics

In vitro sensor tests were repeated five times each, averaged and standard 

deviations were calculated.

PSII activity of thylakoid membranes was measured by recording oxygen 

evolution before and after the application of the stress. Each experiment was repeated 

five times, averaged and the standard deviations were calculated.

Fluorescence emission maxima of the applied ROS sensors were calculated 

from the average of 10 data points around the 532-535 nm maxima of the dansyl- 

based sensors and 582-585 nm maxima of the rhodamine-based sensor, in order to 

avoid artefacts from scattering. Each spectrum was an average of 4 scans. ROS sensor 

fluorescence quenching data were calculated from 3-4 independent spectra.
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T-tests were performed on fluorescence quenching data of the ROS sensors 

and loss of variable chlorophyll fluorescence data, in order to establish the correlation 

between these data in the UV-irradiated plant samples.

Mean values and standard deviations of the AF/Fm’ were calculated from 3-4 

repetitions.
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4. RESULTS AND DISCUSSION

The number of studies focussed on light stress in plants is vast (see Barber 

and Andersson, 1992, Aro and Andersson, 1993, Vass, 1996, Caldwell et al., 2003). 

Both photoinhibition and stress by UV irradiation have been studied in vitro and in 

vivo, with a vide variety of methods. Although many methods are available to detect 

in vitro oxidative stress, direct in vivo applications are limited, as the methods used in 

vitro meet several technical difficulties when applied in whole-plant studies. 

Therefore, direct in vivo ROS detection is a key factor in plant oxidative stress 

studies. There is an increasing need for a new ROS identifying technique, applicable 

for in vivo direct oxidative stress detection. To overcome the detection difficulties 

raised in the in vivo adaptation of the methods used for in vitro studies, double 

fluorescent and spin ROS sensors have been introduced.

In this chapter we report experiments in which we used and improved a 

recently developed technique suitable to detect stress-induced ROS production in 

different plant systems in vivo. One of the double sensors, DanePy has already been 

successfully applied to detect 1O2 (Kalai et al., 1998, Hideg et al., 2000a, Hideg et al., 

2000b, Hideg et al., 2001).

In this thesis we present and characterize other double sensors, reactive to 

ROS other than 1O2, which were suitable to be applied in vivo, for detecting light 

stress induced ROS. These sensors were characterized and applied in stress 

experiments in parallel with DanePy.

4.1. Physico-chemical characterization of fluorescent sensors

Although DanePy proved to be a good 1O2 sensor for in vivo studies, as 

previous studies of our group showed (Kalai et al., 1998, Hideg et al., 2000a, Hideg et 

al., 2000b, Hideg et al., 2001), there was further need to find a fluorescent ROS sensor 

specific to ROS types other than 1O2. Therefore, as a first phase of our studies, other 

potential ROS sensors were characterized.

Testing a new compound is a complex process. A fluorescent ROS sensor has 

to meet several criteria in order to be applicable in biological experiments. It has to be 
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stable in the sample, its fluorescence emission and excitation spectrum should not 

overlap with that of the studied biological material. It should be selective to a few 

ROS, preferably to one from among the species of interest. Before applying a 

fluorescent ROS sensor in stress induced in vivo ROS detection, it has to be 

characterized from physical and chemical points of view: optimal parameters should 

be found for fluorescence detection and selectivity has to be investigated. The 

identification of the micro-localization of the sensor in the leaf, and its stability in the 

studied system are also important.

Reactivity of the sensors was investigated in vitro, by the addition of 

chemically generated ROS. When the tested sensor proved to be reactive to one or 

more ROS, its in vitro and in vivo stability was checked. Following these, the sensor's 

localization in the plant tissue had to be studied. The last step in this process was the 

actual in vivo application of the sensor, under the studied stress conditions.

4.1.1. Specifity

Four potential double sensors were selected, three of which had a dansyl group 

as fluorophore. From the dansyl-based sensors two had a tetramethyl-pyrrole moiety 

to trap ROS (DanePy and HO-1889NH), and in L-2204 the tetramethyl-pyrrole group 

was substituted with a free radical trap (Fig. 2.2.). In the fourth sensor the tetramethyl­

pyrrole group was combined with a rhodamine fluorophore (HO-2941) (Fig. 2.3.).

Photosensitization of various dye molecules, such as Rose Bengal or free 

chlorophyll produces 1O2 in a type II photodynamic reaction. Type II photodynamic 

1O2 generation has a wide array of medical applications, in cancer photodynamic 

therapy (Ochsner, 1997). Although both Rose Bengal and free chlorophyll generate 

1O2 when illuminated, some studies hypothesize that photosensitized free chlorophyll 

is not a pure 1O2 source, other radicals may also be evolved (Harbour and Bolton, 

1978). The fluorescence quenching of the sensors was followed upon their reaction 

with 1O2 generated from one of the above sources (an example of characteristic 

quenching is presented in Fig. 4.1.). It was found, that the reaction of the sensors with 

1O2 generated from either Rose Bengal or free chlorophyll photosensitization led to 

different fluorescence quenching. Fig. 4.2. illustrates the differences in L-2204 

fluorescence quenching upon the reaction of the sensor with 1O2 derived from two 
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different sources. The fluorescence loss of the sensor was more intense when 1O2 was 

generated from detergent-extracted chlorophyll, than from photosensitised Rose 

Bengal. This finding supports the earlier suggestion that illuminated chlorophyll is not 

a pure 1O2 source, other radicals may also be generated by this reaction (Harbour and 

Bolton, 1978).

Fig. 4.1.: Fluorescence intensity loss of HO-1889NH in Na-phosphate buffer 

(pH=7.2) induced by singlet oxygen generated from illuminated Rose Bengal (For 

experimental details see Chapter 3.7.1.).

sources: ^2 from illuminated chlorophyll (1) or Rose Bengal (2); H2O2 (3); 'Oil (4);

Of'(5).
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Table 1. presents the relative changes in the fluorescence emission of all 

characterized fluorescent sensors upon their reaction with various ROS.

Although the molecules of DanePy and HO-1889NH were very similar, 

having identical tetramethyl-pyrrolle moieties and identical fluorescent groups 

(Fig. 2.2.), it was found, that by modifying the molecular structure only by 

substituting one side-chain attached to the group linking the fluorophore with the trap 

with hydrogen, the sensor's selectivity significantly changed. This minor difference in 

the molecular structure of the two sensors conferred difference in their reactivity to 

ROS. HO-1889NH was sensitive not only to 1O2 (Fig. 4.1.) , as DanePy (Kalai et al., 

1998), but to O2-^as well (Table 1.). However its reactivity to 1O2 was not as high as 

of DanePy. Fluorescence of the two sensors was not quenched by either *OH or by 

H2O2 (Table 1.). L-2204 proved to be unspecific, fluorescence quenching occurred 

upon its reaction with 1O2, O2^, ’OH as well as with H2O2 (Fig. 4.2. and Table 1). For 

this reason, we did not use L-2204 in the in vivo plants stress studies described here. 

Nevertheless, L-2204 may be used in detecting general oxidative stress, in different 

systems.

The rhodamine-based HO-2941 (Table 1) showed moderate reactivity to 1O2 

only, and practically no response to either H2O2 or ’OH. We tested this sensor as an 

alternative to the UV-excitable dansyl-based compounds. Although its ROS induced 

quenching was smaller, than that of the dansyl-based sensors, HO-2941 was also 

studied in vivo.

Table 1: Relative changes in the fluorescence emission of the ROS sensors 

upon reacting with various ROS from chemical sources.

No addition 1O2 O2-’ H2O2 ’OH

DanePy 100 % 35 % 93 % 97 % 98 %
HO-1889NH 100 % 60 % 65 % 98 % 96 %
L-2204 100 % 47 % 45 % 52 % 55 %

HO-2941 100 % 81 % 98 % 95 % 102 %
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Although the fluorescence of HO-1889NH is much more intense than that of 

the DanePy and as Fig. 3.4 shows its maximal quenching ability is higher than that of 

the DanePy (see Fig. 3.4, page 38), the sensitivity towards 1O2 of this sensor is 

smaller than that of DanePy.

All sensors proved to be very stabile in vitro in dark for hours In order to be 

applicable for stress-induced in vivo ROS detection, the ROS trapping ability and the 

fluorescence parameters of the sensors should not be altered by the stress condition 

itself. Therefore all fluorescent sensors were tested for their sensitivity to excess light 

or UV irradiation. None the above characteristics were altered by the applied 

irradiation.

