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Abstract Phragmites (Phragmites australis Cav. (Trin.) ex Steud) plants exposed to a high concentration of CdSO4 (50 µM) for 21 d were analysed with respect to the distribution of metal, its effects on antioxidants, the antioxidant enzymes and the redox status in leaves, roots and stolons. The highest accumulation of Cd2+ occurred in roots followed by leaves, and it was not significant in the stolons when compared with the control plants. In particular, in roots from Cd-treated plants, both the high amount of GSH and the parallel increase of glutathione-Stransferase (EC 2.5.1.18; GST) activity seemed to be associated with an induction of the detoxification processes in response to the high cadmium concentration. Superoxide dismutase (EC 1.15.1.1; SOD), ascorbate peroxidase (EC 1.11.1.11; APX), glutathione reductase (EC 1.6.4.2; GR) and catalase (EC 1.11.1.6; CAT) activities as well as reduced and oxidised glutathione contents in all samples of leaves, roots and stolons were increased in the presence of Cd2+ when compared to control plants. Despite the fact that Cd2+ has a redox characteristic not compatible with the Fenton-type chemistry that produces active oxygen species, the antioxidant response is widespread and generic. Increased activities of antioxidant enzymes in Cd-treated plants suggest that metal tolerance in Phragmites plants might be associated to the efficiency of these mechanisms. © 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved. Keywords: Antioxidants; Cadmium; Phragmites australis



1. Introduction Plants respond in different ways to chronic high concentrations of Cd2+ (around or higher than 1 µM) in the root environment [34]. Although all plants absorb Cd2+ to various degrees, some species (e.g. Thlaspi caerulescens) can actively accumulate Cd up to 100 µg per gram of root and shoot dry weight without suffering toxic effects [5], whereas other species (e.g. Pisum sativum) show alteration of leaf physiology and metabolism at much lower concentration [33]. The complex mechanisms of such different Abbreviations: AOS, active oxygen species; APX, ascorbate peroxidase; AsA, ascorbic acid; BSA, bovine serum albumin; CAT, catalase; DTT, dithiothreitol; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid); GPX, glutathione peroxidase; GR, glutathione reductase; GSH, reduced glutathione; GSSG, oxidised glutathione; GST, glutathione-S-transferase; HPLC, high performance liquid chromatography; PC, phytochelatin; PN, pyridine nucleotide; PVPP, polyvinylpolypyrrolidone; SOD, superoxide dismutase * Corresponding author. E-mail address: [email protected] (M.A. Iannelli). © 2002 Éditions scientifiques et médicales Elsevier SAS. All rights reserved. PII: S 0 9 8 1 - 9 4 2 8 ( 0 2 ) 0 1 4 5 5 - 9



responses are still unclear [29]. There is evidence that in pea plants exposed to Cd2+, the antioxidant system might play a role to perform an additive role in the detoxification mechanisms [11]. In pea plants, antioxidant activity increases in response to Cd2+ differently in leaves and roots, probably reflecting differences in the type and amount of Cd-induced generation of active oxygen species (AOS). In contrast, a different experiment with the same species showed the inhibition of antioxidant activities over a large exposure range (0–50 µM CdSO4) [33]. Since increase and decrease of antioxidant activity in response to Cd2+ have been found also in other species [5,12], it is conceivable that the antioxidant system, besides its function in detoxification, may also be a sensitive target of Cd2+ toxicity in plants. In order to elucidate the involvement of antioxidant enzymes in plant response against Cd2+ toxicity, the sensitivity of the diverse antioxidants to Cd2+ has to be established. The plant antioxidative defence system involves several enzymes and low molecular weight quenchers that are present in plant cells. Superoxide radicals generated in plant cells are converted to hydrogen peroxide by the action of
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superoxide dismutase (SOD). Accumulation of hydrogen peroxide, a strong oxidant, is prevented in the cell either by catalase or by the ascorbate–glutathione cycle, where ascorbate peroxidase (APX) reduces it to water. Ascorbate and glutathione, other components of the antioxidative defence system, are found to increase under oxidative stress conditions [30]. In particular, glutathione seems to play a very important role in plants exposed to Cd2+. In fact, glutathione is the monomer of the phytochelatin molecule that is able to form complexes with Cd2+ and sequester it into the vacuoles by the contribution of a protein with properties similar to those of glutathione-S-transferase [21]. Glutathione, in the reduced form, protects the thiol groups of many enzymes from oxidative conditions. For this reason, its concentration is controlled by a complex homeostatic mechanism where the availability of sulphur seems to be required [25]. In this paper, the antioxidative responses in leaves, roots and stolons of Phragmites australis plants exposed to acute and chronic CdSO4 concentration (50 µM, 21 d) in hydroponic cultures are analysed. Phragmites australis is a rhizomatous plant of the Poaceae family, with the widest geographical distribution of any flowering plant, and possesses interesting characteristics useful in phytoremediation and phytostabilisation processes. Its very large production of biomass is particularly adapted to remove considerable amounts of nitrogen and, in given proportion, phosphorus and many other organic compounds from water [21]. Its ability to remove heavy metals and the mechanisms that make it so efficient are not well known, but enzyme activities controlling oxidative stress might play a role in the mechanism that gives tolerance towards heavy metal contamination [28].



