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Foreword

Anti-scorbutic factor (Vitamin C), ascorbic acid, was isolated from paprika by  
A. Szent-Gyorgyi, and its anti-scorbutic effect was confirmed in guinea-pigs 
(Biochem. J. 27: 278-285 (1933). Occurrence of anti-scorbutic factor in fruits, 
vege tables and adrenal glands of vertebrates had been deduced from their protective 
effects against scurvy. However, its isolation from either lemon or adrenal glands 
was a very heavy work in 1920-30, which required several tons (!) of the materials 
and several years, because of its low contents and disturbing components. In 1933, 
Szent-Gyorgyi in Szeged, Hungary, established a simple way for preparation of 450 g 
crystalline ascorbic acid within a month from local paprika (Hungarian red pepper, 
Capscicum annuum). This isolation was initiated by his finding of high reducing 
potentials in paprika juice, as deduced by disappearance of blue dibromophenolin-
dophenol. Even in the current data book on food nutrients, the content of vitamin 
C in paprika is one of the highest ones among vegetables and fruits, indicating a 
sharp sense of Szent-Gyorgyi focusing to paprika as the starting material for the 
isolation of anti-scorbutic factor. In those days, a large amount of ascorbate was 
required for the determination of its structure, which was accomplished by W. 
Haworth in England. The revealed structure opened a gate to synthesize ascorbate, 
which was soon done by W. Haworth and T. Reichstein, independently. Thus, 
ascorbate is the first vitamin which is chemically synthesized.

Based on these works and the following many works and surveys on the antioxi-
dants in plants, World Cancer Research Fund (2007) recommended; “Eat at least 
five servings (total at least 400 g) of a variety of non-starchy vegetables and of 
fruits every day, to protect from cancer”, as one of the personal recommendations 
for foods to escape from cancer. This is a very reasonable one considering that 
plants are always exposed to most stressful environments among organisms; strong 
sun light, highest oxygen concentration in leaf tissues, and low homeostasis in 
respects of temperature and other environmental factors. Thus, plants are expected 
to contain very effective antioxidants at high contents for survival under natural 
environments, therefore, both vegetables and fruits are very rich in the antioxidants 
which are able to protect DNA from ROS.

Even though ascorbate isolated from plants has contributed so much to under-
stand its nutritional effect for human, the physiological and biochemical functions 
of ascorbate in plants themselves have remained obscure for many years. In plants, 
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it had been supposed that ascorbate (AsA), with glutathione (GSH), plays a role as 
general antioxidants as in animals. However, ascorbate-specific reaction or enzyme 
in plants was not identified, except for ascorbate oxidase, up to 1980.

When chloroplasts are exposed to higher photon intensities over that required for 
CO

2
-fixation, excess photons induce the reduction of oxygen in place of CO

2
. 

Mehler found the photoproduction of H
2
O

2
 in chloroplasts and then, in 1970s, this 

H
2
O

2
 is shown to be produced through the SOD-catalyzed disproportionation of 

superoxide, which is the primary photoreduced product of oxygen in PS I (Asada). 
Because even very low amounts of H

2
O

2
 inactivate the CO

2
-fixation enzymes, plant 

chloroplasts should equip the effective scavenging system of H
2
O

2
. Chloroplasts do 

not contain any catalase, then, peroxidase is a possible scavenger of H
2
O

2
. In 1980-

81, ascorbate-specific peroxidase (APX) was found in Euglena cells (Shigeoka et 
al.) which do not contain catalase, and also in plant chloroplasts (Nakano and 
Asada). Further, the regeneration of AsA from the oxidized ascorbates (monodehy-
droascorbate, MDHA radical & dehydroascorbate, DHA) by respective reductases 
has been characterized including glutathione peroxidase (GPX) and glutathione 
reductase (GR), all of them are required to scavenge ROS in chloroplasts. Thus, 
ascorbate-glutathione (AsA-GSH) and related enzymes are essential to scavenge 
effectively ROS generated in chloroplasts under environmental stress.