The fluorophores of the characterized sensors were investigated as controls. 

Neither dansyl-chloride, nor rhodamine-chloride showed reactivity to any ROS, their 

fluorescence was not quenched. Because the fluorophore itself is not reactive to any 

of the studied ROS the fluorescence quenching of the complete sensor can be 

attributed only to the reaction of the trap group with ROS. The structural moiety, 

which is responsible for the sensor's activity is the amine-centre in the tetramethyl­

pyrrole ring (Bilski et al., 2003).

4.1.2. In vivo characterization of fluorescent ROS sensors

4.1.2.1. In vivo stability of fluorescent ROS sensors

ROS sensors' stability in the studied system is a prerequisite of their 

application in plant stress studies. Therefore, when considering in vivo applications, it 

is crucial to investigate the stability and the micro-localization of the sensors in 

leaves.

DanePy, HO-1889NH and HO-2941 were investigated for in vivo stability. 

1 mM aqueous solutions of the sensors were infiltrated into tobacco leaves and their 

dark stability was followed for all time points of the upcoming stress experiments. 

These sensors were not perfectly stable in vivo, therefore, fluorescence quenching data 

had to be corrected for their slight instability. The mechanism behind this stress- 

unrelated instability can probably be attributed to physical factors, such as diffusion of 

the sensor in the leaf, or to chemical processes, since the metabolism of the sensor in 

the leaf is not yet known. The amine centre in the tetramethyl-pyrrole ring can be 

oxidized by other oxidants in addition to 1O2, for example by endo-peroxides, which 
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can be formed in biological systems from the reaction of 1O2 with different substrates 

(Albro et al., 1997, Bilski et al., 2003).

4.1.2.2. Micro-localization of florescent sensors in leaves

The micro-localization of the sensors in the leaf is also of interest when we use 

them as tools of in vivo stress-induced ROS detection.

fluorescence (a.), (c.), (e.), (g.) detected in spinach leaves infiltrated with distilled 

water (a.), HO-2941( c.f DanePy( e.), HO-1889NH (g.f Green (505< \<550 nm) 

fluorescence emission was detected in distilled-water infiltrated (a.), DanePy (f) and 

HO-1889NH (h.) infiltrated leaves. Yellow fluorescence (560< l<615 nm) of H0- 

2941 emission is showed by panel (d.)
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Since our studies were focused on the investigation of the effect of light stress 

on the photosynthesis of plants at the level of ROS production, micro-localization 

studies investigated especially the question whether the characterized ROS sensors 

penetrated to the chloroplasts or not. For this reason LSM imaging studies were 

performed to localize the sensors in the infiltrated spinach leaves.

Confocal laser scanning microscopy is a non-invasive technique, which gives 

the possibility of higher resolution monitoring of the fluorescence changes of the 

sensors inside inner layers of the leaf, in mesophyll cells. We compared the 

localization of the 351 nm UV excited red chlorophyll fluorescence emission above 

650 nm (Figs. 4.3 a, c, e, g and 4.4 a, c), which identified chloroplasts, with the 515­

550 nm dansyl-based ROS sensor fluorescence emission (Figs. 4.3 f, h and 4.4 b, d) 

and the 560-615 nm yellow rhodamine-based ROS sensor fluorescence (Fig. 4.3. d).

Images show, that the 515-550 nm DanePy fluorescence was co-localized with 

the red chlorophyll fluorescence, emitted from the chloroplasts (Figs. 4.3 e, f and 4.4 

a, b) .

0 30 60 90 120 150

Distance (jm)

Fig. 4.4. LSM images of 351 nm excited red 6>650 nm) chlorophyll 
fluorescence (a,c) and green fluorescence (515<k<550 nm)(b,d) detected in spinach 
leaves infiltrated with aqueous solutions (<10 % ethanol) of either DanePy (a,b) or 
HO-1889NH (c,d). Graphs (e,f) compare intensities of red and green fluorescence 
along the diagonal lines (1,2) shown on the images. Image size is 115*115 pm.
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Comparison of the intensity distribution of green fluorescence from DanePy 

with that of the red chlorophyll fluorescence (Fig. 4.4 e.) showed that DanePy 

penetrated to the chloroplasts (Figs. 4.4 a, b, e). Intensity profile of the green 

fluorescence at the local minima between peaks was above zero (Fig. 4.4 e), which 

represented the emission of the sensor in the symplastic or apoplastic compartment, 

and the UV-inducible leaf autofluorescence. The ratio between the DanePy 

fluorescence detected from chloroplasts and from the symplast does not necessarily 

reflect quantitative distributions of the sensors, because the fluorescence yield of the 

sensor may depend on its environment, on whether is localized in membrane-phase or 

in aqueous environment. The above results support the previous finding, when the 

localization of DanePy inside the chloroplasts was shown in Arabidopsis thaliana 

leaves (Hideg et al., 2001). The fluorescence of HO-1889NH also coincided with the 

red chlorophyll fluorescence (Figs. 4.3 g, h and 4.4 c, d), as of DanePy. The intensity 

profile of HO-1889NH green fluorescence was compared to the red chlorophyll 

fluorescence, which identified chloroplasts (Fig. 4.4 f). As in the case of DanePy, the 

intensity profile of the green fluorescence at the local minima between peaks was 

found also to be above zero (Fig. 4.4 f). Since HO-1889NH was localized in the 

chloroplasts, the sensor with double-reactivity was also suitable for in vivo stress­

photosynthesis related ROS detection studies. On the other hand, the 560-615 nm 

yellow fluorescence from HO-2941 was not co-localized with the red chlorophyll 

fluorescence (Figs. 4.3 c, d). Since HO-2941 did not penetrate into the chloroplasts, 

its in vivo applications in photosynthesis-related stress studies was limited. The 

rhodamine-based sensor may be used in experiments focusing on other than 

chloroplast-localized events, for example when information about the 1O2 production 

in other cell compartments is needed. Because photosynthesis-related in vivo ROS 

production was our main interest, HO-2941 was not applied in further studies. 

Although, images (Figs. 4.3. and 4.4.) confirm the co-localization of both DanePy and 

HO-1889NH fluorescence with the chlorophyll fluorescence, the sensors are present 

in other cell compartments as well.
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4.1.2.3. The in vivo ROS sensor fluorescence overlaps with the UV- 

induced blue-green auto-fluorescence (BGF) of leaves

Both DanePy and HO-1889NH were excitable by 340 nm UV irradiation, and 

their fluorescence was emitted in the 400-620 nm region, with emission maxima 

around 530-550 nm.

Apart from the red chlorophyll fluorescence, ultraviolet excitation of plant 

leaves also results in blue-green intrinsic fluorescence (BGF) emission in the 450-550 

nm region. The identity, the distribution and the localization of those molecules, 

which emit in this spectral region is intensely discussed in several studies (Chapelle et 

al., 1984, Goulas et al., 1990, Chapelle et al., 1991, Cerovic et al., 1993, Lichtenthaler 

and Schweiger, 1998, Johnson et al., 2000, Hideg et al., 2002b). This intrinsic 

fluorescence probably originates from a variety of sources. BGF has been attributed 

mainly to the cell wall bound ferulic acid (Morales et al., 1996, Lichtenthaler and 

Schweiger, 1998), but flavonoids (Hideg et al., 2002b) and phenols, such as quercetin, 

kaempferol and coumaric acids, and even NADPH (Cerovic et al., 1993) are also 

believed to contribute to the overall blue-green fluorescence emission of the UV 

excited plant leaves. Abiotic stresses induce changes in the BGF levels of leaves. BGF 

is considerably enhanced in UV-treated leaves (Hideg et al., 2002b) correlating with 

the increased polyphenolics synthesis in the exposed leaves (Sullivan and Teramura, 

1990). These compounds are part of the plant's defense system, acting either as UV 

screens or functioning as antioxidants. BGF emission was not observed in 

chloroplasts of barley leaves (Hideg, 2002), although other studies report such 

emission in different plant species (Chapelle et al., 1991) or in isolated chloroplasts 

(Latouche et al., 2000). The UV-inducible BGF was low in leaves infiltrated with 

distilled water without the ROS sensors (Fig. 4.3 b).