2. Results and discussion The amount of Cd2+ that entered the roots of Phragmites during hydroponic growth in the presence of 50 µM CdSO4 was remarkably high (Table 1). In fact, 0.36 g of Cd2+ per 100 g of root dry weight can be considered as a hyperaccumulation [2], and this has never been reported for this species. Cd2+ was added as sulphate salts to the medium, as the addition of a source of sulphur at this concentration is not supposed to cause toxic effects to plants [27]. Moreover, sulphur enhances sulphate absorption [16] and, thus, favours metal accumulation and plant tolerance to the metal



Table 1 Accumulation of Cd2+ in leaves, roots and stolons of Phragmites australis grown hydroponically under controlled conditions and exposed for 21 d to 50 µM CdSO4. Data represent the means ± S.D., and n = 9 Cd2+ (mg g–1 DW)



Leaf Root Stolon



0 µM CdSO4



50 µM CdSO4



0.006 ± 0.0001 0.008 ± 0.0001 0.020 ± 0.0050



0.077 ± 0.0004 3.690 ± 0.5800 0.010 ± 0.0011



oxidative activity. In fact, Cd2+ forms stable complexes with thiol groups such as those of phytochelatins (PCs) [8] and glutathione [10,32], and according to Loeffler et al. [18], under sulphur availability, Cd2+ induces the synthesis of these compounds until all free cytosolic Cd2+ ions are removed from the cytosol and sequestered into vacuoles. The high content of glutathione (GSH) (Table 2), precursor of phytochelatin synthesis, in Cd-treated roots, as compared to control, confirms that a strong accumulation of Cd2+ could be associated to a high availability of sulphur [37]. This strong accumulation is possibly facilitated by the sequestration into vacuoles of the GSH and PC complexes with Cd2+. This process, according to Marrs and Walbot [21], could be mediated by a protein capable of recognising and binding glutathione with an activity similar to that of some glutathione-S-transferases (GSTs) [20]. There is no evidence that the GST activity measured in this experiment (Table 3) is related to this protein or to sulphur availability. However, its stimulation in the presence of Cd2+ has been also reported for pea [11] and wheat [24], and it cannot be excluded that this GST-like activity has to be regarded as an antioxidant response [20]. No visible differences between control and Cd-treated samples were observed in root, leaf and stolon growth parameters under our conditions. Only a small amount of Cd2+ was transported from roots to leaves (0.007% with respect to leaf dry weight) and nothing to stolons when compared with the Cd2+ content of controls (Table 1). However, fluorescence and antioxidant measurements of leaves showed a 40% decrease of the maximum capacity of photosynthesis at saturating light and CO2 in the Cd-treated samples with respect to controls. This experiment clearly indicates that Phragmites roots, grown in the presence of a high amount of sulphate, can remove and store an amount of Cd2+ close to that removed by hyperaccumulator tolerant species (e.g. Brassicaceae) [2]. Since Phragmites roots can



Table 2 GSH, GSSG and ascorbic acid contents of Phragmites australis leaves, roots and stolons grown hydroponically under controlled conditions and exposed for 21 d to 50 µM CdSO4. Data represent the means ± S.D., and n = 9 GSH (nmol GSH per mg prot.)