In addition to chloroplasts, APX and other related enzymes for either scavenging 
or adjustment of ROS levels have been found in other cell organelles, such as mito-
chondria, peroxisomes, plasma membranes, apoplasts and other cell compartments. 
Further, the superoxide-generating, plasma membrane-bound NADPH oxidase has 
been found and plays a role in the generation for physiologically functional ROS. 
These systems have an intimate relation with AsA-GSH, as in chloroplasts.

The present monograph, edited by eminent scientists Drs. Naser A. Anjum, 
Shahid Umar and Ming-Tsair Chan, covers the current progress on the physiologi-
cally functional ROS, in relation to AsA-GSH. I believe that the  revealed mecha-
nisms of signaling and other functions of ROS with intimate correlations of 
AsA-GSH pathway in plants, and its further progress should contribute to under-
stand the ROS-signal systems in responses to under biotic and biotic stresses. 
Further, they should provide the focusing points to be analyzed further to support 
higher crop yields. Furthermore, the ROS-related signaling system mediate signal-
ing system mediated or adjusted by AsA-GSH system in plants should give a clue 
to understand the similar systems for human health, as have been done since AsA 
was isolated from paprika.

July 29th 2010 Kozi Asada
Kyoto University (Emeritus)

Kyoto, JAPAN
e-mail: k.asada@ks5.ecs.kyoto-u.ac.jp
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Preface

Since last several decades, increasing agricultural productivity has been a challeng-
ing task to fulfill the requirements of enough food to feed rapidly increasing world 
population in the changing environment. Both biotic and abiotic stress factors are 
continued to negatively affect various aspects of plant growth and development 
leading to relative decrease in the potential maximum yields by more than fifty 
percent. These stress factors have been shown to affect various aspects of plant 
system including the acceleration in the formation of reactive oxygen species 
(ROS). Although, reactive oxygen species are important signal molecules that regu-
late plant responses to environmental stress factors but these must be rapidly pro-
cessed and/or detoxified if oxidative damage is to be averted in cells. The ascorbate 
(AsA)-glutathione (GSH) pathway is a key part of the network of reactions involv-
ing enzymes and metabolites with redox properties for the detoxification of ROS, 
and thus to avert the ROS-accrued oxidative damage in plants.

Both AsA and GSH are intimately linked in terms of their major physiological 
functions in AsA-GSH pathway and many of these processes are correlated with 
endogenous AsA-GSH levels especially under stress conditions. In addition to having 
major role during vital phases of the plant life cycle, AsA and GSH determine the 
lifetime of reactive oxygen species within the cellular environment and provide cru-
cial protection against oxidative damage. While research into the responses of indi-
vidual components of plant antioxidant defense system has benefited greatly from 
advances in molecular technology, the cross-talks and inter-relationships studies on 
the physiological, biochemical and molecular aspects of the cumulative response of 
various components of AsA-GSH pathway to stress factors and their significance in 
plant stress tolerance have received comparatively very little or no attention.

The present book has concentrated more on cumulative responses of the compo-
nents of AsA-GSH pathway in plant stress tolerance with emphasis on the unique 
insights and advances gained by molecular exploration than whole plant antioxi-
dant defense system. In fact, these studies/reports based on inter-relationships and/
or cross-talks are expected to lead to understand and improve the mechanisms of 
stress tolerance in plants. Therefore, the present volume would definitely be an 
ideal source of scientific information to the advanced students, junior researchers, 
faculty and scientists involved in agriculture, plant sciences, molecular biology, 
biochemistry, biotechnology and related areas.



x Preface

We are thankful to contributors for their interests, significant contributions and 
cooperation that eventually made the present volume possible. Thanks are also due 
to all the well-wishers, teachers, seniors, research students and affectionate family 
members. Without their unending support, motivation and encouragements the 
present grueling task would have never been accomplished.

We would like to offer our sincere thanks to Mr. Jacco Flipsen, Ineke Ravesloot, 
Purushothaman Saravanan and their team at Springer and SPi for their continuous 
support which made our efforts successful.