Spectrofluorimeter measurements showed that the fluorescence emission 

maxima of both dansyl-based ROS sensors overlapped with the UV-inducible BGF of 

leaves (Fig. 4.5.). Although UV irradiation induced certain enhancement of the BGF 

in stressed leaves, adequate infiltration provided much higher levels of ROS sensor 

fluorescence emission than that of the BGF emission (Fig. 4.5.). Moreover losses in 

the sensor's fluorescence were many times higher, than the BGF changes. Figure 4.3 

a. shows the LSM image of a spinach leaf infiltrated with water. The 351 nm excited 
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red chlorophyll fluorescence from Fig. 4.3 a. was compared to the UV-excited green 

fluorescence of leaves shown in panel b). The UV-excited green fluorescence of the 

leaves was low compared to that of either DanePy (Fig. 4.3 f) or HO-1889NH (Fig.

4.3 h). Therefore, adequate infiltration leads to much higher fluorescence emission 

from the sensor than the intrinsic leaf fluorescence (Fig. 4.5.). Even though these 

changes of the BGF of stressed leaves are small, ROS sensor fluorescence quenching 

data were always corrected for the UV-excited BGF modifications.

Fig. 4.5.: 340 nm induced fluorescence emission spectra of spinach leaves 

infiltrated with 1 mM aqueous solutions (containing less than 10 % ethanol) of 

DanePy or HO-1889NH, and blue-green (BGF) emission of a spinach leaf infiltrated 

with distilled water.

4.1.2.4. The distribution of fluorescent sensors in leaves

The choice of the infiltration method significantly affected the distribution of 

the sensor in the leaf. Infiltrating methods were selected in order to ensure optimal 
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distribution of the sensor in the leaf, but having as little effect on the photosynthetic 

activity of the studied plant as possible.

Previous studies showed that even though floating the leaf on the solution of 

the sensor did not affect photosynthetic parameters severely, only weak sensor 

fluorescence was detectable due to the poor uptake of the sensor, which was mainly 

localized in the petiole and in the vascular tissue of the leaf. Vacuum infiltration did 

not assure homogenous distribution of the sensor in the leaves, a large amount of the 

ROS sensor was deposited in the petiole, and photosynthetic activity was lowered by 

about 20 % (Hideg et al., 2002a). Therefore a new, less damaging infiltration method 

was introduced, in which the solution of the ROS sensor was forced into the leaves 

through a pinhole.

By applying infiltration through a pinhole the distribution of the sensor in the 

leaf was more uniform, than it could have been achieved by other methods. A small 

area of DanePy infiltrated leaf is shown in Fig 4.6. The infiltrated area was usually 

about 1.5 cm2, depending on the proximity of vascular tissue, which prevented the 

further distribution of the sensor. This type of infiltration process decreased PSII 

activity by less than 10 %, to a smaller extent than vacuum infiltration (20 %) (Hideg 

et al., 2002a). PSII activities were not altered by the ROS sensors themselves in any 

of the mentioned infiltration methods: the loss of variable chlorophyll fluorescence 

occurred due to the infiltration rather than to the presence of the sensors (Hideg et al., 

2002a).

Fig. 4.6.: Photographic image of a tobacco leaf infiltrated through a pinhole: 

the infiltrated area is darker in the picture a.) and the distribution ofDanePy: 310 nm 

excited 410-640 nm fluorescence emission image of the same leafb.).
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Due to the infiltration, the UV-excited intrinsic BGF intensity was enhanced. 

Various infiltration techniques led to different enhancement of the BGF in the 

infiltrated leaves compared to those, which were not infiltrated. BGF intensity was 

more enhanced in vacuum infiltrated leaves than in those infiltrated through a pinhole.

The amount of sensor taken up by different leaves of distinct plant species is a 

very important factor. Infiltration through a pinhole is the suitable technique when 

larger, softer leaves of dicotyledous species are the object of the study, while 

monocotyledous species are hard to infiltrate by this method. For example young 

spinach leaves are infiltrated more efficiently with double sensors than wheat leaves 

(unpublished data). The concentration of the sensors in the mesophyll cells cannot be 

exactly quantified. Despite of their high fluorescence emission intensities in leaves 

and of their potential to be quenched by ROS almost totally, compared to their 

original fluorescence, double ROS sensors can only be used for relative fluorescence 

change estimations, due to their variability in absolute intensity. Although exact ROS 

concentration values in leaves cannot be quantified, the ROS-inducing effects of 

various stress conditions can be compared.

Summarizing the above findings, we concluded, that whenever possible, 

infiltration through a pinhole was favourable for in vivo stress studies. Nevertheless, 

fluorescence data had to be corrected for sensor stability and, in the case of UV stress 

experiments, for the changes of the intrinsic blue-green fluorescence of the leaf as 

well.

4.2. Stress by excess photosynthetically active radiation

The mechanism of photoinhibition is one of the most extensively studied 

stress mechanisms in plant science. It is generally accepted, that the primary target of 

photoinhibition is the photosystem II (Barber and Andersson, 1992). Photoinhibitory 

damage occurs, when photosynthetically active samples are irradiated under aerobic 

conditions by excess photosynthetically active radiation. Excess PAR impairs PSII 

electron transport, which is followed by selective degradation of the D1 reaction 

centre protein, and by more general lipid and protein damage (Aro et al., 1993). The 

nature of reactive oxygen species involved in the mechanism of high light intensity 

induced damage is still an open question. The light-induced loss of QA in 
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photoinhibited reaction centers allows the formation of triplet excited reaction centre 

chlorophylls with high probability (Vass and Styring, 1992, Telfer et al., 1994). In 

this model, the evolution of 1O2 was presumed from the interaction of excited 

chlorophyll molecules with the oxygen, present abundantly in chloroplasts (Vass et 

al., 1992, Vass and Styring, 1993). Previous in vitro and in vivo experiments revealed 
that 1O2 indeed was the main ROS product of the acceptor side- induced 

photoinhibition (Macpherson et al., 1993, Hideg et al., 1994a, Hideg et al., 1994b, 

Hideg et al., 1998, Hideg et al., 2001). The involvement of O2’* radicals in the 

mechanism of photoinhibition has also been hypothesized in certain studies (Kyle, 

1987, Miyao, 1994, Fryer et al., 2002) although the formation of these species was not 

proved in spinach thylakoids (Hideg et al., 1995). There is still no consensus on the 

nature of photoinhibition induced ROS in leaves. We extended our studies to the 

application of dansyl-based double sensors to investigate photoinhibition by excess 

PAR at the level of ROS production.

In the present study we investigated whether there was any detectable O2’* 

production in photoinhibited thylakoids or in leaves exposed to excess PAR, by using 

fluorescent ROS sensors.

4.2.1. Photoinhibition of thylakoid membranes

The parallel use of the 1O2 reactive DanePy and of the 1O2 and O2’’ reactive 

HO-1889NH was a good opportunity to obtain information about the O2’’ produced in 

photoinhibited thylakoid samples. Isolated thylakoid membranes were exposed to 

1500 Limol m"2s-1 PAR for 30 minutes in the presence of either DanePy or HO- 

1889NH. The fluorescence of DanePy decreased by 40 % meanwhile HO-1889NH 

fluorescence was quenched by only 10 % (Fig. 4.7.). The oxygen evolving capacity of 

the thylakoid membranes decreased to 60 % of the original activity during the 

photoinhibition.
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Time of photoinhibition (minutes)

Fig. 4.7.: Fluorescence quenching of DanePy (triangles) and HO-1889NH

2 1(circles) in thylakoid membranes exposed to 1500 pmol m~ s' PAR for 30 minutes.

Based on these findings, our results support the model hypothesizing singlet 

oxygen as the main promoter of photoinhibitory damage in isolated thylakoid 

membranes. O2’* radicals were not detected by trapping ROS with fluorescent 

sensors.

4.2.2. Reactive oxygen species produced in photoinhibited leaves

Details of the photoinhibition induced damaging processes in PSII are still not 

fully understood. In vivo singlet oxygen evolution was proved in photoinhibited 

leaves by fluorescence spectroscopy (Kalai et al., 1998, Hideg et al., 1998), and the 
site of 1O2 evolution was identified to be in the chloroplasts by imaging techniques 

(Hideg et al., 2001). By using double sensors in photoinhibited thylakoids the 

presence of O2’* could not be detected, but a few studies hypothesize O2’* and other 

ROS evolution in photoinhibited leaves (Fryer et al., 2002). By introducing the 1O2 

and O2’* reactive ROS sensor, HO-1889NH, we studied whether there was any O2’* 

production in photoinhibited leaves. DanePy was used in parallel with the new sensor 

to detect light stress induced in vivo ROS production.
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Both DanePy (Hideg et al., 2001) and HO-1889NH (Barta et al., 2002) 

penetrated into the chloroplasts of leaves (Figs. 4.3 e, f, g, h and 4.4 a, b, c, d), and 

their initial fluorescence had the potential to be quenched by more than 80 % upon 

reaction with their target ROS, as assumed from the difference in the fluorescence 

intensities of the sensors and of their nitroxide pairs (Fig. 3.4.). Therefore, by 

applying these sensors, more detailed information was obtained about the ROS 

evolution under stress by excess PAR.

