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One main common problem during most diseases both of plants and animals is „oxygen
stress". The biochemistry of oxygen - activation and - detoxification analyzed in the past has led to
the identification of many similar or more or less identical features both in plants and animals.

Plants developed a special strategy for defence combining avoidance and tolerance reac-
tions with a sophisticated set of chemicals synthesized either constitutively or when needed. Coevo-
lution of animals took advantage of the synthesizing capacity of plants sparing the synthesis of
certain „expensive" groups of chemicals such as phenolics. These phenolics are involved in defence
against pathogens and as "preformed" molecules potentially also in the decision between growth or
defence by governing the peroxidase-oxidase activities in the apoplast working as "apoplastic
switch".

O x y g e n S t r e s s i n P l a n t s

The term stress originally stems from physics and has been extended and

introduced in medicine and botany. In general mechanics stress is clearly defined

as the point of bending of an elastic system next to just symptomless reversibility

and irreversible deformation or break.

In medicine and botany, stress is supposed to indicate all situations beyond

normal, defined by the observer, sometimes a scientist.

All organs of higher plants (with some exceptions) perform aerobic me-

tabolism andare subject to activated oxygen species, and thus oxygen "stress". This
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may occur under various different conditions, underlying a cascade of events
(Fig.l).
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Fig. 1. The stress cascade in plants (SCHEMPP & al. 2005a).
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Defence reactions against pathogens both in plants and animals produce
reactive oxygen species (ROS) in several cellular compartments by different
mechanisms. Thus for protection against damage antioxidative strategies have been
developed.

In this review basic reactions operating during oxidative stress situations
(ELSTNER 1982, 1987, 1991, ELSTNER & al. 1996) will be dealt with.
Air pollution and radiation

Certain trace gases, especially ozone and SO2 as air pollutants (SCHEMPP &
al. 2005b) and the increase of UVB as an effect of the decrease of the stratospheric
ozone layer together with radioactive deposition (Tchemobyl remainder) must be
seen as potentially toxic for plants.

UV - damage in plants is negligible due to the plant's protective systems
on the basis of a complex set of UV - absorbant phenolics (JANSEN & al. 2001).
SO2 in most regions of the industrial world (western hemisphere) due to binding
with CaO (forming gipsum) after the burning process in the power plants is amelio-
rated. In former times, when SO2 concentrations in industrial regions or in their
downstream exhaust could reach up to 1000u,g/m3 it has caused serious pathologi-
cal problems in both animals and plants (HIPPELI & ELSTNER 1996a,b). Ozone may
reach concentrations in the atmosphere which urges the plants to react and seems to
be of higher relevance to plants as compared to animals and man (ELSTNER & al.
1996). On the other hand, Ozone has been shown to act as a abiotic elicitor induc-
ing oxidative defence and has been used as a tool for analyzing stress responses in
terms of predisposals to pathogen attack (SANDERMANN & al. 1998, LANGE-
BARTELS & al. 2000).

Metabolic events in green plants forming ROS
Stressors such as cold, drought and many others cause internal oxygen ac-

tivation via feed-back of metabolic blocks to the photosystems. External stress al-
ways has a change of internal metabolism as consequence, mediated by a complex
interaction of hormones. Adaptation to drought, for example, is counteracted by
stomatal closure. This event is initiated by the hormone abscisic acid mediated by
H2O2 produced via a NADPH oxidase (ZHANG & al. 2001).

Green plants have adapted to extremely different environmental condi-
tions. Since normally plants, in contrast to animals, cannot escape, they have either
to adapt or to die. Most of these visible or measurable symptoms have been shown
to be connected with oxygen activation (ELSTNER 1982, 1987, ELSTNER & OBWALD
1994, HIPPELI & ELSTNER 1996a,b) where principally a transition from heterolytic
(two electron transitions) to increased homolytic (one electron transitions) reactions
is observed. Homolytic reactions create free radicals. We thus address these situa-
tions as „oxidative stress".

Avoidance and defence strategies
Every episode during a hypothetic stress cascade is characterizable by the

balance between pro- and antioxidant capacities (SCHEMPP & al. 2005a). In the
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beginning the plant tries to minimize electron pressure arising from photosystem II
(PSII) by

- reducing the „optical diameter" i.e the light harvesting systems (LHCII)
of PSII by transfer and integration of the chlorophyll-protein complex into photo-
system I (ALBERTSSON 2001) via phosphorylation where molecular recognition
dominates the organization of the thylakoid structure and function (ALLEN &
FORSBERG 2001), and by non-photochemical quenching (MÜLLER & al. 2001).