Leaf Root Stolon



GSSG (nmol GSH per mg prot.)



Ascorbic acid (mg AsA per mg prot.)



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



0.74 ± 0.01 29.7 ± 3.50 21.1 ± 2.50



27.9 ± 3.5 169 ± 6.5 176 ± 6.0



8.6 ± 1.9 9.1 ± 3.0 17.5 ± 3.5



7.5 ± 1.2 25 ± 3.4 27 ± 2.1



0.29 ± 0.05 0.61 ± 0.08 1.52 ± 0.09



0.24 ± 0.03 1.12 ± 0.10 1.03 ± 0.21
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Table 3 Enzymatic activities of GST and GPX of Phragmites australis leaves, roots and stolons grown hydroponically under controlled conditions and exposed for 21 d to 50 µM CdSO4. Data represent the means ± S.D., and n = 9 GST (nkat per mg prot.)



Leaf Root Stolon



GPX (µkat per mg prot.)



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



2.8 ± 0.33 4.0 ± 0.16 6.8 ± 0.33



5.2 ± 1.2 13.2 ± 2.2 10.3 ± 1.5



0.36 ± 0.03 0.55 ± 0.1 0.44 ± 0.028



0.19 ± 0.03 1.17 ± 0.16 1.40 ± 0.15



be removed from the natural or constructed wetlands, there might be technological and economical implication for the use of this plant in the phytoremediation or in the phytostabilisation of Cd2+. When Cd2+ entered the plant, an increase of SOD, APX, catalase (CAT) and glutathione reductase (GR) activities (Table 4) and of both reduced and oxidised glutathione content was induced in all samples of roots, stolons and leaves (Table 2). Only ascorbic acid amount in stolons and leaves and glutathione peroxidase (GPX) activity in leaves decreased in Cd2+ plants compared to control plants (Tables 2 and 3). However, it is evident that the uptake of Cd2+ induced a strong antioxidant response in Phragmites. This response was stronger in roots and stolons with respect to leaves and was opposite to that of pea plants in response to similar Cd2+ concentration [11]. The discrepancy between the data obtained in pea plants and our data on Phragmites might be due to its different morphological, physiological and growth characteristics. In fact, Phragmites has a perennial invasive rhizome that is metabolically very active and generally resistant to many pollutants and stressful wetland environments ([22] and references therein). This rhizome is a very extended and dense intercommunicating net system of roots and stolons from which plants emerge [14]. Thus, in contrast to the general behaviour of other plants, stolons and roots might contribute much more to the plant metabolism and must be able to produce and even import from other organs a high concentration of protective molecules and



induce high activities of most antioxidant enzymes. An important aspect is, however, that the antioxidant response in Phragmites seems to be widespread in all organs, indicating that the Cd-induced production of AOS should involve unspecific degradation processes, as also suggested by Schutzendubel et al. [35]. In fact, as reported by Sanità di Toppi and Gabbrielli [34], it is possible that the Cd2+ binds to the thiol groups of enzymes and to the carbohydrates of cell walls (pectines) and exchanges other metals (such as Mg, Fe and Zn) that are cofactors of important enzymes with extremely toxic effects on cell metabolism [9,34]. In contrast with the antioxidative response, the reduced status of GSH (Table 2) and pyridine nucleotides (PNs) was predominant over the oxidised status (Table 5). The involvement of NADPH in the glutathione reductase activity [30] is essential to maintain a high level of GSH for phytochelatin synthesis. NADPH is also needed to maintain in the reduced status the thiols of phytochelatins and of many key enzymes of metabolic and detoxification reactions [3].



3. Conclusion Although the capacity of Phragmites to remove heavy metals from water is still undefined, it is extensively used. We found that Phragmites accumulates a large amount of Cd2+ in the roots, in the presence of sulphate. Understanding



Table 4 Enzymatic activities of antioxidant enzymes (SOD, APX, GR and CAT) of Phragmites australis leaves, roots and stolons grown hydroponically under controlled conditions and exposed for 21 d to 50 µM CdSO4. Data represent the means ± S.D., and n = 9 SOD (U per mg prot.)