Arabidopsis thaliana leaves were infiltrated with either DanePy or with HO- 

1889NH and irradiated with 1800 Limol m'2s-1 PAR for 30 minutes (Fig. 4.8.). Leaves 

were vacuum-infiltrated because the morphology of Arabidopsis leaves did not allow 

pinhole infiltration, as being very small.

By recording the fluorescence of the sensor every 10 minutes during the stress 

treatment, it was shown, that the fluorescence of the sensors was quenched 

progressively as the stress treatment proceeded. The fluorescence quenching of the 

ROS sensors is an accumulative process: the extent of quench at a given time point 

during the photoinhibition is characteristic to the total ROS production until that time. 

In this way, ROS evolution is characterized by the increase of quenching during 

relatively short, 10 minutes intervals.

Fig. 4.8. illustrates the progressive fluorescence quenching of both ROS 

sensors in the photoinhibited leaves. During 30 minutes of photoinhibition the 

fluorescence of DanePy decreased to almost half compared to its original intensity, 

suggesting intense 1O2 evolution. The above findings supported previous results, 

which showed 1O2 production in photoinhibited broad bean and Arabidopsis leaves 

(Hideg et al., 1998, Hideg et al., 2001).

Although O2-* radicals were not identified in vitro in photoinhibited isolated 

thylakoid membranes, when HO-1889NH infiltrated Arabidopsis leaves were exposed 

to 1800 Limol m-2 s-1 PAR for 30 minutes, the fluorescence of this sensor decreased 

significantly. HO-1889NH fluorescence quenching was higher than that of DanePy 

under identical conditions. Therefore assuming O2"’ production under the above stress 

conditions seemed feasible. Vacuum infiltration itself caused about 10-15 % decrease 

in the photosynthetic electron transport of the leaves, but the applied photoinhibitory 

treatment decreased the variable chlorophyll fluorescence by 50%.
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Fluorescence spectroscopy gives information about the total fluorescence of 

the sensor originated from a small, approximately 1 x 8 mm portion of the leaf 

segment, while LSM imaging is a technique with higher resolution, the monitoring of 

ROS sensor fluorescence changes becomes possible at the level of cells.

In order to study the origin of O2’* in photoinhibited leaves, confocal laser 

scanning microscopy experiments were carried out.

Time (min)

Fig. 4.8. Fluorescence quenching of DanePy (circles) and of HO-1889NH

(triangles) in Arabidopsis thaliana leaves exposed to photoinhibition by 1800 pmol

2 1m~ s' PAR for 30 minutes.

Spinach leaves were infiltrated with either DanePy or HO-1889NH and 

exposed to 1800 Limol m-2 s-1 PAR for 45 minutes (Figs. 4.9. and 4.10.). To follow the 

progress of photoinhibition during the treatment, LSM images were taken at 0, 15, 30 

and 45 minutes in both cases. The 351 nm UV-induced green DanePy fluorescence 

gradually decreased as the time of the photoinhibition progressed and by the end of 

the treatment almost completely disappeared (Fig. 4.9 e, f, g, h). Green fluorescence 
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was entirely emitted from the sensor, since the UV-induced intrinsic BGF intensity 

was low in leaves under our experimental conditions (Fig. 4.3. b). Fluorescence 

intensity profiles of the 515-550 nm emissions were plotted along diagonal lines on 

the LSM pictures (Fig. 4.9.). These plots showed, that the originally high intensity 

peaks corresponding to the green DanePy fluorescence in the chloroplasts gradually 

decreased during the 45 minutes of the treatment. These plots, which confirmed the 

visual information, showed that DanePy fluorescence was quenched in the 

chloroplasts, by photoinhibition-induced 1O2. These findings supported the earlier 

results, which proved 1O2 production in photoinhibited leaves (Hideg et al., 2001).

When infiltrated into spinach leaves, the fluorescence emission of HO- 

1889NH was quenched by photoinhibition-induced ROS similarly to that of DanePy. 

LSM images and the HO-1889NH fluorescence intensity profiles showed that the 

fluorescence of this ROS sensor was also quenched progressively in the chloroplasts 

as the time of the photoinhibition treatment progressed (Fig. 4.10.). HO-1889NH 

fluorescence decreased to smaller extent, by approximately 50 % only than the 

fluorescence of DanePy under identical conditions (Fig. 4.9.). It is also of interest that 

HO-1889NH fluorescence was detected from outside chloroplasts as well only the 

yield of the sensor may depend on its environment.

As control, the common fluorescent group of both applied sensor molecules, 

dansyl-chloride was also tested. It was found, that the fluorescence of dansyl-chloride 

was not quenched by photoinhibition-induced ROS (Hideg et al., 1998).

In order to follow photoinhibition-induced ROS production in whole leaves 

quantitatively, spinach leaves were infiltrated with either DanePy or HO-1889NH 

through a pinhole and were exposed to irradiation by 1800 Limol m-2 s-1 PAR for 75 

minutes. 75 minutes of photoinhibition resulted in more than 90 % inactivation of the 

photosynthetic electron transport. 295-375 nm UV-excited 410-640 nm fluorescence 

emission image of the infiltrated area was taken after the infiltration as reference 

(Figs. 4.11 c and 4.12 a), then the sensors' fluorescence was monitored during the 

time-course of the photoinhibition by acquiring fluorescence images during the 

treatment. Exposure to excess PAR resulted in gradual quenching of DanePy 

fluorescence (Fig. 4.11.), to less than 25 % of its original intensity by the end of the 

treatment.

On the other hand, HO-1889NH fluorescence was not quenched as extensively 

as that of DanePy, by approximately 50 % only of the original fluorescence in leaves 
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exposed to the same 75 minutes photoinhibition. The electron transport activity of the 

studied leaves decreased by the end of the treatment to less than 10 % (Fig. 4.13.). 

Both DanePy and HO-1889NH fluorescence quenching during the above 

photoinhibitory treatment were plotted in function of the photosynthetic activity loss 

of the leaves (Fig. 4. 11 and 4.12).

Loss of photosynthetic electron transport (% of untreated)

Fig. 4.13.: DanePy (circles) and HO-1889NH (triangles) fluorescence 

quenching in spinach leaves exposed photoinhibition by 1800 pmol m2 s'1 PAR for 75 

minutes. Data points were calculated from the images of Figs. 4.11 and 4.12. Typical 

errors in the ROS fluorescence loss and loss of the photosynthetic yield parameter 

were calculated from three different experiments, and are shown as vertical and 

horizontal error bars in the left corner of the figure.

Although the fluorescence of the XO2 and O2’* reactive HO-1889NH decreased 

significantly in the photoinhibited leaves, its quenching was attributed to trapping 

photoinhibition-induced singlet oxygen only, since the fluorescence decrease of this 

sensor proved to be less extensive than that of the 1O2 reactive DanePy (Fig. 4.13.). 

The above data, the LSM and fluorescence microscopy images supported the 
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conclusion, that the fluorescence quenching of both sensors occurred mainly in the 
chloroplasts due to their reaction with the photoinhibition-induced 1O2, the 

contribution of O2’* was minor. The former conclusion was supported by the extent of 

DanePy fluorescence quenching in photoinhibited thylakoids as well, the fluorescence 

of the 1O2 and O2'* reactive sensor quenched by 10 % only (see Fig. 4.7.). However, 

the higher fluorescence quenching of HO-1889NH than that of DanePy in Arabidopsis 

thaliana leaves (see Fig. 4.8.) suggested the contribution of both 1O2 and O2’* in 

photoinhibition. The nature of this process is yet unknown and needs further 

investigation, but was not the aim of the current thesis.