- induction of photorespiration, connecting several cellular compartments
by „carbon-idling" and enhancement of C-l metabolism (ELSTNER 1987, CossiNS
1987, HANSON &al. 2000),

- H2O2 cycling via the „Beck-Halliwell-Asada-cycle" (ASADA 1999),
- the xanthophyll cycle (MÜLLER & al. 2001, DEMMING-ADAMS & ADAMS

1996, POLLE & al. 2001) protecting PSII,
- photoinhibition by inacitvating the electron - „outlet" of PSII via radical-

induced degradation of the D-protein (MELIS 1998), and ATP - dependent resyn-
thesis (ALLAKHVERDIEV & al. 2005),

- via the novel and very recently decribed plastid terminal oxidase
(quinone-oxygen oxidoreductase) resembling the cyanide-resistant alternative oxi-
dase linked to carotene desaturation wich is responsible for chlororespiration
(CAROL &KUNTZ 2001).

Both photoinhibition (e) and chlororespiration (f) are tuned by the redox-
state of the plastoquinone-cycle which seems to play the dominant, pivotal role in
the feedback regulation of the high fidelity - functioning of the photosytems and
thus the security of the whole thylakoid system.

By induction of key enzymes of the shikimat- and mevalonate pathways, a
wealth of antibiotic and/or antioxidative molecules belonging to several structural
classes are de-novo synthesized. Most of these molecules are supposed to be in-
volved in the over-all strategy of plant's defence and are called phytoalexins; their
inductions may be brought about by either abiotic (ozone, wounding) or biotic
(pathogens) effectors, or both (Kuc 1995, HAMMERSCHMIDT 1999).

In the following we shall concentrate on basic redox-mechanisms during
oxidative stress in plants.

Pathways of oxygen activation in plants (c.f.SCHEMPP & al. 2005a)
A radical is a compound containing an unpaired electron. There are stable

and unstable radicals. Most free radicals are highly reactive creating new radicals
thus initiating chain reactions. Oxygen is a very stable biradical in the triplet
ground state (3Oi) and has to be activated in order to react with atoms or molecules
in the "normal" singlet ground state thus circumventing spinforbidden reactions.
The most important reactions of oxygen activation are briefly adressed in the fol-
lowing.

Light reactions
Oxygen can be activated by photodynamic reactions:
P + light -> P* (1)
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P* + 3O2 —> ' 0 2 + P (exciton transfer forming singlet oxygen)
P represents a pigment in its ground (singlet) state and P* it is activated triplet form

Reaction (1) represents a photodynamie reaction classified as photody-
namie reaction type II where singlet oxygen (!O2) is formed.

In contrast to atmospheric oxygen, 'O2 is not subject to the spin rule and
reacts rapidly with most organic molecules (RH), especially at double bonds, pro-
ducing hydroperoxides:

RH + !O2 -> ROOH (2)

ROOH in turn can be reduced by one electron donors (E~ representing re-
duced transition metal ions like Fe2+ or Cu+, semiquinones, heme- and nonheme
proteins, isoalloxazines or pteridines) yielding alkoxyl (RO-)-radicals:

E" + ROOH -> E + RO- + OH" (3)

These RO- radicals may initiate chain reactions thus reacting further
cooxidizing other molecules, for example by initiating cooxidative bleaching of
pigments:

RO- + RH -» R- +ROH (4)

Photodynamie reactions undergoing charge separation within the excited
pigment are called photodynamie reaction type I (where may +P represent a
photooxidized, i.e. bleached pigment: :

P + light —>• P (pigmant activation) (5)

P —> +P~ (charge separation) (5a)

+P~ + O2 —> +P + O2" (superoxide formation) (5b)

Phototoxins
Production of ROS is observed after illumination of cercosporin, a peryle-

nequinone toxin produced by several phytopathogenic Cercospora species. Cerco-
sporin (Cere) mainly seems to induce the formation of singlet oxygen and superox-
ide (YOUNGMAN & al. 1983, DAUB & HANG ARTER 1983, YOUNGMAN & ELSTNER

1984) in photodynamie reactions both of type I and type II (see reactions (1) and
(5)):

Cere + light -» Cere* (triplet state)
Cere* + 3O2 -> Cere + 'O2 (type II reaction) (5c)
or:
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Cere* -> +Cerc"

+Cerc" + O2 -» +Cerc + O2" (type I reaction)
Similar light dependent reactions are well known and observed with other

plant - derived products such as hypericins from St. John's wort or several furano-
coumarins from different Apiaceae.

Under illumination cercosporin induces lipid peroxidation in plant cells
(CAVALLINI & al. 1979, DAUB & al. 1983) followed by changes in membrane
structure. Singlet oxygen quenchers like DABCO (diazabicyclooctane) delayed
killing of cells by cercosporin (DAUB & al. 1983). The formation of ROS by bacte-
rial and fungal phytotoxins has recently been reviewed by HEISER & al. 1998,
2005.

