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The heat shock factor HSFA4A controls oxidative stress responses 
in Arabidopsis

Imma Pérez Salamó, Csaba Papdi, Gábor Rigó, Laura Zsigmond, István Nagy, 
László Szabados
Biological Research Centre, Temesvári krt. 62, 6726-Szeged, Hungary

Email: szabados.laszlo@brc.mta.hu
Adverse environmental conditions lead to the accumulation of reactive oxygen species (ROS) in plants, which generates oxidative stress. Plants have several mechanisms to reduce ROS levels and diminish oxidative damage. Regulation of such defenses is however not well known and is subject of intensive research. To identify new factors which control such stress responses in plants, a novel screening strategy was developed in our laboratory. Arabidopsis cell suspension cultures were transformed with the COS cDNA library (Papdi et al., 2008, Plant Physiol. 147: 528–542), and screened for salt tolerance. The heat shock transcription factor A4A (HSFA4A) was identified as one of the factors which was able to confer salt tolerance of the transformed calli. Overexpression of HSFA4A in Arabidopsis plants could improve tolerance to various stresses provoked by salinity, heavy metal, and oxidative agents. Reduced accumulation of hydrogen peroxide and oxidative damage could be the physiological background of enhanced stress tolerance. Stress-dependent dimerization and nuclear accumulation of HSFA4A was shown with BiFC. Transcript profiling revealed that HSFA4A controls activation of several transcription factors, defense-related genes and chaperones. Our data suggest, that HSFA4A can mediate ROS signals and regulates defenses against various abiotic stress conditions with oxidative component. 

Functional characterization of the Arabidopsis transcription factor RAP2.12

Csaba Papdi, Mary Prathiba Joseph, Imma Pérez Salamó, István Nagy, Beatrice Giuntoli, Pierdomenico Perata, László Szabados

Biological Research Centre, Temesvári krt. 62, 6726-Szeged, Hungary

The alcohol dehydrogenase ADH1 gene is induced by several abiotic stress conditions including low oxygen, salt and osmotic stress as well as by abscisic acid. The ERF/AP2-type transcription factor RAP2.12 was identified previously in our Conditional cDNA Overexpressing System (COS) as activator of the pADH1::LUC reporter gene (Papdi et al. 2008, Plant Physiol. 147: 528–542). ABA-dependent activation of pADH1::LUC was greatly enhanced and sustained over prolonged period by overexpression of RAP2.12 and the related RAP2.2 and RAP2.3 transcription factors. Overexpression of the three related ERF/AP2 factors reduced root growth of transgenic plants on ABA containing media but enhanced survival when the plants subjected to low oxygen stress. Overexpression of RAP2.12, RAP2.2 and RAP2.3 genes lead to upregulation of hypoxia marker genes in the absence of stress and greatly enhanced expression when combined with low oxygen treatment. Transcript profiling of RAP2.12 overexpressing lines lead to the identification of numerous target genes involved in stress adaptation. Enhanced tolerance to osmotic and salt stress of the RAP2.12, RAP2.2 and RAP2.3 overexpressing lines was observed. Our results suggest that these transcription factors have at least partially overlapping functions in modulating ABA sensitivity and contribute to tolerance to several abiotic stress conditions. 
Separation of protein content of stressed poplar leaves by two-dimensional polyacrylamide gel electrophoresis

Zoltán Nagy, Edit Németh and Attila Pécsváradi
Department of Plant Biology, University of Szeged, Hungary

Two-dimensional polyacrylamide gel electrophoresis is a powerful proteomics method for separation of complex mixture of proteins into many more components than is possible with the classical one-dimensional method. All proteins in an electric field migrate at speed that is dependent on their conformation, size, and electric charge. The first dimension step, isoelectric focusing (IEF), separates the proteins on the basis of their net charge, whereas the second dimension step, SDS-polyacrylamide gel electrophoresis (SDS-PAGE) separates proteins according to their molecular weights. Combination of these two techniques results in high-resolution separation of proteins, permitting the determination of isoelectric point (pI), the apparent molecular weight and relative abundance of hundreds of proteins.

We used native isoelectric focusing as first dimension. The pH gradient (pH 4-6) was formed by ampholytes. The gel slices from these gels were further run on SDS-PAGE (Schägger- Jagow type). 