4.3. Stress by UV-radiation.

The nature of ultraviolet-radiation elicited oxidative stress at the level of 

photosynthesis is an intensely discussed process. Above a certain threshold UV 

radiation inhibits photosynthesis, by a mechanism different than the inhibition by 

excess PAR. PSII electron transport is inactivated by UV radiation, and D1 core 

protein is damaged (Renger et al., 1989, Vass et al., 1999). D1 degradation products 

are different than the fragments detected upon photoinhibition (Greenberg et al., 1989, 

Friso et al., 1994a), and the degradation of the D2 protein was also proved (Friso et 

al., 1994b). There are indirect evidences of UV-induced ROS production: UV 

irradiation induces the up-regulation of free radical scavenging enzymes (Foyer et al., 

1994, Rao and Ormrod, 1995), the accumulation of ascorbate free radicals (Hideg et 

al., 1997), and the increase of oxidative membrane damage-related ultraweak 

luminescence (Cen and Björn, 1994). In vitro studies proved the induction of 

hydroxyl radical, peroxyl- and carbon centered radical evolution in UV-B irradiated 

thylakoid membranes (Hideg and Vass, 1996). The UV-B induced D1 degradation 

was associated with hydroxyl radicals (Hideg et al., 1999). Other studies hypothesized 

O2’* production in UV-B stressed leaves (Mackerness et al., 1998, Mackerness et al., 

2001). The UV-A induced mechanism is generally considered to be similar, but a few 

orders of magnitude less effective than that of the UV-B irradiation (Turcsanyi and 

Vass, 2000, White et al., 2002, Quaite et al., 1992).

Because of the lack of consensus and direct in vivo ROS data in plant leaves, 

our aim was to study UV-induced ROS evolution using double sensors both in vitro 

and in vivo.
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4.3.1. Reactive oxygen species detection in thylakoid membranes exposed to UV- 

irradiation.

The possible role of 1O2 and O2-’ in the mechanism of damage induced by UV- 

stress was investigated in isolated thylakoid membranes.

Thylakoids were exposed to either broadband (emission maximum at 365 nm) of 35 

y,mol m-2 s-1 UV-A, or broadband (emission maximum at 312 nm) 27 p,mol m-2 s-1 

UV-B irradiation in the presence of DanePy or HO-1889NH for 60 minutes (for 

details see Chapter 3.8.2.1.). Although the oxygen evolving capacity of the 

membranes decreased almost completely by the end of the treatment, neither DanePy 

nor HO-1889NH fluorescence was quenched by more than 5-10 %, which was less 

than the 10% uncertainty of the measurements. Since the 345-385 nm UV-A and the 

295-320 nm broadband UV-B irradiation did not elicit 1O2 and O2-* production 

detectable by double sensors under these conditions, it was assumed, that the source 

of ROS production may either be selectively activated by other wavelength UV range 

or certain components needed for the ROS production may be localized outside the 

thylakoid membranes. In order to follow the wavelength dependency of the 1O2 and 

O2-’ production in isolated thylakoids HO-1889NH fluorescence decrease was studied 

in thylakoids exposed to quasi-monochromatic UV irradiation of various wavelengths. 

Irradiation doses were adjusted to induce the same 60 % loss of the oxygen evolving 

capacity for all applied wavelengths by using different irradiation times, ranging from 

20 to 50 minutes. Only minor HO-1889NH fluorescence quenching of about 10 % 

was detected for any wavelength in the 290 - 390 nm interval (Fig. 4.14.). In control 

experiments it was checked that the fluorescence of the sensors was not altered by the 

applied UV irradiation of any wavelength (data not shown). Therefore, significant 

O2-’ production was not detected in thylakoids with HO-1889NH.
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Fig. 4.14. HO-1889NH fluorescence quenching in thylakoids (20pg/ml) 

exposed to quasi-monochromatic UV-radiation of280 to 390 nm.

To verify the absence of O2’* in the UV stressed thylakoids, a different 

detection approach was applied.

From among the numerous spectrophotometrical assays available, the 

detection of superoxide-induced 550 nm absorbance change of ferricytochrome-c 

were used (Takahashi and Asada, 1988). Thylakoid samples were irradiated with 

quasi-monochromatic UV radiation as above in the presence of cytochrome-c. O2’* 

evolution was quantified by the cytochrome-c absorbance changes at 550 nm. 

Superoxide-inducible cytochrome-c reduction was small at any of the applied UV 

wavelengths, slightly higher in the 370-390 nm range (Fig. 3.15.). Cytochrome-c 

absorbance changes were monitored in the presence of added catalase as well. 

Catalase was added in order to neutralize H2O2, which may have been produced in 

UV-treated thylakoid membranes. Hydrogen peroxide, formed directly or as a product 

of superoxide dismutation, can oxidize ferrocytochrome-c at rates comparable to those 

at which ferricytochrome-c is reduced by superoxide. This reoxidation may affect 
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significantly superoxide detection. The reoxidation can be prevented by catalase 

addition (Vandewalle and Petersen, 1987).

Significant differences were not detected between the cytochrome-c reduction 

of those samples, which were treated in the presence of catalase and of those without. 

From the above findings we concluded, that neither UV-A nor UV-B irradiation led to 

detectable O2‘* production in our thylakoid experiments.

Fig. 4.15.: 550 nm absorbance changes in the of cytochrome-c in thylakoids 

irradiated with various wavelength UV-radiation. AOD at 550 nm was recorded in 

the presence (triangles) and in the absence (circles) of 0.5 units of catalase.

4.3.2. UV-radiation induced in vivo ROS production

4.3.2.I. 1O2 and O2^ detection leaves exposed to broadband (295- 320 nm) UV-B 

irradiation

Because of the discrepancy between the indirect in vivo (Mackerness et al.,

1998, Mackerness et al., 2001) and direct in vitro results (presented in Chapter 4.3.1.) 
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on the involvement O2~’ in UV stress, our experiments were extended to direct ROS 

detection in UV-irradiated leaves.

Arabidopsis thaliana leaves were vacuum infiltrated with either DanePy or 

HO-1889NH then exposed to 27 |lmol m-2 s-1 UV-B irradiation of 295- 320 nm from a 

broadband lamp for 60 minutes.

Although ROS sensors are stable in sodium-phosphate buffer for several 

hours, they are not perfectly stable in the leaves (see Chapter 4.1.2.), therefore their 

application in long-term stress experiments meets difficulties. The sensors may be 

metabolised in a yet unknown way in the leaf, therefore they were applied in short­

term in vivo studies. To avoid keeping the sensor for longer time in the leaf, UV 

irradiation was performed in two sequences: the fluorescence emission decrease of the 

sensor was followed in infiltrated Arabidopsis leaves, irradiated for 30 minutes (Fig. 

3.7 a), or pre-illuminated leaves were infiltrated and exposed to UV-B for 30 more 

minutes (Fig. 3.7 b). Variable chlorophyll fluorescence of leaves decreased during the 

pretreatment by approximately 30 % and the further illumination decreased 

photosynthetic activity by 30 % more. The extent of total ROS production during the 

60 minutes UV-irradiation was evaluated by combining the two data sets: the first 

reference point of the pre-treated series was normalized to the last reference point of 

the series which did not receive UV-irradiation prior to the infiltration (Fig. 4.16.). 

This normalization was necessary, because the absolute fluorescence intensity 

achieved in each infiltration and each leaf was different. ROS production between the 

30th and 60th minutes of UV-B irradiation was estimated by comparing changes of 

sensor fluorescence to the reference point recorded after the pre-treatment.

DanePy fluorescence was not quenched during the UV-B irradiation (Fig. 

4.16.), although the PSII activity decreased by 60 %. On the other hand, the 

fluorescence of the 1O2 and O2^ sensitive fluorescent trap HO-1889NH was 

extensively quenched, by 75 % during the same UV treatment (Fig. 4.16.). The 

correlation between the loss of photosynthetic activity in irradiated Arabidopsis leaves 

and the fluorescence quenching of the double-reactive HO-1889NH is opposed to the 

in vitro findings presented in Chapter 4.3.1.
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Fig.4.16.: DanePy (circles) and HO-1889NH (triangles) UV-induced

2 1fluorescence quenching in Arabidopsis thaliana leaves irradiated with 27 pmol ni s'

UV-B of295-320 nm for 60 minutes.