Reductive oxygen activation
In the presence of appropriate reductants (see above; high affinity for oxy-

gen; negative redox potential: Eo of the redox pair O2/O2' = -330 mV; the reducing
site of PSI has a redox potential of approximately -600mV or even lower), superox-
ide may be formed from atmospheric oxygen:

E" + O2 -» E + O 2 " (superoxide formation) (6)

Superoxide dismutates at neutral pH in aqueous media with a rate constant

k = 2 x 105 L-M"1 sec"1, yielding hydrogen peroxide:

O 2 - + O 2 " + 2 H + -» H2O2 + O2 (7)

Similar to reaction (3), hydrogen peroxide may be reduced by the certain electron
donors yielding the highly reactive hydroxyl radical (OH, redox potential close to
+2V):

H2O2 + E- -» E + OH" + OH or (8)

H2O2 + Fe2+ -> Fe3+ + OH" + OH (8a)

Reaction (8a) is known as "Fenton"-reaction.

Fe + in can be re-reduced to by superoxide ion:

Fe3+ + O 2" -> Fe2+ + O2 (?)

The sum of reactions (8a) and (9):

H2O2 + O 2 - -> OH + OH" + O2 (10)
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is known as "Haber-Weiss" reaction as recently reviewed by HIPPELI & ELSTNER
1999.

Under in vivo condition, the production and function of the „free OH radi-
cal" is under doubt (SARAN & al. 2000) and „Crypto OH" (YOUNGMAN & ELSTNER
1981) or metal-peroxide/peroxide -electron donor complexes have been proposed
instead (WINTERBOURN 1999).

Lipid peroxidation and induction of chlorosis and necroses by ROS
Oxidative processes such as lipid peroxidation occur if ROS are produced

at a cellular level and the detoxification system is overloaded or exhausted. The
peroxidation of unsaturated fatty acids is induced by hydroperoxy radicals (HO2) or
by OH-radicals or electron donor-H2O2-complexes i.e. "crypto-OH" (YOUNGMAN
& ELSTNER 1981, WINTERBOURN 1999) primarily yielding lipid radicals via ab-
straction of a hydrogen atom. Singlet oxygen directly produces lipid hydroperox-
ides in analogy to reaction 2.

Alkoxyl radicals (LO-) from this process can attack pigments such as chlo-
rophyll (CHL) or carotenes which are oxidized (bleached) by "cooxidation"
(HEISER & al. 1998).
LO- + CHLred -> LOH + CHL0X (11)

Phytopathological aspects
Several authors and editors (c.f. PELL & STEFFEN 1991, SCHEMPP & al.

2005 a+b) reported on developmental processes and ecological and pathological
factors connecting stress and oxygen activation. Wounding or other mechanical
impacts influence transport across membranes or in the apoplast by increasing
metabolic feedback till to the photosystems thus inducing oxidative processes.
Fatty acid peroxidation through decompartmentalization, ionizing or UV- radiation,
drought, flooding, osmotic impacts (high salt concentrations, desiccation), defi-
ciency in macro- or micronutrients, dramatic temperature changes such as heating,
chilling or freezing as well as poisoning by air pollution (SCHEMPP & al. 2005b)
soil pollution (HORST & al. 2005, Hu & SCHMIDHALTER 2005), herbicide treatment
(FEDTKE & DUKE 2005) cause changes in pro- and antioxidative potentials and are
responded by hormone synthesis or release which in turn may increase resistance,
stability, avoidance, tolerance or repair.

Again, the most important notion is that all these impacts underly feedback
to the chloroplast: independent on the site of transport- or metabolic "block", be it
in the roots (salt, drought, mineral deficiency), in the transport system (xylem or
phloem blocks by infections), in phloem loading (photooxidants, infections), limi-
tations in CO2 fixation (stomatal closure, lack of Calvin cycle activities due to en-
zyme inhibition) or in photosynthetic electron transport itself (Fig. 2).

As a consequence photosynthetic oxygen activation and/or photodynamic
processes are provoked, leading to a chain of reactions as outlined by ELSTNER &
OBWALD 1994, HIPPELI & ELSTNER 1996b and SCHEMPP & al. 2005a.
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Fig. 2. Stress feedback to the chloroplast.