Last but not least, the financial supports to our research from Foundation for 
Science & Technology (FCT), PORTUGAL (SFRH/BPD/64690/2009), Council of 
Scientific & Industrial Research (CSIR), New Delhi, INDIA [(9/112(0401)2K8-EMR-I 
(312208/2K7/1)], Agricultural Biotechnology Research Center (ABRC), Academia 
Sinica, TAIWAN, Potash Research Institute of India (PRII), Gurgaon, INDIA and 
International Potash Institute (IPI), SWITZERLAND are gratefully acknowledged.

August 6th 2010

Aveiro, Portugal Naser A. Anjum
New Delhi, India Shahid Umar
Tainan, Taiwan Ming-Tsair Chan



xi

Contents

 1 Regulatory Role of Components of Ascorbate–Glutathione  
Pathway in Plant Stress Tolerance ........................................................ 1

 Dariusz Latowski, Ewa Surówka, and Kazimierz Strzałka 

 2 Ascorbate and Glutathione in Organogenesis, Regeneration  
and Differentiation in Plant In vitro Cultures ...................................... 55

 Jarosław Tyburski and Andrzej Tretyn 

 3 Role of Ascorbate Peroxidase and Glutathione Reductase  
in Ascorbate–Glutathione Cycle and Stress Tolerance in Plants........ 91

 Cai-Hong Pang and Bao-Shan Wang 

 4 The Ascorbate–Gluathione Cycle and Related Redox  
Signals in Plant–Pathogen Interactions ................................................ 115

 Elżbieta Kuźniak

 5 Regulation of the Ascorbate–Glutathione Cycle in Plants  
Under Drought Stress ............................................................................. 137

 Adriano Sofo, Nunzia Cicco, Margherita Paraggio,  
and Antonio Scopa

 6 Glutathione and Herbicide Resistance in Plants .................................. 191
 Zornitsa Ivanova Katerova and Lyuba Petar-Emil Miteva

 7 Ascorbate and Glutathione: Protectors of Plants  
in Oxidative Stress .................................................................................. 209
Qaisar Mahmood, Raza Ahmad, Sang-Soo Kwak,  
Audil Rashid, and Naser A. Anjum



xii Contents

 8 Changes in the Glutathione and Ascorbate Redox State  
Trigger Growth During Embryo Development  
and Meristem Reactivation at Germination ......................................... 231
Claudio Stasolla

 9 A Winning Two Pair: Role of the Redox Pairs AsA/DHA  
and GSH/GSSG in Signal Transduction ............................................... 251
Günce Şahin and Mario C. De Tullio

10 Involvement of AsA/DHA and GSH/GSSG Ratios in Gene  
and Protein Expression and in the Activation of Defence  
Mechanisms Under Abiotic Stress Conditions ..................................... 265
Vasileios Fotopoulos, Vasileios Ziogas, Georgia Tanou,  
and Athanassios Molassiotis

11 Ascorbate–Glutathione Cycle: Enzymatic  
and Non-enzymatic Integrated Mechanisms  
and Its Biomolecular Regulation ........................................................... 303
Juan Pablo Martínez and Héctor Araya

12 Coordinate Role of Ascorbate–Glutathione in Response  
to Abiotic Stresses ................................................................................... 323
Imran Haider Shamsi, Sisi Jiang, Nazim Hussain,  
Xianyong Lin, and Lixi Jiang

13 Regulation of Genes Encoding Chloroplast Antioxidant  
Enzymes in Comparison to Regulation of the Extra-plastidic  
Antioxidant Defense System ................................................................... 337
Margarete Baier, Nicola T. Pitsch, Marina Mellenthin,  
and Wei Guo

14 The Peroxisomal Ascorbate–Glutathione Pathway:  
Molecular Identification and Insights into Its Essential  
Role Under Environmental Stress Conditions...................................... 387
Sigrun Reumann and Francisco J. Corpas

15 Identification of Potential Gene Targets for the Improvement  
of Ascorbate Contents of Genetically Modified Plants ........................ 405
Adebanjo A. Badejo and Muneharu Esaka

Index ................................................................................................................. 429



xiii

Contributors

Raza Ahmad 
Department of Environmental Sciences, COMSATS Institute of Information 
Technology, Abbottabad 22060, Pakistan