We could not detect O2-* production neither in thylakoids exposed to 295-320 

nm UV-B irradiation by using fluorescent sensors, nor in thylakoids irradiated with 

quasi-monochromatic UV-B and UV-A of various wavelengths, by monitoring 

cytochrome-c absorbtion changes. The above in vivo results suggest, that the 

dominating ROS product of stress by UV-B irradiation in our experiment was O2-’ 
and UV-B induced 1O2 was not detected. The discrepancy between the in vitro 

thylakoid and in vivo leaf O2^ detection led to the conclusion, that a component 

necessary for the O2-* yielding reaction was localized outside thylakoids, and 

therefore O2-’ was not detected in isolated membranes, while the mentioned factor 

was present in the leaves, therefore in the in vivo experiments O2-’ production was 

associated with the mechanism of UV stress. This confirmed the findings of previous 
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indirect studies, which indicated the possibility of O2 * production by the activation of 

SOD enzymes in plants exposed to UV-B irradiation (Rao and Ormrod, 1995)

4.3.2.2. ROS production in CuZnSOD deficient leaves

Transgenic plants, carrying modifications in their expression of certain 

antioxidant enzyme-regulating gene, or having altered or over-expressed antioxidant 

production are very often used to study the oxidative nature of the damage induced by 

various stressors (Bowler et al., 1991, Van Camp et al., 1996, Allen et al., 1997, 

Shadle et al., 2003). Additional protection may be achieved against the damaging 

ROS (Oberschall et al., 2000). Superoxide dismutase enzymes (SODs) constitute the 

first line of defense against superoxide in plant cells (Bowler et al., 1992, Alscher et 

al., 2002). SODs catalyse the dismutation of O2~’ into H2O2 and O2 (McCord and 

Fridovich, 1969a and McCord and Fridovich, 1969b). Various isoforms of these 

enzymes are present in various cellular compartments, where the production of 

superoxide is possible (Mittler et al, 2002). By altering the expression of certain SOD 

isoenzymes in different cell compartments, valuable information may be acquired 

about the cellular localization of superoxide-yielding reactions.

Two SOD deficient tobacco lines were studied, in parallel with the SR1 

control, in terms of UV-A and UV-B induced ROS production. ANT4 tobacco leaves 

lacked the chloroplast localized superoxide dismutase (CuZnSOD) iso-enzyme, while 

ANT3 leaves were deficient in the cytosol-localized CuZnSOD enzyme. In ANT3 

leaves the cytosol- and in ANT4 leaves the chloroplast SOD activity was less than 5 

% (unpublished data).

Detached leaves SR1 control plants and of ANT4 or ANT3 CuZnSOD 

deficient plants were infiltrated with the ROS double sensors through a pinhole. These 

plants were exposed to quasi-monochromatic 290 ± 8 nm UV-B or 360 ± 8 nm UV-A 

irradiation. Responses of the ANT4 and ANT3 plants were compared to that of SR1 in 

terms of photosynthesis and ROS production. 1O2 and O2^ radicals were monitored in 
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the UV-stressed leaf segments by following the fluorescence quenching of the two 

dansyl-based ROS sensors DanePy and HO-1889NH.

The leaves were irradiated with equal photon doses. Irradiation times 

corresponding to 2x1022 photons were 15 and 20 minutes, for 290 and 360 nm, 

respectively. This experimental setup provided higher intensities than natural solar 

fluxes and the illumination periods were short. Direct ROS detection was possible 

under such conditions, because the leaves were not allowed to acclimate to the stress, 

and the extent of detectable damage depended on the already exiting antioxidant 

status and UV-screening pigment resources of the plants only.

Both DanePy and HO-1889NH fluorescence was quenched in all tobacco 

genotypes irradiated with 290 nm UV-B. The fluorescence decrease of HO-1889NH 

was larger in all genotypes as compared to that of DanePy (Fig. 4.17 a, b).

Assuming that the in vivo affinity of DanePy and HO-1889NH to 'O2 was 

similar, owing to their identical ROS trap moiety, O2~* production was estimated as 

the difference between the ROS-induced HO-1889NH fluorescence intensity decrease 

minus the DanePy fluorescence loss (Fig. 4.17 c). No significant differences were 

found in the amount of either XO2 or O2~* produced in SRI, ANT3 and ANT4 plants 

exposed to UV-B irradiation (Fig. 4.17.), while the photosynthetic electron transport 

activity of all three genotypes decreased (Fig. 4.18.).

Fig. 4.18.: Variable chlorophyll fluorescence loss of SRI, ANT3 and ANT4 

plants exposed to 2x102 2 UV-B photons of290±8nm.
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The variable chlorophyll fluorescence decreased similarly in ANT3 and ANT4 

upon the UV-B treatment, both CuZnSOD deficient plants were slightly more 

sensitive to UV-B radiation than the wild type (Fig. 4.18.).

Similarly, ROS sensor infiltrated ANT3, ANT4 and SR1 leaves were exposed 

to 2x1022 UV-A photons of 360 nm. DanePy fluorescence was not quenched 

significantly in any of the genotypes, thus it can be assumed that 1O2 was not 

produced under the given experimental conditions in the UV-A irradiated leaves. 

Although HO-1889NH fluorescence decrease was more intense than that of the 

DanePy quenching, significant differences were not detected between the three 

genotypes (Fig 4.19.). ANT3 and ANT4 plants were more sensitive to UV-A radiation 

than SR1 plants, however we could not detect significant differences between the 

photosynthetic activity decrease of the two mutants (Fig. 4.20.).

Fig. 4.20.: Variable chlorophyll fluorescence loss of SRI, ANT3 and ANT4 

plants exposed to 2x1022 UV-A photons of360±8nm.

From the above results, the contribution of both singlet oxygen and superoxide 

was assigned to the UV radiation elicited stress. SOD deficient leaves were more 

sensitive to both UV-B and UV-A radiation than controls, but there was no difference 
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between the loss of electron transport activity of the two SOD mutants. The extent of 

the detected UV-induced O2‘* production was similar in control and mutant leaves, but 

the electron transport was differently deactivated in SR1 and mutant leaves, the 

trapped O2-* was assumed to be involved in the mechanism of UV induced oxidative 

stress. However, the question of O2-’ being involved in a chloroplast localized or a 

cytosol-localized process needs further investigation in the above SOD deficient 

mutants.

In vitro studies assumed ’OH radical to be the first product of the UV-B 

induced oxidative stress in thylakoid membranes (Hideg et al., 1995). H2O2 

decomposition catalyzed by iron ions is a potential source of ’OH radicals at the level 

of photosynthetic electron transport in stress exposed plants. When the electron 

transport is over-saturated and the NADP pool is totally reduced, electron leakage 

from the electron transport to oxygen becomes feasible. Through consecutive 

reduction steps involving H2O2 and Fe(II), ’OH radicals may be formed. Certain 

studies point the decomposition of H2O2 catalyzed by the iron from ferredoxin as 

possible ’OH radical yielding reaction (Asada, 1992a). Hydrogen peroxide has been 

suggested to appear as an intermediate during water-oxidation (Wydrzynski et al., 

1989), thus UV-B induced decomposition of H2O2 could produce highly reactive 

hydroxyl radicals within the water oxidizing complex and promote extensive damage 

to the protein environment.

In vivo H2O2 production was studied in UV-B stressed SR1, ANT3 and ANT4 

tobacco leaves, irradiated with 295-320 nm 27 Limol m-2 s-1 UV-B, for 3 hours. The 

UV-B treatment reduced the photosynthetic activity of the leaves by about 50 %. UV 

stress induced H2O2 evolution was visualized by a histochemical staining technique: 

the reaction of 3,3'-diaminobenzidine (DAB) with H2O2 gives a dark-brown coloured 

product, which can be visualized by decolouring the leaf tissue (see Materials and 

Methods - Chapter 3.9.1- for details). Higher amounts of DAB-detectable H2O2 were 

found in the UV-B treated ANT3 mutant, which was deficient in the cytosol localized 

CuZnSOD, than in the wild type SR1 and chloroplast-localized CuZnSOD deficient 

ANT4 tobacco (Fig. 4.21).

The UV-B induced H2O2 originating from a reaction localized inside the 

cytosol was trapped in our experiment by DAB. UV-B induced H2O2 evolution may 
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involve the presence of O2‘* in the cytosol, as an intermediate state. In those plants 

which had active chloroplast localized SOD to scavenge O2’* , the possible precursor 

of H2O2, this species was not detected by DAB-staining.

Fig. 4.21.: 3, 3’-diaminobenzidine staining of detached SRI wild type, ANT3 

chloroplast CuZn SOD deficient, and ANT4 cytosol-localized CuZn SOD deficient 

tobacco.