Toxins
An important field of research on oxygen activation during host-pathogen

interactions (BARNA & KIRALY 2005, HEISER & al. 2005) concerns the investiga-
tions on reaction mechanisms of toxins produced by the pathogenic fungi and bac-
teria. Several such toxins have been shown to act as redox cyclers or photodynami-
cally, i.e. through the light dependent formation of activated oxygen. In this context
the quinoid derivatives cercosporin, dothistromin and dihydrofusarubin have to be
mentioned (see above, HEISER & al. 1998). In other cases bacterial or fungal toxins
introduced into the the plants react in analogy to certain herbicides such as the
"quaf'dyes: As recently documented, naphthazarin toxins such as dihydrofusarubin
produced by certain strains of Fusarium solani induce redox cycling and Superoxide
production with similar kinetics as methylviologen after reduction by photosystem
I (ALBRECHT & al. 1998) or by certain NAD(P)H oxidoreductases (such as
diaphorases). These redox reactions are responsible for the observed bleaching and
necrotization of the treated plants. All oxygen activating phytotoxins have been
shown to include both photodynamic and reductive mechanisms.

Protection from oxygen stress
Since activated oxygen is toxic it has to be continuously under strict con-

trol of integral detoxification processes, detoxificating enzymes and organic anti-
oxidants. One principle way to deal with oxygen toxicity is „avoidance", i.e. cir-
cumventing one or two electron donating processes towards oxygen (see above).
This can be achieved by „tight" coupling of electron transport chains operating at
the electronegative region of oxygen activation or by stoiehiometrie coupling of
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oxygen activating processes with utilization of activated oxygen. Another possibil-
ity is the inhibition or inactivation of oxygen activating processes or enzymes. This
has been shown for xanthine oxidase, lipoxygenases, prostaglandine cyclase,
NAD(P)H oxidases and other enzymes by a wealth of compounds used in medi-
cine. The so-called NSAIDs (non-steroidal antiinfiammatory drugs) and several
flavonoids are good examples for this principle.

On the other hand induction of defense systems against oxidative stress by
ROS sensors such as oxyR or soxRS, responsive to hydrogen peroxide and to su-
peroxide and NO, respectively, seem to be ancient prerequisits for survival, already
present in bacteria such E.coli. New ROS - "defense genes" have recently de-
scribed for higher plants such as rice (TSUKAMOTO & al. 2005). In tomato, the
cryptochrome 2, a flavin-containing blue light photoreceptor, has been shown to
induce the synthesis of antioxidants such ascarotenoid (lycopene) and flavonoids
(chlorogenic acid, rutin) (GILIBERTO & al. 2005).

Integral detoxification processes
Integral detoxification processes connect elementary reactions of interme-

diary metabolism with detoxification of reactive oxygen species. This may be
achieved

i.) by activation of enzymes or induction of isoenzymes such as peroxi-
dases, DT-diaphorase
or members of the P45o-group;

ii.) through coupling of peroxide-utilization with NADPH-oxidation via
ascorbate peroxidase, ascorbate-glutathione-glutathione reductase

iii.) by the „peroxidized membrane repair team", including phosoplipase(s)
and glutathione peroxidase thus concertantly opening membraneous positions of
peroxidized fatty acids for renewing activities.

Thus, detoxification in a wider sense also concerns the replacement of
damaged molecules such as DNA, proteins and membrane lipids by a complex
„crew" of integrated repair enzymes and replacement processes. A continuous in-
volvement of these repair processes, however, would render them inactive since
they also continuously function as targets of these reactive oxidants. Therefore,
another batch of first aid molecules such as phenolics is biologically more than
logic:

The only „help" for the final repair teams are small molecules with „Kami-
kazee-type" virtues, representing antioxidants with or without chance to be metab-
olically repaired themselves.

Shortcomings of detoxifying enzymes
As already mentioned, detoxification by enzymic processes is only possi-

ble, if the reactivity of the oxygen species under question is reasonably low under
physiological conditions so that the enzymic reaction allows at least one k-order of
magnitude between the reaction under enzyme catalysis and the non-catalyzed
spontaneous reaction between the oxygen species and any reaction partner in its
„molecular" neighbourhood. Therefore, the reactions of OH', O2, RO, ROO and
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HOO are not under enzymic control; their reaction constants with potential reaction
partners in their typical „environments" is too fast (generally k»108) for enzyme
catalysis. Thus, the reactions of biomolecules with these oxygen species have to be
„amended" after damage. In order not to „flood" these repair process the above
mentioned antioxidative molecules serve as scavengers and quenchers of acitivated
states.

Enzyme-catalyzed detoxifications mainly concern Superoxide, peroxides
and epoxides (produced by cytochrome-P45o-activities) as more or less „stable"
reduced oxygen species.