Leaf Root Stolon



APX (nkat per mg prot.)



GR (nkat per mg prot.)



CAT (nkat per mg prot.)



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



12.5 ± 1.8 35.9 ± 1.6 37.0 ± 1.0



19.3 ± 0.4 53.4 ± 1.4 55.3 ± 0.4



1.8 ± 0.16 6.6 ± 0.50 1.6 ± 0.02



5.0 ± 0.50 20 ± 0.80 3.3 ± 0.02



1.5 ± 0.3 6.8 ± 0.8 4.3 ± 0.8



1.67 ± 0.3 14.2 ± 0.8 16.5 ± 1.3



7.8 ± 0.1 6.0 ± 0.5 6.0 ± 0.3



8.3 ± 0.3 20 ± 0.3 21 ± 2.0



Table 5 Rates of the pyridine nucleotide content (NADPH/NADP+; NADH/NAD+) of Phragmites australis leaves, roots and stolons grown hydroponically under controlled conditions and exposed for 21 d to 50 µM CdSO4. Data represent the means ± S.D., and n = 9 NADPH/NADP+



Leaf Root Stolon



NADH/NAD+



0 µM CdSO4



50 µM CdSO4



0 µM CdSO4



50 µM CdSO4



0.324 0.066 0.015



0.416 0.999 4.586



0.43 0.044 0.24



0.45 0.32 1.62
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the biochemical detoxification strategies that Phragmites plants adopt against stress induced by accumulated metal ions is a key to manipulating heavy metal tolerance in plants. Phragmites responds to high concentrations of Cd2+ in the hydroponic growth medium with a widespread and generic activation of the antioxidant mechanism. This activation is very likely associated to a production of AOS and, even if the basis of this response is not yet completely elucidated, our data indicate that it is more enhanced in roots than in leaves and probably related both to the metal concentration and to the peculiar root metabolism of this species.



4. Methods 4.1. Culture conditions and Cd2+ treatment Phragmites australis Cav. (Trin.) ex Steud culms were originally collected from Trasimeno lake (Perugia, Italy) and transferred in pots with expanded Argyll at pH 6 and maintained under a hydroponic system with Hoagland “full strength” nutrient solution in a growth chamber with controlled temperature (27/22 °C day/night), humidity (95/85% day/night) and light intensity (PAR 600 µmol m–2 s–1) and a 16-h photoperiod. The nutrient solution was bubbled with air and changed once a week. Plants were grown for 15 d, and then nutrient solution was supplemented with different CdSO4 concentrations (0 and 50 µM). Leaves, roots and stolons were sampled 21 d from the start of the treatments. The growth parameters of plants treated with 50 µM CdSO4 were not visibly different from those of control plants. 4.2. Metal contents At the end of 21-d Cd2+ treatments, the plants were divided into different portions (leaves, roots and stolons) and dried at 80 °C for 48 h, and the dry weight was measured. The determinations of Cd2+ were made on nitric–perchloric acid (3/1, v/v) digests of three replicate plant tissue samples and determined by atomic absorption spectrophotometry (AAnalyst 300, Perkin Elmer, Germany). 4.3. Assays of antioxidant enzyme activities in roots, leaves and stolons Frozen leaves, roots and stolons (0.2–0.5 g fresh weight) were ground to a fine powder with a mortar and pestle under liquid nitrogen. The proteins were then extracted at 4 °C by grinding with a cold 50 mM potassium phosphate (pH 7.0) buffer containing 0.1% (w/v) ascorbic acid, 0.1% (v/v) Triton X-100 and 1% (w/v) polyvinylpolypyrrolidone (PVPP). The homogenate was centrifuged at 4 °C for 20 min at 12,000 × g. The clear supernatant fraction was used for the enzyme assays. Protein concentration was