After separation proteins need to be detected on the gel, meaning the spot pattern has to be distinguished from the surrounding background. In case of one-dimensional separations dye binding to the proteins was used, the common Coomassie staining. The protein pattern of the two-dimensional gels was stained with silver. Silver-staining allows detection of spots in nanogram range.

A critical step in the application of two-dimensional polyacrylamide gel electrophoresis in plant biology research is the preparation of plant protein samples free of artefactual modifications, and without non-protein substances.

The protein content of poplar leaves was extracted with Tris buffer and then the proteins were precipitated with trichloro-acetic acid (TCA) containing acetone. The pellet was solubilized in IEF sample buffer in presence of non-ionic detergent and high concentration of urea. In contrast to Arabidopsis and wheat samples, poplar protein extracts proved to be contaminated. An unknown substance co-precipitated with the proteins, even the different washing steps were not able to eliminate this. This contamination caused wavy bands in the first dimension, and protein-spot streaking and smearing in the second dimension, increased the background coloration after silver-staining, and reduced the number of spots in the low molecular region of the gels. Analysis of 2D gels are in progress. Disturbing coloration could be filtered, and the protein spots were positioned with gel analyser software.
Heavy metal pollution effects on radical scavenger capacities and total phenolic content in some poplar clones

Kebert, M.1, Orlović, S. 1, Klašnja, B. 1, Štajner, D. 2, Popović B.2 

1University of Novi Sad, Institute of lowland forestry and environment, Antona Cehova 13. 21000 Novi Sad, 2University of Novi Sad, Faculty of agriculture, Trg Dositeja Obradovica 8. 21000 Novi Sad

Corresponding author’s e-mail: markokebert@yahoo.com 

Numerous studies have been reported about detrimental effects of heavy metal especially cadmium and nickel ions upon plants’ growth, metabolism and physiological and biochemical processes. Heavy metals are prone to produce high concentrations of reactive oxygen species (ROS) and reactive nitrogen species (RNOS) in so called Fenton’s reaction leading to the oxidative stress in plants and oxidation of crucial biomolecules such as lipids, DNA and proteins. Great diversity of phenolic compounds, as products of secondary metabolism, in plants showed tendency to cope with oxidative burst by scavenging ROS and RNOS. Most of recent studies concerned about heavy metal toxicity, have set experiments hydroponically or in tissues culture, but this study was focus to estimate Ni2+and Cd2+ ion effects of three poplars clones (M1, B229 and PE19/66) in pots under the controlled conditions in greenhouse. Poplars clones with different phytoextraction potentials were exposed for two months to artificially polluted soils with range of concentration of 25, 50, 100, 150 ppm of Ni2+ and 1.5, 3, 6, 9 ppm of Cd2+, respectively.

The present research work was aimed to estimate radical scavenger capacities (RSC) of ethanolic poplars’ leaf, shoot and root extracts against nitric oxide (NO), hydroxyl radical (OH.) and against synthetic chromophorae such as 2,2’-diphenyl-1-pycril hydrazyl (DPPH) radical and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)-ABTS+ radical. In addition, gallic acid equivalent (GAE) of total phenolic contents (TPC) of poplar clones were determined using Folin-Ciocalteau reagent as well as flavonoids content expressed as quercetin equivalents using aluminium chloride mediated assay. 

Results in the Ni2+ treatments revealed that under the top concentration leaf extract of clone PE 19/66 showed highest RSC against NO (RSCNO= 64.53%) and highest phenolic content (24.52 mg GAE/g) while under same treatment clone B229 showed the highest radical scavenger capacity against DPPH radical (RSCDPPH=49.59 %) and hydroxyl radical (RSCOH=51, 06 %).  On the other hand, clone M1 had highest radical scavenger potency against hydroxyl radical at top Cd2+ treatment (RSCOH=83, 8 %), while in the same treatment (at 9 ppm Cd2+) clone PE 19/66 expressed highest scavenger activity against NO radical (RSCNO=73, 84%) as well as the largest amount of total phenolics (27,52 μg GAE/g FW) and highest flavonoids content (25, 09 μg of quercetin equivalents/g FW). All three clones showed dose dependence in Cd2+ treatments, where increase of Cd2+ treatment concentration in soil caused increase of total phenolic and flavonoides contents which can attribute to antioxidant and radical scavenger effects of these compound. Application of both metals led to the reduction of leaf scavenger capacity against OH radical, which confirms that both metals induce overproduction of this toxic radical oxygen species. Roots and shoots showed significantly lower radical scavenger capacity against all tested radical species as well as lower TPC. Obtained results should be used in selection of cadmium and nickel tolerant poplar clone with interesting perspectives in phytoremediation technologies application.