T h e A p o p l a s t i c C o m p a r t m e n t : T h e C e l l W a l l s as
B a t t l e F i e l d

Plant cells, in contrast to animal cells contain more or less rigid cell walls
which, together with the intercellular space, comprise the apoplastic compartment.
Oxygen activation in this extracellular space includes both products derived from
the NADPH oxidase of the plasma membranes and the products of cell wall intrin-
sic enzymes such as peroxidase(s) (ELSTNER 1991, ELSTNER & OBWALD 1994).
These peroxidases produce hydrogen peroxide at the expense of NAD(P)H in a
manganese catalyzed reaction allowing an extremely complex crosslinkage of C6-
C3 phenylpropanoids forming lignine (HATFIELD & VERMERRIS 2001) as an essen-
tial element of woody plants and generally in pathogen defence.

Phenolic compounds play an important role in this context acting in
addtion to antioxidants, as inducers of enzymes, as transition metal chelators thus
avoiding Haber-Weiss-Fenton-chemistry and cofactors of regulation of enzymic
activities. In the following chapter we wish to present some experiments document-
ing a potential role of the phenolics in vitro for an "Apoplastic Switch Hypothesis"
possibly governing the transition from growth to defense.

Plant peroxidases - is their oxidase activity modulated by distinct phenolics thus
acting as apoplastic switch?

It is long known that plant peroxidases, i.e. HRP, are excellent catalysts of
the H2O2-independent oxidation of indole acetic acid (IAA) in vitro. IAA-oxidase
activity is thought to occur mainly in the apoplastic space of higher plants, where
several peroxidase isozymes as well as diverse phenolics and ascorbic acid are pre-
sent. Figure 3 shows a cartoon of the oxidative and peroxidatve cycles of apoplastic
peroxidases working either as indole acetic acid oxidase or as peroxidase.
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Fig. 3. Oxidative and peroxidative cycle of peroxidase. (R-OH=phenol; RO.=phenoxy
radical; S=oxidase-substrate; S.+=oxidized substrate).

The plant hormone IAA stimulates growth i.e. cell elongation. During the
polar transport from the IAA producing meristemal cells IAA occurs in the
apoplast wher several peroxidase isoenzymes are present. It is long known that
these PODs are excellent oxidases of IAA in the absence of H2O2. This reaction
may, at least partially, be responsible for the control of apoplastic IAA concentra-
tions. As shown earlier (VOLPERT & al. 1995), different phenolics influence these
activities of peroxidases: monophenols stimulate oxidase acitivity while diphenols
and methoxylated diphenols are inhibitory (Fig. 4).

• p-Counanc acid
• p-OH-benzoic acid
1 vanillin
• utnbelliferon
• kaempferoi

acceleration

IAA IAA-conjugate

• ascorbaie
• o-diphenoles
(caffeic acid, chlorogenc acid, queicetin catechin)

• ferulic acid

oxidase activity

oxidation products
of IAA

Fig. 4. Control of apoplastic IAA-level via degradation or conjugation.

This regulatoiy influence occurs within an extremely narrow cocentration
range: 10 JIM p-coumaric acids stimulate POD-catalyzed IAA oxidation; the addi-
tion of increasing amounts of either caffeic or ferulic acid (FA) exhibit and abrupt
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jump from p-coumaric acid dependent stimulation into inhibition as shown in Fig.
5.

350-j
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50-

0

!M control

A caffeic acid
O ferulic acid

POD. IAA, p-Courraric acid

0.1 1 10

inhibitor (pM)
100

Fig. 5. Inhibition of HRP-IAA-oxidase activity by caffeic and ferulic acid (conditions:
phosphate 50 mM pH 6.0, IAA 300 uM, p-Coumaric acid 10 uM, HRP 0.3 u/ml; incubation: 30 min
at 25 °C; detection of IAA via UV-abs. at 275 nm after HPLC separation).

There is also strong evidence for dimerization of feralic acid as a rapid re-
sponse in the initial stages of plant defence against pathogens. Driven by the oxida-
tive burst cell wall peroxidases catalyze crosslinking of FA estrified to arabinogly-
cans yielding effective hindrance of pathogens getting close to the plasmalemma.
However, crosslinking of FA will be only efficient after depletion of ascorbate
since it reduces FA radicals back to FA thereby indirectly performing an ascorbate-
dependent detoxification of hydrogen peroxide. These sensible changes within mi-
cromolar concentrations of stimulatory versus inhibitory phenolics may modulate
the transition from growth to defence.