quantified as described by Bradford [4] using BSA as a standard. Total ascorbate peroxidase (EC 1.11.1.11; APX) activity was determined by measuring the oxidation rate of ascorbate at 290 nm according to Asada [1]. Total superoxide dismutase (EC 1.15.1.1; SOD) activity was assayed according to its ability to inhibit ferric cytochrome c reduction by a constant flux of O2•– generated by the xanthine–xanthine oxidase system [26]. The reaction mixture contained 10 µM KCN to inhibit cytochrome c oxidase. One unit of SOD was defined as the quantity of enzyme required to inhibit the reduction of cytochrome c by 50% in a 1-ml reaction volume. To measure SOD activity, 15 mM DTT were added to the extraction buffer. Catalase (EC 1.11.1.6; CAT) activity was assayed spectrophotometrically at 240 nm following the decomposition of hydrogen peroxide (ε = 39.4 mM–1 cm–1) according to Chance and Maehly [7]. Glutathione-S-transferase (EC 2.5.1.18; GST) was measured spectrophotometrically at 340 nm monitoring the increase in absorbance due to the formation of the conjugate, S-2,4-dinitro(phenylglutathione) (ε = 10 mM–1 cm–1), between GSH and 1-chloro-2,4-dinitrobenzene (CDNB) [19]. Glutathione reductase (EC 1.6.4.2; GR) activity was assayed spectrophotometrically following the formation of thiobenzoic acid (TNB) at 412 nm according to Smith et al. [36]. GR activity was expressed as nkat per milligram of protein, referring to a calibration curve of known amounts of yeast GR (Sigma) as standard. Glutathione peroxidase (EC 1.11.1.9; GPX) activity was measured spectrophotometrically following the decrease in absorbance at 340 nm of NADPH (ε = 6.2 mM–1 cm–1) [15]. 4.4. Ascorbate content The ascorbate content was determined by high performance liquid chromatography (HPLC) according to Olmos and Hellin [31] at 254 nm. Plant tissues were homogenised in liquid nitrogen and extracted in ice-cold meta-phosphoric acid 5% (w/v). The extract was centrifuged for 10 min at 6000 × g. The column employed was the Alltima C18 column (4.6 × 250 mm, 5 µm; Alltech Italia srl). The mobile phase consists of 0.05 M sodium acetate and acetonitrile (95/5, v/v). The temperature of the column was adjusted at 26 °C and the flow rate at 1 ml min–1. Calibration was achieved using purified ascorbic acid as standard. 4.5. GSH and GSSG content The concentration of reduced and oxidised (GSSG) glutathione was determined with an enzyme-recycling assay spectrophotometrically at 412 nm [13]. The assay was based on sequential oxidation of glutathione by DTNB and reduction by NADPH in the presence of a known amount of GR. To quantify GSSG content, 2-vinylpyridine was add to the extract. Standard curves were generated with reduced and oxidised glutathione.
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4.6. Determination of PN contents Frozen leaf tissues were ground with a mortar and pestle under liquid N2 and extracted with ethanol–water (1/1, v/v) containing either 0.1 M NaOH or 0.1 M HCl [6]. The oxidised (NADP+, NAD+) and reduced (NADPH, NADH) forms of the nucleotides were determined by enzymatic cycling assay according to Matsumura and Miyachi [23]. 4.7. Pigment determination Frozen leaf tissues were ground with a mortar and pestle under liquid N2, and pigments were extracted with 80% (v/v) acetone. The samples were centrifuged for 10 min at 1000 × g. Pigment determination was carried out spectrophotometrically at 470, 646.8 and 663.2 nm. The extinction coefficients and the equations reported by Lichtenthaler [17] were used to calculate the pigment amounts.
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4.8. Statistics All preparations were done as independent triplicates. All enzyme measurements were done in fourfold replicates. Means and standard deviations were calculated from the means of each triplicate measurement of three preparations (n = 9).



[19] [20]



[21]



References



[22]



[1]



K. Asada, Ascorbate peroxidase–hydrogen peroxide scavenging enzyme in plants, Physiol. Plant. 85 (1992) 235–241.



[23]



[2]



A.J. Baker, S.P. McGrath, R.D. Reeves, J.A.C. Smith, Metal hyperaccumulator plants, in: N. Terry, G. Banuelos (Eds.), Phytoremediation of Contaminated Soil and Water, Lewis Publishers, London, UK, 1999, pp. 85–107.