In summary, results from experiments with SOD-deficient tobacco leaves 

showed, that both UV-A and UV-B irradiation elicits multilevel oxidative stress. By 

using double sensors no significant difference could be detected in the UV-induced 

1O2 and O2’* production of the ANT3 or ANT4 and control leaves, however, SOD 

deficient leaves were slightly more sensitive to UV-B and UV-A irradiation than 

control leaves. On the other hand, the H2O2 detected in the cytosol-localized SOD 

deficient mutant pointed the importance of cytosol localized SOD in neutralizing 

superoxide produced upon UV-B exposure.
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4.3.2.3. In vivo ROS detection by fluorescence microscopy

Since fluorescence spectroscopy experiments provided information only about 

small segments of leaf cuttings, quantitative analysis of UV-radiation induced ROS 

was performed on whole spinach leaves infiltrated with solutions of either DanePy or 

HO-1889NH through a pinhole. The infiltrated leaf segments were exposed to UV 

radiation of 280-360 nm from a broadband source for 60 minutes and the 

fluorescence loss of the ROS sensors emission was recorded through a 410 - 640 nm 

filter.

DanePy fluorescence was quenched during the UV treatment by only 8 %, 

which is less than the 10 % uncertainty of the measurements (Figs. 4.22. and 4.24.), 

while the rate of electron transport was lowered by approximately 90 %. Therefore, 

the applied broadband UV radiation did not result in significant induction of 1O2 

evolution in spinach leaves (Fig. 4.24.). Contrary to DanePy, the fluorescence of HO- 

1889NH progressively decreased as the irradiation proceeded (Fig. 4.23.). The strong, 

progressive quenching of HO-1889NH fluorescence indicated that the applied UV 

radiation promoted O2-’ production.

Quantitative analyses of the images confirmed the visual information: in 

spinach leaves O2-’ production was induced by 280 -360 nm broadband UV radiation, 

while 1O2 evolution was not a characteristic response triggered by the combination of 

UV-A and UV-B radiation. These findings are in accordance with previous indirect 

studies, which reported the activation of SOD genes in UV treated plants (Rao and 

Ormrod, 1995). Superoxide evolution was detected in 290 nm and 360 nm UV 

irradiated control and CuZnSOD deficient tobacco plants as well (for details see 

Chapter 4.3.2.2.). Moreover, singlet oxygen was also detected in SOD deficient and 

control plants irradiated with quasi-monochromatic UV-A and UV-B radiation (for 

details see Chapter 4.3.2.2.).
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Fig. 4.24.: DanePy (full squares) and HO-1889NH (empty squares) 

fluorescence quenching in spinach leaves exposed to 280-360 nm UV radiation in 

function of photosynthetic electron transport loss. Data points were calculated from 

images of Figs. 4.22 and 4.23.

Since the intensity ratios of different components in the applied broadband UV 

lamp was not known, the wavelength dependency of UV-induced 1O2 and O2’* 

production was studied in leaves, to compare the effect of stress by UV-A to that of 

UV-B irradiation. We examined the ROS generating ability of various wavelengths 

UV irradiation in the range of 280-390 nm.

4.3.2.4. In vivo ROS generating efficiency of various UV wavelengths

The ROS generating ability of identical fluxes of quasi-monochromatic UV 

radiation was studied in vivo. ROS sensor infiltrated spinach leaves were irradiated 

with 2x1022 photons of various wavelengths ranging from 280 nm to 390 nm. 

Treatment times were short, between 20 and 30 minutes. The applied doses were
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higher in this case as well than the natural UV intensities, corresponding to photon 

fluxes of about 18-36 ^moles m-2 s-1, and irradiances of 28-45 kJ m-2. The applied 

irradiation caused losses of variable chlorophyll fluorescence in a range between 5-30 

%. It is notable, that identical dose of UV-A photons damaged the photosynthetic 

electron transport less than UV-B photons (Fig. 4.25.). This finding is in agreement 

with other studies, which considered UV-A radiation to be less effective in causing 

radical-mediated oxidative damage in different intact and isolated systems, than the 

high energy UV-B radiation (Rundel et al., 1983, Quaite et al., 1992, Flint and 

Caldwell, 1996, Turcsanyi and Vass, 2000, Flint and Caldwell, 2003). Various UV- 

induced damage action spectra were suggested for DNA damage, growth retardation 

and photosynthetic efficiency loss (Flint and Caldwell, 2003).

Fig. 4.25.: Loss of variable chlorophyll fluorescence of UV treated spinach 

leaves. The dashed line indicates the extent of photosynthetic electron transport 

activity loss induced by the infiltration process itself.
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The extent of 1O2 generating capacity of various UV-A and UV-B wavelengths 

was estimated from the quenching of DanePy fluorescence in the irradiated leaf 

samples. DanePy emission significantly decreased upon application of longer 

wavelength, smaller energy UV-A photons, compared to the effect of the same dose 

of higher energy UV-B photons (Fig. 4.26.). It was found, that the ability of 280-300 

nm UV-B radiation to cause 1O2 production was low (Fig. 4.26.). This finding 

supports previous studies which showed that the main promoters of UV-B induced 

oxidative damage are other molecules than singlet oxygen (Hideg et al., 1999), and 

our conclusions drawn from the microscopy experiments presented in this chapter 

(Hideg et al., 2002a). Longer wavelength UV-B irradiation, however, showed slightly 

higher capability to induce 1O2 evolution in the irradiated spinach leaves (Fig. 4.26.). 

Contrary to the UV-B treatment, UV-A irradiation led to extensive DanePy 

fluorescence loss. This result showed, that various UV-A wavelengths, especially at 

360-390 nm activate intense 1O2 production in the irradiated leaves. To our 

knowledge, this is the first direct detection of singlet oxygen production induced by 

UV-A radiation.

Wavelength (nm)

Fig. 4.26.: DanePy fluorescence quenching in spinach leaves irradiated with

2x1022 photons of various UV-A and UV-B wavelengths.
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As to compare the effect of the applied UV radiation to the effect of 

photoinhibition, when spinach leaves were exposed to 2x1022 UV-A photons of 360±8 

nm the amount of produced singlet oxygen was similar with the amount detected in 

leaves exposed to 1800 |imol m-2 s-1 illumination for 1 hour. The later treatment 

corresponded to 4 x1024 photons (data not shown).

The correlation between the pattern of DanePy fluorescence quenching at 

different wavelengths with the loss of photosynthetic electron transport activity of 

irradiated leaves is shown in Fig. 4.27. The lack of positive correlation between the 

various UV-A and UV-B wavelength induced 1O2 evolution and photosynthetic yield 

loss is obvious (Fig. 4.27.). Therefore, the source of UV-A inducible 1O2 is possibly 

localized outside of the chloroplasts. Although DanePy penetrated into the 

chloroplasts (Hideg et al., 2001), it was distributed in other cell compartments as well 

(Hideg et al., 2002a, Barta et al., 2002) and its fluorescence quenching could have 

occurred in other compartments as well.

The extent of HO-1889NH fluorescence quenching was similar for all applied 

wavelengths (Fig. 4.28.). In vivo O2-’ evolution was estimated from the difference 

between the HO-1889NH and of DanePy fluorescence quenching upon their reaction 

with UV-induced ROS. This substraction is applicable, if we assume that the in vivo 

affinity of DanePy towards 1O2 is similar to the reactivity of HO-1889NH. Data 

corrected with DanePy quenching values revealed that in vivo O2-’ evolution was 

mainly a UV-B inducible reaction, shorter wavelength UV-A (320-350 nm) 

irradiation resulted in smaller amount of O2-*.

The positive correlation between the UV radiation-induced electron transport 

damage and the amount of the produced O2-* supported the hypothesis of a O2-* 

production site located in, or at least close to the thylakoid membrane (Fig. 4.29.). The 

correlation between the two data sets was calculated by using t-test statistics, a linear 

fit was also calculated (Fig. 4.29.). Statistical analysis showed that data were normally 

distributed around the regression.

In our experiments UV-B treatment inhibited both the electron transport and 

prompted O2-* production more extensively than UV-A. The amount of detected 

radicals was proportional with the extent of electron transport damage, showing, that 

the O2-’ production in UV irradiated leaves is connected to a chloroplast-localized 



RESULTS AND DISCUSSION

process. In vitro studies hypothesized the possibility of an UV-B induced conversion 

of H2O2 to O2~’ (Nicole et al., 1990).

Loss of variable chlorophyll fluorescence ( % )

Fig. 4.29.: Correlation between the corrected HO-1889NH fluorescence loss 

and variable chlorophyll fluorescence decrease in spinach leaves irradiated with 

various wavelength UV-irradiation. Each data point represents one of the used 

wavelengths. The dashed line represents the weighted linear fit of the data points.