Naser A. Anjum
Centre for Environmental and Marine Studies (CESAM) & Department of 
Chemistry, University of Aveiro, 3810-193 Aveiro, Portugal
Academia Sinica, Agricultural Biotechnology Research Center (ABRC),  
Taiwan and
Department of Botany, Division of Plant Physiology and Biochemistry,  
Faculty of Life Sciences, Aligarh Muslim University, Aligarh-202 002, UP, India
anjum@ua.pt; naser.a.anjum@gmail.com

Héctor Araya 
Faculty of Medicine, Department of Nutrition, University of Chile,  
Independencia 1027, Santiago, Chile and
Faculty of Pharmacy, Department of Food and Nutrition, University of Valparaíso, 
Avda Gran Bretaña 1111, Valparaíso, Región de Valparaíso, Chile and
Regional Center for the Study of Healthy Foods (CREAS), Blanco 1623,  
Oficina 1402, Edificio Torres Mar del Sur 2-, Valparaíso

Adebanjo A. Badejo 
Faculty of Life and Environmental Science, Shimane University, Matsue,  
Shimane 690-8504, Japan
badejoaa1@yahoo.com

Margarete Baier 
Plant Science, Heinrich-Heine-University, Universitaetsstrasse 1,  
40225 Düsseldorf, Germany and 
Plant Physiology, Free University Berlin, Königin-Luise-Strasse 12-16,  
14195 Berlin, Germany 
margarete.baier@uni-duesseldorf.de

Nunzia Cicco 
Istituto di Metodologie per l’Analisi Ambientale, Consiglio Nazionale delle 
Ricerche, C. da S. Loia, Zona Industriale, 85050 Tito Scalo (PZ), Italy



xiv Contributors

Francisco J. Corpas 
Departamento de Bioquímica, Biología Celular y Molecular de Plantas, Estación 
Experimental del Zaidín (EEZ), CSIC, Granada, Spain

Mario C. De Tullio 
Plant Biology and Pathology, Aldo Moro University, Bari, Italy 
detullio@botanica.uniba.it

Muneharu Esaka 
Graduate School of Biosphere Sciences, Hiroshima University, Kagamiyama, 
Higashi-Hiroshima, Hiroshima 739-8528, Japan 
mesaka@hiroshima-u.ac.jp

Vasileios Fotopoulos 
Department of Agricultural Sciences, Biotechnology and Food Science,  
Cyprus University of Technology, PC 3036 Limassol, Cyprus

Wei Guo 
Plant Science, Heinrich-Heine-University, Universitaetsstrasse 1,  
40225 Düsseldorf, Germany

Nazim Hussain 
Institute of Crop Science, College of Agriculture and Biotechnology,  
Zhejiang University, 268 Kaixuan Road, Hangzhou 310029, PR of China

Lixi Jiang 
Institute of Crop Science, College of Agriculture and Biotechnology,  
Zhejiang University, 268 Kaixuan Road, Hangzhou 310029, PR of China 
jianglx@zju.edu.cn

Sisi Jiang 
Institute of Agricultural Chemistry, College of Environmental and Resource 
Sciences, 288 Kaixuan Roas, Hangzhou 310029, PR of China

Zornitsa Ivanova Katerova 
Acad. M. Popov Institute of Plant Physiology, Bulgarian Academy of Sciences, 
Acad. G. Bonchev Str., Bl. 21, 1113 Sofia, Bulgaria 
katerovazor@yahoo.com

Elżbieta Kuźniak 
Department of Plant Physiology and Biochemistry, University of Łódź,  
90-237 Łódź, Banacha 12/16, Poland 
elkuz@biol.uni.lodz.pl

Sang-Soo Kwak 
Environmental Biotechnology Research Center, Korea Research Institute  
of Bioscience and Biotechnology (KRIBB), Eoeun-dong 52, Yuseong, Daejon, 
305-806, South Korea



xvContributors

Dariusz Latowski 
Faculty of Biochemistry, Biophysics and Biotechnology, Department of Plant 
Physiology and Biochemistry, Jagiellonian University, Gronostajowa 7,  
30-387 Krakow, Poland