[24]



[3]



[4]



[5]



W. Bielawski, K.W. Joy, Reduced and oxidised glutathione and glutathione-reductase activity in tissues of Pisum sativum, Planta 169 (1986) 267–272. M. Bradford, A rapid and sensitive method for the quantitation of microgram quantities of protein utilising the principle of protein–dye binding, Anal. Biochem. 72 (1976) 248–254. R.R. Brooks, B.H. Robinson, Aquatic phytoremediation by accumulator plants, in: R.R. Brooks (Ed.), Plants that Hyperaccumulate Heavy Metals, CAB International Publishers, Wallingford, 1998, pp. 203–226.



[25]



[26]



[27]



[28]



[29]



[6]



J.M. Carrier, N. Neve, Oxidation–reduction states of pyridine nucleotides measured by an adapted enzymatic cycling method in maize leaves submitted to anoxia, Photosynthetica 13 (1979) 323–331.



[7]



B. Chance, A.C. Maehly, Assay of catalases and peroxidases, Meth. Enzymol. 2 (1955) 764–775.



[8]



C.S. Cobbett, Phytochelatins and their roles in heavy metal detoxification, Plant Physiol. 123 (2000) 825–832.



[9]



P. Das, S. Samantaray, G.R. Rout, Studies on cadmium toxicity in plants: a review, Environ. Pollut. 96 (1998) 29–36.



[32]



[10] M.S. Diaz-Cruz, J. Mendieta, R. Tauder, M. Esteban, Cadmiumbinding properties of glutathione: a chemometrical analysis of voltametric data, J. Inorg. Biochem. 66 (1997) 29–36.



[33]



[30]



[31]



981



V. Dixit, V. Pandey, R. Shyam, Differential antioxidative responses to cadmium in roots and leaves of pea (Pisum sativum L. cv. Azad), J. Exp. Bot 52 (2001) 1101–1109. S.M. Gallego, M.P. Benavides, M.L. Tomaro, Effects of heavy metal ion in excess on sunflower leaves: evidences for involvement of oxidative stress, Plant Sci. 121 (1996) 151–159. O.W. Griffith, Determination of glutathione disulphide using glutathione reductase and 2-vinylpyridine, Anal. Biochem. 106 (1980) 207–212. S.M. Haslam, The development and emergence of buds in Phragmites communis, Ann. Bot. 33 (1969) 289–303. S. Klapheck, I. Zimmer, H. Cosse, Scavenging of hydrogen peroxide in the endosperm of Ricinus communis by ascorbate peroxidase, Plant Cell Physiol. 31 (1990) 1005–1013. T. Leustek, M.N. Martin, J.A. Bick, J.P. Davies, Pathways and regulation of sulfur metabolism revealed through molecular and genetic studies, Annu. Rev. Plant Physiol. Plant Mol. Biol. 51 (2000) 141–165. H.K. Lichtenthaler, Chlorophylls and carotenoids: pigments of photosynthetic biomembranes, in: M. Baltscheffsky (Ed.), Current Research in Photosynthesis, Kluwer Academic Publishers, Dordrecht, 1987, pp. 471–474. S. Loeffler, A. Hochberger, E. Grilli, W. Gekeler, E.L. Winnacker, M.H. Zenk, Termination of the phytochelatin synthase reactions through sequestration of heavy metals by reaction products, FEBS Lett. 258 (1989) 42–46. B. Mannervik, C. Guthenberg, Glutathione transferase (human placenta), Meth. Enzymol. 77 (1981) 231–235. K.A. Marrs, The function and regulation of glutathione S-transferase in plants, Annu. Rev. Plant Physiol. Plant Mol. Biol. 47 (1996) 127–158. K.A. Marrs, V. Walbot, Expression and RNA splicing of the maize glutathione S-transferase Bronze2 gene is regulated by cadmium and other stresses, Plant Physiol 113 (1997) 93–102. A. Massacci, F. Pietrini, M.A. Iannelli, Remediation of wetlands by Phragmites australis, Minerva Biotec. 13 (2001) 135–140. H. Matsumura, S. Miyachi, Cycling assay for nicotinamide adenine dinucleotides, Meth. Enzymol. 69 (1980) 465–470. F. Mauch, R. Dudler, Differential induction of distinct glutathioneS-transferases of wheat by xenobiotics and by pathogen attack, Plant Physiol. 102 (1993) 1193–1201. M.J. May, T. Vernoux, C. Leaver, M. Van Montagu, D. Inzé, Glutathione homeostasis in plants: implication for environmental sensing and plant development, J. Exp. Bot 49 (1998) 649–667. J.M. McCord, I. Fridovich, Superoxide dismutase: an enzymic function for erythrocuprein, J. Biol. Chem. 224 (1969) 6049–6055. K. Mengel, E.A. Kirkby, Sulphur, Principles of Plant Nutrition, in: E.A. Kirkby, K. Mengel (Eds.), Kluwer Academic Publishers, London, 2001, pp. 447–448. F. Navari-Izzo, M.F. Quartacci, Phytoremediation of metals. Tolerance mechanisms against oxidative stress, Minerva Biotec. 13 (2001) 73–85. T.V. Nedelkoska, P. Doran, Hyperaccumulation of cadmium by hairy roots of Thlaspi caerulescens, Biotechnol. Bioeng. 67 (2000) 607–616. G. Noctor, C.H. Foyer, Ascorbate and glutathione: keeping active oxygen under control, Annu. Rev. Plant Physiol. Plant Mol. Biol. 49 (1998) 249–279. E. Olmos, E. Hellin, Mechanisms of salt tolerance in a cell line of Pisum sativum: biochemical and physiological aspects, Plant Sci. 120 (1996) 37–45. D.D. Perrin, A.E. Watt, Complex formation of zinc and cadmium with glutathione, Biochim. Biophys. Acta 230 (1971) 96–104. L.M. Sandalio, H.C. Dalurzo, M. Gomez, M.C. Romero-Puertas, L.A. del Rio, Cadmium-induced changes in the growth and oxidative metabolism of pea plants, J. Exp. Bot. 52 (2001) 2115–2126.