UV radiation is known to affect the activity of several antioxidant enzymes, 

among these the activity of the superoxide dismutase (SOD) is altered by UV- 

irradiation (Costa et al., 2002), therefore O2~’ may accumulate due to the lowered 

scavenging efficiency of the neutralizing enzymes as well. The responses of either 

chloroplast-localized (ANT4) or cytosol-localized (ANT3) SOD deficient plants were 

compared to control ones in terms of photosynthesis and ROS production under UV­

A and UV-B irradiation. In general, SOD deficient leaves were more sensitive to UV 

radiation than controls. Therefore, the absence of either the cytosol or the chloroplast 
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localized SOD led to increased UV-sensitivity of the plants. Moreover, the sensitivity 

of the control SR1 plants to UV radiation and the similar UV-induced ROS generation 

of the control and mutant plants may as well indicate damage of either cytosol or 

chloroplast localized SODs of the control plants.

Summarizing these findings it was concluded, that ROS production in leaves 

exposed to UV irradiation is not homogenous, various UV wavelengths induce the 

production of various ROS. Although 1O2 evolution was a characteristic UV-induced 

physiological response, typical for irradiation by 340-390 nm, 1O2 was not a product 

of a source localized inside the chloroplasts, because its evolution did not show 

correlation with the loss of photosynthetic electron transport activity. UV-B induced 

O2^ production correlated with the loss of electron transport activity, on the other 

hand UV-A induced O2-* correlated less. UV stress is a complex oxidative stress, 

leading to the excess production of various ROS, which may disturb the fragile 

balance between the removal and the production of these oxidizing species.

Our in vivo experiments support the existence of a O2-’ yielding primary 

reaction localized in the chloroplasts, possibly in the thylakoid membrane. By using 

HO-1889NH, the 1O2 and O2-* reactive fluorescent sensor in vitro we could not prove 

the evolution of O2-* in UV stressed thylakoid membranes. Therefore it was 

reasonable to assume that a component necessary for the superoxide yielding reaction 

in vivo was absent from our in vitro samples.

In photoinhibition and in all types of UV experiments, the sensitivity of the 

leaves exposed to light stress was studied in the absence of the sensors as well, in 

order to establish whether the used sensors may or may not act as antioxidants in the 

mesophyll cells. We could not detect any difference in sensitivity to the applied 

irradiation of the sensor-infiltrated leaves, and of those un-infiltrated (data not 

shown). Therefore our results support a hypothetical approach in which the presented 

sensors do not act as antioxidants: the trapped ROS amount is proportional with the 

amount of ROS, which induce damage.

Future improvements of the different ROS detecting techniques and the 

introduction of new sensors, possibly specific to ROS types other than 1O2 and O2-* 

will give more detailed information about the pathways of ROS production initiated 
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by UV stress. The study of changes in the antioxidant network of plants exposed to 

UV stress and the monitoring the products of ROS-initiated oxidative reactions is also 

a path to be followed in studying the mechanism of this oxidative stress further. It is 

important to note, that in our experiments direct detection of stress induced ROS 

required the use of UV intensities higher than natural fluxes. Future improvements in 

the sensitivity of methods will open the possibility of studies using near-field intensity 

radiation as well.
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5. CONCLUSIONS

1. We characterized and successfully applied a recently introduced method, ROS 

trapping with fluorescent probes in leaf stress experiments. We studied and 

characterized several new traps in plant studies and selected a new, singlet oxygen and 

superoxide-reactive fluorescent sensor.

The following conclusions were supported by spectrofluorimetry, laser scanning 

microscopy and fluorescence microscopy experiments:

2. By applying the singlet oxygen sensitive DanePy and the singlet oxygen and 

superoxide reactive HO-1889NH in parallel experiments in both isolated thylakoid 

membranes and leaves, we have shown that:

a.) Photoinhibition promoted singlet oxygen evolution both in vitro and in vivo, 

with a possible minor contribution of superoxide anion radicals.

b.) UV radiation leads to ROS production in leaves: various UV wavelengths 

induced the production of various ROS. To our knowledge this is the first 

observation of UV-A induced 1O2 in leaves. 1O2 evolution was characteristic to 

340-390 nm irradiated leaves. The source of 1O2 appears to be outside the 

chloroplasts. Although in isolated thylakoid membranes we were not able to 

report detectable levels of superoxide production, neither in experiments with a 

broadband source nor under and quasi-monochromatic UV irradiation, in vivo 

superoxide production was induced in spinach leaves exposed to UV-B 

irradiation. Superoxide production was characteristic to the UV-B wavelength 

region but not to UV-A. We showed the existence of a O2~* yielding primary 

reaction localized in the chloroplasts, possibly in the thylakoid membranes.
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Fig. 4.9.: LSM images of 351 nm excited green (515 < À < 550 nm) fluorescence 

from a DanePy infiltrated spinach leaf (a-d), fluorescence intensity along the diagonal 

line showed in (e-h) and histograms of fluorescence images. After infiltration, the leaf was 

exposed to 1800 pmol m-2 s-1 PAR for 0 min (a,e) 15 min (b,f) 30 min (c,g) 45 min (d,h).

LSM image size 115 x 115 pm.
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Fig. 4.10.: LSM images of 351 nm excited green (515 < À < 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. After 

infiltration, the leaf was exposed to photoinhibition for 0 min (a,e) 15 min (b,f) 30 min

(c,g) 45 min (d,h). LSM image size 115 x 115 pm.
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Fig. 4.11.: UV (295-375 nm) excited 410-640 nm images of DanePy infiltrated 

spinach leaves. Leaf pictures were taken in reflected (a.) and transmitted (b.) visible 

illumination. 410-640 nm fluorescence images of same leaf segment as (a.) and (b.) after 

0 minutes (c.) , 15 minutes (d.), 45 minutes (e.) and 75 minutes (f.) irradiation by 1800 

¡¿mol m2 s'1 PAR.

Fig. 4.12.: UV (295-375 nm) excited 410-640 nm images of HO-1889NH 

infiltrated spinach leaves. The fluorescence image of the leaf was taken after 0 minutes 

(a.) , 45 minutes (b.) and 75 minutes (c.) of irradiation by 1800 ¿mol m'2 s'1 PAR.
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Fig.4.17.: Fluorescence quenching of DanePy (a.) and HO-1889NH (b.) in SR1 

(circles), ANT3 (triangles) and ANT4 (squares) Nicotiana tabaccum plants exposed to 

2x10 22 290±8 nm UV-B irradiation. Calculated O2-- induced changes of ROS sensor 

fluorescence, given as HO-1889NH  fluorescence minus DanePy fluorescence at each time 

point (c.).
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Fig. 4.19.: Fluorescence quenching of DanePy ( a.) and HO-1889NH ( b.) in SR1 

(circles), ANT3 (triangles) and ANT4 (squares) Nicotiana tabaccum plants exposed to 

2x10 22 360±8 nm UV-A irradiation. Calculated O2’ induced changes of ROS sensor 

fluorescence, given as HO-1889NH fluorescence minus DanePy fluorescence at each time 

point (c.)



RESULTS AND DISCUSSION

Fig. 4.22.: Fluorescence images of 280-360 nm UV-irradiated (excitation: 295­

375 nm) spinach leaves infiltrated with DanePy, recorded by using a 410-640 nm filter.

The 410-640 nm fluorescence images of same leaf segment are recorded at 0 minutes (a.), 

30 minutes (b.), 60 minutes (c.) of illumination.

Fig. 4.23.: Fluorescence images of 280-360 nm UV-irradiated (excitation: 295­

375 nm) spinach leaves infiltrated with HO-1889NH, recorded by using a 410-640 nm 

filter. The 410-640 nm fluorescence images of same leaf segment are recorded at 0 

minutes (a.), 30 minutes (b.), 60 minutes (c.) of illumination.



RESULTS AND DISCUSSION

Loss of variable chlorophyll fluorescence ( % )

Fig. 4.27.: Singlet oxygen production estimated from the DanePy fluorescence 

quenching in spinach leaves irradiated with equal doses of 2x1022 photons did not show 

positive correlation with the loss of photosynthetic electron transport activity. Different 

data points represent different wavelengths.

Wavelength (nm)

Fig.4.28.: Fluorescence quenching of HO'1889NH in UV'irradiated spinach

leaves (empty triangles) . Superoxide production in UV'irradiated spinach leaves: the 

fluorescence quenching of the 1O2 and Of- reactive sensor was corrected for 1O2- 

initiated quenching, measured as DanePy fluorescence loss (full triangles).