Effect of cholic acid on antioxidative status of plants

Slavko Kevrešan

Faculty of Agriculture, University of Novi Sad, Republic of Serbia

Manure, which contains animal feces with bile acids, is used very long time as a fertilizer in agriculture. It is well known that plants fertilized with manure are more disease resistant and plants are healthier without use of pesticides. In recently published paper, by group of Japanese scientist, elicitor of rice defence responses was isolated from feces and was identified as cholic acid, a primary bile acid in animals. This report demonstrated that bile acid action in plants consisted of induction of the accumulation of antimicrobial compounds (phytoalexins), hypersensitive cell death, pathogenesis-related protein synthesis, which lead to increased resistance to subsequent infection by virulent pathogens. Survey of the available literature showed that there are practically no reports which demonstrate specific function of bile acids in plants. These findings opened the new research field concerning interaction of bile acids and plant. Our studies, conducted by the treatment of young maize plants with different concentrations of cholic acid (10, 100 and 300 mg/L) showed its impact on the water regime of plants and the uptake of certain cations. These results indicated a possible role of bile acids, as amphiphilic substances, on the permeability of membranes in plants. In some plants one of the first responses to pathogen attack is the generation of an oxidative burst that triggers hypersensitive cell death. This is called the hypersensitive response and is considered to be a major element of plant disease resistance. Taking all these findings in account, we emerged a hypothesis that cholic acid, as elicitor of plant defence, could act by inducing an oxidative burst in plants. Several experiments were conducted to test this hypothesis. Young soybean plants, grown hydroponically for two weeks, were treated by adding cholic acid to the nutrient solution at concentrations 20, 40, 60 and 80 mg/L, the control being without cholic acid. Treatments with cholic acid increased •O2 -, lipid peroxidation (LP), •OH and reduced gluthathione (GSH) in leaves of treated plants while in roots only •OH content increased at higher cholic acid concentrations. The obtained results support the idea that cholic acid, as an elicitor of defence responses in plants, might act through generating an oxidative burst. The oxidative stress and antioxidant systems in soybean leaves and roots infected with plant pathogen Aspergillus niger were studied following treatment with different concentrations of cholic acid. Results showed that inoculation with A. niger led to the increase of •O2 - production and GSH quantities in leaves and •OH in roots. The highest activity of SOD occurred in infected plants treated with cholic acid in concentrations of 40 and 60 mg/L which ultimately led to a decrease in •O2 - production. Inoculation with A. niger in combination with elevated cholic acid concentrations also increased •OH production which is correlated with increased LP. These results may support the idea of using cholic acid as an elicitor to trigger hypersensitive response in plant cells. The most recent experiments regarding the effect of cholic acid treatment on antioxidative status of maize, cucumber and wheat, conducted in similar conditions as with soybean, showed that there is no induction of oxidative burst in these species. Decreased level of lipid peroxidation in all three species at all applied concentrations suggests an antioxidative effect of cholic acid. Decreased LP was accompanied, with high correlations, with increased protein content in cucumber, increased total phenolics and proteins in maize and increased total phenolics in wheat. These data suggests that all investigated plant species have specific response to treatment with cholic acid regarding to antioxidative status.  

Total antioxidant capacity methods-Why are there so many?

Popović B.1, Štajner D. 1 and Kevrešan S.2

1Institute of Lowland Forestry and Environment, Antona Čehova 13, 21000 Novi Sad, Serbia.

2Faculty of Agriculture, Trg Dositeja Obradovića 8, 21000  Novi Sad

The precise assessment of oxidative stress and antioxidant status of different biological systems is problem for all investigators working in this field of science. Numerous assays have been described to measure various free radical damage products or antioxidant status, and the plethora of available techniques attests to the fact that no ideal method is available. The concept of a single test that might reflect total antioxidant capacity (TAC) is an attractive one. For this reason, analytical methods that allow the evaluation of antioxidant capacity in the whole sample, taking into consideration the interactions between all compounds present in the matrix, may offer an additional advantage when compared to those based on separation techniques that are timeconsuming, expensive, and often not suitable for routine.