Yet another reaction may be involved in this extremely complex issue: the
ethene precursor, also present in the apoplastic space is counteracting the IAA de-
pending cell growth. Cell wall peroxidases may also contribute to ethylene forma-
tion from ACC, also regulated by phenolics as shown in Fig. 6.
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In a final volume ot 2.00 ml:

phosphate0.1 MpH6.0, ACC2.5mM, Mn**50 |iM,
phenolic s 10 \M, PO D 50 units;
BR= basic reaction without phenols,
but with the solvens (ethanol finally 0.05%) of the test-compounds

£ B basic reaction without phenols

I I benzoic acid derivatives

I I cinnarnic add derivatives

I I IAA (15), NADH (16) 10 pM

Fig. 6. Influence of diverse hydroxylated or methoxylated phenolics on the formation of
ethane from ACC catalyzed by Mn2+ and HRP.

In summary, we have investigated the influence of different phenolics pre-
sent in the apoplast on peroxidase mediated IAA oxidation. Ascorbic acid (AA),
feralic acid (FA) and caffeic acid abruptly switch off peroxidase mediated IAA-
oxidation in a very narrow concentration range, even in the presence of stimulatory
phenolics, i.e. p-coumaric acid or vanillin. In general IAA oxidase activity is as-
sumed to be important in the control of cellular IAA steady state concentrations
influencing growth and developmental processes. In addition to lignification, stiff-
ening of cell walls by peroxidase mediated cross linking of phenolics (i.e. tyrosine
in extensin and FA esterified to arabinoglycans) is responsible for cessation of cell
growth in parallel to IAA degradation. Furthermore, cell wall reinforcement as a
rapid defense response could hinder invading pathogens to come into contact with
the plasmalemma membrane. In this context the oxidative burst initiated cell wall
cross linking and thus stabilization towards pathogen attack consumes FA after
depletion of AA. These sensible changes within micromolar concentrations of
stimulatory versus inhibitory phenolics may initiate IAA oxidation and may also
contribute to ethylene formation from 1-aminocyclopropane-l-carboxylic acid
(ACC) as an Mn2+-dependent (HORST & al. 2005) property of cell wall peroxi-
dases. Oxidase activity of peroxidase towards NAD(P)H and ACC is similarly
modulated by the investigated phenols. Thus we hypothesize the existence of an
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"apoplastic switch" between plants decision: "growth or denfense" (MATYSSEK &
al. 2002).

R e f e r e n c e s

ALBERTSSON P.A. 2001. A quantitative model of the domain structure of the photosynthetic mem-
brane. - TIPS 6: 349-354.

ALBRECHT A., HEISER I., BAKER R., NEMEC S., ELSTNER E.F. & OBWALD W. 1998. Effects of the

Fusarhtm solani toxin dihydrofusarubin on tobacco leaves and spinach chloroplasts. - J.
Plant Physiol. 153:462-468.

ALLAKHVERDIEV S.I., NlSHIYAMA Y., TAKAHASHI S., MlYAIRI S., SUZUKI I. & MURATA N. 2005.

Systematic analysis of the relation of electron transport and ATP synthesis to the photo-
damage and repair of photosystem II in Synechocystis. - Plant Physiol. 137: 263-273.

ALLEN J.F. & FORSBERG J. 2001. Molecular recognition in thylakoid structure and function. - TIPS
6:317-326.

ASADA K. 1999. The water-water cycle in chloroplasts: scavenging of active oxygen and dissipating
of excess photons. - Ann. Rev. Plant Physiol. Plant. Mol. Biol. 50: 601-639.

BARNA B. & KIRALY L. 2005. Pathogen relations: diseases caused by viruses, subviral organisms
and phytoplasms. - In: HOCK B. & ELSTNER E.F. (Eds.), Plant toxicology (4lh ed.), pp.
519-553. - Marcel Dekker, New York.

CAROL P. & KUNTZ M. 2001. A plastid terminal oxidase comes to light: implications for carotenoid
biosynthesis and chlororespiration. - TIPS Elsevier 6: 31-36.

CAVALLINI L., BlNDOLl A., MACRI F. & VlANELLO A. 1979. Lipid peroxidation induced by cerco-
sporin as a possible determinant of its toxicity. - Chem-Biol Interactions 28.

DEMMIG-ADAMS B. & ADAMS W.W. 1996. The role of xanthophyll cycle carotenoids in the protec-
tion of photosynthesis. - TIPS Elsevier 1: 21-32.

CossiNS E.A. 1987. Folate biochemistry and the metabolism of one-carbon units. - In: DAVIES D.
DA VIES (Ed.), The biochemistry of plants, Vol.11. - Academic Press, Inc.

DAUB M.E. & HANGARTER R.P. 1983. Light-induced production of singlet oxygen and Superoxide
by the fungal toxin Cercosporin. - Plant Physiol. 73: 855-857.

ELSTNER F.E. 1987. Metabolism of activated oxygen species. - In: DAVIES D. DAVIES (Ed.), The
biochemistry of plants.Vol. 11. - Academic Press, Inc.