982



M.A. Iannelli et al. / Plant Physiol. Biochem. 40 (2002) 977–982



[34] L. Sanità di Toppi, R. Gabbrielli, Responses to cadmium in higher plants, Env. Exp. Bot 41 (1999) 105–130. [35] A. Schutzendubel, P. Schwanz, T. Teichmann, K. Gross, R. Langenfeld-Heyser, D.L. Godbold, A. Polle, Cadmium-induced changes in antioxidative systems, hydrogen peroxide content, and differentiation in Scots pine roots, Plant Physiol. 127 (2001) 887–898.



[36] I.K. Smith, T.L. Vierheller, C.A. Thorne, Assay of glutathione reductase in crude tissue homogenates using 5,5'-dithiobis(2nitrobenzoic acid), Anal. Biochem 175 (1988) 408–413. [37] A. Uegsegger, D. Schmuts, C. Brunold, Regulation of glutathione synthesis by cadmium in Pisum sativum L, Plant Physiol. 93 (1990) 1579–1584.





 Lihat lebih banyak...



Comentários



























Relatórios "Antioxidant response to cadmium in Phragmites australis plants "






Por favor, preencha este formulário, tentaremos o mais rápido possível.


Teu nome




Correio eletrônico




Razão
-Escolha um motivo-
Pornografia
Difamação
Ilegal / Haram
Spam
Outros termos de serviço
Arquivar uma reclamação de direitos autorais





Descrição do Produto








Fechar
Enviar














Download "Antioxidant response to cadmium in Phragmites australis plants "





Somos uma comunidade de intercâmbio. Por favor, ajude-nos com a subida  1  um novo documento ou um que queremos baixar:



ARQUIVO DO DOCUMENTO DE ATUALIZAÇÃO


OU DOWNLOAD IMEDIATAMENTE













Fechar













Compartilhar e Incorporar "Antioxidant response to cadmium in Phragmites australis plants "





Copie e cole esse script de incorporação para o local onde deseja incorporar



Incluir Script




Tamanho(px)
750x600
750x500
600x500
600x400





URL










Fechar











 
 
 



Sobre nós | 
Termos | 
Privacidade | 
Direito autoral | 
Contato










Copyright © 2017 DADOSPDF Inc.