The idea of a single measurement of total antioxidant capacity is not a new one. Wayner et al in 1985 described the total radical trapping parameter (TRAP) assay, based on the generation of peroxyl radicals from 2,2'-azobis (2-amidinopropane) dihydrochloride (AAPH). In the method, the lag phase is used as a measure of antioxidant capacity of the sample. The assay was standardized against known concentrations of the Trolox. However TRAP method possessed many disadvantages. Since then many assays have been published, which have considerably simplified the measurement of total antioxidant capacity. The best known and the most applied TAC methods are FRAP, DPPH and ORAC. These methods are commercially available, so these techniques are now available to almost any routine or research laboratory. Paradoxically, TAC assays do not measure total antioxidant capacity. In general, they measure predominantly the low molecular weight (chain breaking antioxidants) excluding the contribution of antioxidant enzymes and metal binding proteins. A comprehensive assessment of oxidative stress would include the measurement of all antioxidants, although this would be time consuming, expensive, and in some cases technically difficult. In addition, numerous other compounds not normally measured as antioxidants have some chain breaking antioxidant activity. The combined activity of all of these will be assessed in a TAC assay, which might also take into account some of the complex interactions that occur between chain breaking antioxidants. Different antioxidants act by different mechanisms and even the same compound can have different ways of actuation. In this regard, no single assay provides all of the information desired because it does not reflect the complexity of the interactions of antioxidants. Thus, the evaluation of overall antioxidant capacity requires multiple assays to generate an “antioxidant profile”.

In the present study, the antioxidant capacity of ten C. mas genotypes from Vojvodina province were examined in the different antioxidant assays including DPPH•, •NO, O2•– and  •OH antiradical powers (ARP), FRAP, PRAC (Permanganate Reducing Antioxidant Capacity) and total phenolic and anthocyanin content. The underlying interrelations between parameters were studied using chemometric methods for data elaboration. The results of this study demonstrated that only through a combination of different chemical analysis and chemometric evaluation we can achieve a strictly rigorous guideline for the antioxidant characterization of cornelian cherry.

Role of reactive oxygen- and nitrogen species in poplar plants during zinc, copper and polyethylene glycol treatments

Edit Horváth, Zsuzsanna Kolbert, Nóra Lehotai, Gábor Feigl, Irma Tari, László Erdei
Department of Plant Biology, University of Szeged, Szeged, Hungary

In vivo staining methods are a reliable way to visualize and localize reactive oxygen- (ROS) and nitrogen species (RNS) in plant cells and tissues.

Different poplar clones, Populus deltoides (B-229, P19/66) and Populus x canadensis (M-1) were grown is Hoagland solution, in which 3 µM and 30 µM CuSO4 (copper) or ZnSO4 (zinc) were added to study heavy metal stress, while 50 mOsm and 200 mOsm polyethylene glycol (PEG) were applied to investigate osmotic stress. Changes in ROS and RNS levels were detected in the roots of poplar plants after 7-day-long copper, zinc and PEG exposure. Superoxide radicals (O2.-) and total intracellular ROS (tROS) were detected using dihydroethidium and 2’-7’-dichlorodihydroﬂuorescein diacetate. The major RNS, nitric oxide (NO) levels were visualized by a NO-sensitive fluorescent dye, 4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate.  Peroxynitrite generation (ONOO-) was monitored using 3’-(p-aminophenyl) fluorescein. 
A decrease could be observed almost in every poplar clones in the ROS and RNS levels under 30 µM copper treatments, while 3 µM copper caused higher tROS and RNS content in B-229 and in M-1 plant roots compared to the control. The other heavy metal, zinc caused decreased O2.- and increased tROS levels in a concentration dependent manner in P19/66 clones, while B-229 plants under zinc treatments was lower the tROS and NO fluorescent than in control plants. Osmotic stress elevated the O2.-, NO and ONOO- and in the same time decreased the tROS content in B-229 plants. P19/66 clones showed no increase in their ROS and RNS levels.
The changes under heavy metal and osmotic stress imply on a different signaling and stress tolerance in the three poplar clones used in this study.

The effect of heavy metal and osmotic stress on the enzymatic defense system of three different poplar clones.