— 1982. Oxygen activation and oxygen toxicity. - Annu. Rev. Plant Physiol. 33: 73-96.
— 1991. Mechansims of oxygen activation in different compartments of plant cells. - In: PELL

E. & STEFFEN K. (Eds.), Active oxygen/oxidative stress and plant metabolism. - Ameri-
can Soc.of Plant Physiologists Current Topics in Plant Physiology 6:13-25.

— & OßWALD W.F. 1994. Mechanism of oxygen activation in plant stress. - Proc. Roy. Soc.
Edinburgh 102b: 131-154.

— , — & SCHNEIDER I. 1996. Phytopathologie. Allgemeine und biochemische Grundlagen. 1.
Auflage. - Heidelberg: Spektrum Akad. Verlag.

FEDTKE C. & DUKE S.O. 2005. Herbicides, pp. 247-330. - In: HOCK B. & ELSTNER E.F.(Eds.), Plant

toxicology (4th ed.), pp. 247-330. - Marcel Dekker, New York.
GILIBERTO L., PERROTTA G., PALLARA P., WELLER J.L., FRÄSER P.D., BRAMLEY P.M, FIORE A.,

TAVAZZA M. & GIULIANO G. 2005. Manipulation of the blue light photoreceptor crypto-
chrome 2 in tomato affects vegetative development flowering time, and fruit antioxidant
content. - Plant Physiol. 137: 199-208.

HANSON A.D., GAGE D.A. & SHACHAR-HILL Y. 2000. Plant one-carbon metabolism and its engi-
neering. - TIPS Elsevier 5: 206-213.

HAMMERSCHMIDT R. 1999. Phytoalexins: What have we learned after 60 years? - Annu. Rev. Phy-
topathol. 37: 285-306.

HATFIELD R. & VERMERRIS W. 2001. Lignin formation in plants. The dilemma of likage speci-
fiscity. - Plant Physiol. 126: 1351-1357.

©Verlag Ferdinand Berger & Söhne Ges.m.b.H., Horn, Austria, download unter www.biologiezentrum.at



(23)

HlPPELl S. & ELSTNER E.F. 1996a. Biological and biochemical effects of air pollutants: synergistic
effects of sulphite. - Biochem. Soc. Sympos. 61: 153-161.

— & — 1996b. Mechanisms of oxygen activation during plant stress: biochemical effects of
air pollutants. - J. of Plant Physiol. 148: 249-257.

— & — 1999. Transition metal ion-catalyzed oxygen activation during pathogenic proc-
esses. - FEBS Letters 443: 1-7.

HEISER I., OBWALD W. & ELSTNER E.F. 1998. The formation of reactive oxygen species by fungal
and bacterial phytotoxins. - Plant Physiol. Biochem. 36: 703-713.

— , DURNER J. & LANGEBARTELS C. 2005. Interactions between host plants and fungal and bac-
terial pathogens. - In: HOCK B. & ELSTNER E.F. (Eds.), Plant toxicology (4th ed.), pp. 555-
595. - Marcel Dekker, New York.

HORST W.J., STASS A. & FECHT-CHRISTOFFERS M.M. 2005. Mineral element toxicities: aluminum
and manganese. - In: HOCK B. & ELSTNER E.F. (Eds.), Plant toxicology (4th ed.), pp. 225-
245. - Marcel Dekker, New York.

Hu Y. & SCHMIDHALTER U. 2005. Limitation of salt stress to plant growth. - In: HOCK B. &
ELSTNER E.F. (Eds.), Plant toxicology (4Ul ed.), pp. 191-224. - Marcel Dekker, New
York.

JANSEN M.A.K., VAN DEN NOORT R.E., ADILLA THAN M.Y., PRINSEN E., LAGRIMINI L.M. & THOR-

NELEY R.N.F. 2001. Phenol-oxidizing peroxidases contribute to the protection of plants
from ultraviolet radiation stress. - Plant Physiol. 126: 1012-1023.

Kuc J. 1995. Phytoalexins, stress metabolism and disease resistance in plants. - Annu. Rev. Phyto-
pathol. 33: 275-297.

LANGEBARTELS CH., ERNST D., KANGSJÄRVI J. & SANDERMANN JR.H. 2000. Ozone effects on plant
defense. - Methods in Enzymology 319: 520-535.

MATYSSEK R., SCHNYDER H., ELSTNER E.F., MUNCH J.C., PRETZSCH H. & SANDERMANN H. 2002.

Growth and parasite defence in plants: the balance between resource sequestration and re-
tention: in lieu of a guest editorial. - Plant biol. 4: 133-136.

MELIS A. 1998. Photosystem-II damage and repair cycle in chloroplasts: What modulates the rate of
photodamage in vivo? - TIPS Elsevier 3: 130-135.