Dániel Benyó, Ágnes Gallé, Tünde Leviczky, Kinga Takács, Jolán Csiszár,

László Erdei, Irma Tari
Department of Plant Biology, University of Szeged, Szeged, Hungary

Poplar is regarded as a suitable candidate for use in phytoremediation of polluted soils due torelevant features such as the ability to withstand environmental stresses, the extensive root system and the high water uptake. For the utilisation of poplar trees in phytoremediation programs, poplar lines with high heavy metal and other environmental stress tolerance should be identified. For the determination of stress tolerance the element of the response should be identified, such as antioxidant defense and detoxification. 

For our experiments three poplar clones: P. deltoides: B-229; P19/66; P. x canadensis (P. deltoides x P. nigra): M-1 were used. Cuttings were grown hydroponically, rooted for 4 weeks long in 0.1x Hoagland solution, then 2 weeks long in 0.5x Hoagland solution. After this pregrowing period the control plants were grown for 1 week in 0.5x Hoagland solution, and two concentration of CuSO4 and ZnSO4 was added to the nutrient solution: 3 and 30 μM, and for the osmotic stress experiment PEG 6000 was added to the nutrient solution elevating the osmolarity to 50 and 200 mOsm.

The following enzyme activities were measured: glutathione transferase (GST, EC 2.5.1.18), glutathione peroxidase (GPX, EC 1.11.1.9), and guaiacol peroxidase (POX). Different stress factors induced distinct effects on the poplar clones.

In shoots of copper treated plants we measured reduced activity of all enzymes at higher copper concentration. At the concentration of 3 μM, the GSH-related enzymes showed induction. It indicates the important role of glutathione pool and GSH related enzymes in defense against copper-induced stress in poplar shoots. All three poplar clones showed increased activity of both peroxidases in roots, what could be the effect of increased reactive oxygen species caused copper as redox-active metal.

In the zinc treated plants, the activity of the glutathione-related enzymes increased in shoot and root, particularly at the higher zinc concentration. Guaiacol peroxidase activities at lower zinc concentration showed increase in the shoots of P. deltoides clones, and decreased in roots of B-229 and M-1 clones. To reveal the background of the effect of zinc at the lower (3 μM) concentration further analysis is required.
Plants were exposed to osmotic stress by the elevation of the osmolarity of the nutrient solution with polyethylene glycol (PEG). The treatment inhibited the enzyme activities in roots of all three clones, which could be explained by the PEG-caused reduction of protein synthesis. In shoots generally all enzymes activity increased, except for the glutathione peroxidase at higher osmotic stress.

Notable differences between the effect of three stress type on the poplar clones were determined, but the common phenomenon was the higher GST activity observed in the shoot of P. x canadensis clone M-1, than in the P. deltoides clones.

Induction of glutation transferases during heavy metal stress in poplar clones

Ágnes Gallé, Dániel Benyó, Tünde Leviczky, Kinga Takács, Jolán Csiszár, 
László Erdei, Irma Tari

Department of Plant Biology, University of Szeged, Szeged, Hungary

Higher plants are in permanent relationship with their environment and strongly dependent on its effects. Different environmental factors influence their development, growth and determine their productivity. When these factors fall out of an optimal range that is regarded to a certain species (such as too low or too high level of certain nutrient ratios) the plant will be subjected to a varying level of stress. There are stress sensitive and resistant plants based on the effectiveness of the protective responses caused by stress. The most important concept of agricultural plant breedings is to gradually form stress resistant crops from stress sensitive cultivars. To obtain these tasks, it is highly important to shed light on the complexity of such stress responses. The effective physiological stress responses are usually characterized by the activation of certain genes, or groups of genes, which are important targets of research to help the breeding process.

The heavy metal stress can result in the accumulation of toxic metabolites in plants, which are mainly eliminated by different types of glutathione transferases. There are numerous, multifunctional members in the isoenzyme family of glutathione transferases, which has eight groups (phi, zeta, tau, theta, dehydroascorbate reductase, lambda, tetrachlorohydrokinin dehalogenase and the microsomal GST). One of their well-known functions is the catalysis of detoxification of toxic metabolites with GSH conjugation. Increase of detoxification triggered by glutathione transferase (GST) enzymes during heavy metal stress can be an important factor in stress protection strategies. Therefore, one of the aims of our experiments was to identify such GST transcripts, which can play an important role in the protection of heavy metal and osmotic stress.

For our experiments three poplar clones were used: two P. deltoides (B-229, P19/66) and one P. x canadensis (P. deltoides x P. nigra; M-1). Cuttings were grown hydroponically, rooted for 4 weeks long in 0,1x Hoagland solution, then 2 weeks long in 0,5x Hoagland solution. The 6 week old poplar clones were then exposed to zinc treatment. Two concentrations of zinc were used: 3 and 30 μM. Two methods were compared during the RNA extraction. Using the TRIzol reagent the amount and quality of the RNA was not appropriate, so the total RNA were extracted with using a modified LiCl2 method. The 30 μM treatment induces the GST expression of the selected GST genes. The case of P. x canadensis clones the GST transcript amount showed delayed inductions despite the two P. deltoids line.
Photosynthetic activity measured in leaves of control, Cu-, Zn- and PEG-treated poplar lines

Barnabás Wodala, Ferenc Horváth
Department of Plant Biology, University of Szeged, Szeged, Hungary

Introduction Drought stress is a major abiotic stress factor for plants, and photosynthesis is one of the primary processes affected by drought. Drought and osmotic stress may also induce oxidative stress, which also inhibits photosynthesis. Metals are natural electron carriers and many of them play an essential role in electron transport processes including photosynthetic electron transport. In excess, however, heavy metals and transition metals inhibit photosynthetic electron transport processes as well as CO2 fixation. Toxic amounts of Cu, in particular, inhibit electron transport in PSII and PSI and may trigger the generation of ROS, while Zn is known to decrease the level of chlorophyll pigments and hampers the activity of the OEC. In addition, both metals are known to interfere with Rubisco leading to reduced carbon assimilation. In this study, the photosynthetic activity of poplar lines was assessed via chlorophyll fluorescence and gas exchange measurements.

Materials and methods Photosynthetic activity of three poplar lines (B-229, M-1, P19/66) originating from Serbia (or Serbian partner) were assayed. Each poplar line was treated with different concentrations of copper (0, 3 and 30 µM), zinc (0, 3 and 30 µM) and polyethylene glicol (PEG, 0, 50 and 200 mOsm). Photosynthetic activity of poplar lines was assayed using an LI-6400 Portable Photosynthesis and Fluorescence System (LI-COR Environmental, Lincoln, Nebraska USA) equipped with a 6400-40 leaf chamber fluorometer (LI-COR Environmental). Measurements were carried out at around midday in a semicontrolled growth room with a relative humidity of 55–60% and temperature of 22°C using a fixed chamber illumination of 150 µmol m-2 s-1 (10% blue, 90% red light) provided by the internal light source of the leaf chamber fluorometer. The effective quantum yield of photosystem II (ΦPSII), stomatal conductance (gs, mol H2O m-2 s-1) and assimilation rate (A, µmol CO2 m-2 s-1) values of each leaf was collected when leaves reached steady state in the sample chamber.

Results and discussion Zinc treatments caused a moderate, while Cu treatments caused a drastic drop in stomatal conductance in a concentration dependent manner. The only exception is the line M-1 where Zn did not change gs values. The PEG treatment considerably decreased stomatal conductance in M-1 and P19/66 lines, while only slightly changed gs values in B-229 line, albeit this line showed the lowest control gs values. As stomatal conductance and assimilation are strongly related, it is not surprising that neither the Zn, nor the PEG treatments led to a considerable decrease in the assimilation rate in neither of the poplar lines. In fact, in line B-229 even a slight increase was observed following the PEG treatments. Treatments with Cu, however, led to dramatic losses in assimilation rates in all three poplar lines. In general, ΦPSII values were least affected by these treatments in all poplar lines, and a clear, concentration dependent decrease was only observable in Cu-treated poplars. The smaller changes in ΦPSII values suggest that PSII photochemistry (i.e. ”electron production”) is less severely affected by Cu, Zn and PEG treatments than carbon assimilation, a major consumer of electrons from the photosynthetic electron transport chain. This in turn suggests a rise in alternative electron transport pathways, such as cyclic electron transport and Mehler-reaction, to cope with the increasing redox pressure in the photosynthetic electron transport chain.
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