MÜLLER P., Ll XlAO-PlNG & NIYOGI K.K. 2001. Non-photochemical quenching. A response to ex-
cess light energy. - Plant Physiol. 125: 1558-1566.

PELL E. & STEFFEN K. 1991. Active oxygen/oxidative stress and plant metabolism. - Current Topics
in Plant Physiology, American Soc.of Plant Physiologists 6: 286p.

POLLE J.E.W., NIYOGI K.K. & MELIS A. 2001. Absence of lutein, violaxanthin and neoxanthin af-
fects the functional chlorophyll antenna size of photosystem-II but not that of photosys-
tem-I in the green alga Clamydomonas reinhardtii. - Plant Cell Physiol. 42: 482-491.

SANDERMANN H., ERNST JR. D., HELLER W. & LANGEBARTELS CH. 1998. Ozone: an abiotic elicitor
of plant defence reactions. - TIPS Elsevier 3: 47-50.

SARAN M., MICHEL CH., STETTMAIER K. & BORS W. 2000. Arguments against the significance of
the fenton reaction contributing to signal pathways under in vivo conditions. - Free Rad.
Res. 33: 567-579.

SCHEMPP H., HIPPELI S. & ELSTNER E.F. 2005a. Plant stress: Avoidance, adaptation, defense. - In:
HOCK B. & ELSTNER E.F. (Eds.), Plant toxicology (4th ed.), pp. 87-129. - Marcel Dekker,
New York.

— , — , — & LANGEBARTELS C. 2005b. Air pollution: Trace sases as inducers of plant
damage. - In: HOCK B. & ELSTNER E.F. (Eds.), Plant toxicology (4th ed.), pp. 151-190. -
Marcel Dekker, New York. .

TSUKAMOTO S., MORITA S., HiRANO E., YOKOI H., MASUMURA T. & TANAKA K. 2005. A novel cis-

element that is responsive to oxidative stress regulates three antioxidative defense genes
in rice. - Plant Physiol. 137: 317-327.

VOLPERT R., OßWALD W. & ELSTNER E.F. 1995. Effects of cinnamic acid derivatives on indole
acetic acid oxidation by peroxidase. - Phytochemistry 38: 19-22.

©Verlag Ferdinand Berger & Söhne Ges.m.b.H., Horn, Austria, download unter www.biologiezentrum.at



(24)

WlNTERBOURN CH.C. 1999. Pinning down the hydroxyl radical. - In: DENKE A., DORNISCH K.,
FLEISCHMANN F., GRABMANN J., HEISER I., HIPPELI S., OBWALD W. & SCHEMPP H. (Eds.),

Different pathways through life - Biochemical aspects of plant biology and medicine, in
honor to Prof. E. F. Elstner on the occasion of his 60th birthday, pp. 36-41. - Lincom Eu-
ropa München.

YOUNGMAN R.J. & ELSTNER E.F. 1981. Oxygen species in paraquat toxicity: the crypto-OH radi-
cals. - FEBS-Lett. 129: 265-268.

— & — 1984. Photodynamic and reductive mechanisms of oxygen activation by the fungal
phytotoxins, cercosporin and dothistromin, pp. 501-508. - In: BORS W. & SARAN M.
(Eds.), Oxygen radicals in chemistry and biology, 1. - Walter de Gruyter & Co., Berlin,
New York.

— , SCHIEBERLE H., SCHNABEL H., GROSCH W. & ELSTNER E.F. 1983. The photodynamic gen-

eration of singlet molecular oxygen by the fungal phytotoxin, cercosporin. - Photobio-
chem. Photobiol. 6: 109-119.

ZHANG X., ZHANG L., DONG F., GAO J., GALBRAITH D.W. & SONG C.P. 2001. Hydrogen peroxide is

involved in abscisic acid-induced stomatal closure. - Plant Physiol. 126: 1438-1448.

©Verlag Ferdinand Berger & Söhne Ges.m.b.H., Horn, Austria, download unter www.biologiezentrum.at



ZOBODAT - www.zobodat.at
Zoologisch-Botanische Datenbank/Zoological-Botanical Database

Digitale Literatur/Digital Literature

Zeitschrift/Journal: Phyton, Annales Rei Botanicae, Horn

Jahr/Year: 2005

Band/Volume: 45_3

Autor(en)/Author(s): Elstner E. F., Schempp H.

Artikel/Article: Reactive Oxygen Species and Apoplastic Switch. 9-24

https://www.zobodat.at/publikation_series.php?id=6793
https://www.zobodat.at/publikation_volumes.php?id=30388
https://www.zobodat.at/publikation_articles.php?id=114374