Xianyong Lin 
Institute of Agricultural Chemistry, College of Environmental and Resource 
Sciences, 288 Kaixuan Roas, Hangzhou 310029, PR of China

Qaisar Mahmood 
Department of Environmental Sciences, COMSATS Institute of Information 
Technology, Abbottabad 22060, Pakistan 
mahmoodzju@gmail.com

Juan Pablo Martínez 
Institute of Agriculture Research (INIA), Chorrillos 86, La Cruz,  
Región de Valparaíso, Chile and
Regional Center for the Study of Healthy Foods (CREAS), Blanco 1623,  
Oficina 1402, Edificio Torres Mar del Sur 2, Valparaíso 
jpmartinez@inia.cl; jpg_martinez@hotmail.com

Marina Mellenthin 
Plant Science, Heinrich-Heine-University, Universitaetsstrasse 1,  
40225 Düsseldorf, Germany

Lyuba Petar-Emil Miteva 
Resbiomed EOOD, 81 B, Bulgaria Blvd, Sofia, Bulgaria

Athanassios Molassiotis 
Faculty of Agriculture, Aristotle University of Thessaloniki, 
54 124 Thessaloniki, Greece 
amolasio@agro.auth.gr

Cai-Hong Pang 
Shandong Academy of Forestry, Jinan 250014, Shandong, P.R. China

Margherita Paraggio 
Istituto di Metodologie per l’Analisi Ambientale, Consiglio Nazionale delle 
Ricerche, C. da S. Loia, Zona Industriale, 85050 Tito Scalo (PZ), Italy

Nicola T. Pitsch 
Plant Science, Heinrich-Heine-University, Universitaetsstrasse 1,  
40225 Düsseldorf, Germany

Audil Rashid 
Department of Environmental Sciences, PMAS Arid Agriculture University, 
Rawalpindi, Pakistan



xvi Contributors

Sigrun Reumann 
Faculty of Science and Technology, Centre for Organelle Research (CORE), 
University of Stavanger, Stavanger, Norway 
sigrun.reumann@uis.no

Günce Şahin 
Abant Izzet Baysal University, Bolu, Turkey

Antonio Scopa 
Dipartimento di Scienze dei Sistemi Colturali, Forestali e dell’Ambiente, 
Università degli Studi della Basilicata, Via dell’Ateneo Lucano 10,  
85100 Potenza, Italy

Imran Haider Shamsi 
Institute of Crop Science, College of Agriculture and Biotechnology,  
Zhejiang University, 268 Kaixuan Road, Hangzhou 310029, PR of China

Adriano Sofo 
Dipartimento di Scienze dei Sistemi Colturali, Forestali e dell’Ambiente, 
Università degli Studi della Basilicata, Via dell’Ateneo Lucano 10, 
85100 Potenza, Italy 
adriano.sofo@unibas.it

Kazimierz Strzałka 
Faculty of Biochemistry, Biophysics and Biotechnology, Department of Plant 
Physiology and Biochemistry, Jagiellonian University, Gronostajowa 7,  
30-387 Krakow, Poland 
kazimierzstrzalka@gmail.com

Claudio Stasolla 
Department of Plant Science, University of Manitoba, Winnipeg R3T 2N2, 
Manitoba, Canada 
stasolla@ms.umanitoba.ca

Ewa Surówka 
Institute of Plant Physiology, Polish Academy of Sciences, Niezapominajek 21, 
30-239 Krakow, Poland

Georgia Tanou 
Faculty of Agriculture, Aristotle University of Thessaloniki, 
54 124 Thessaloniki, Greece

Andrzej Tretyn 
Department of Biotechnology, Institute of General and Molecular Biology, 
Nicolaus Copernicus University, Gagarina 9, 87-100 Toruń, Poland

Jarosław Tyburski 
Department of Biotechnology, Institute of General and Molecular Biology, 
Nicolaus Copernicus University, Gagarina 9, 87-100 Toruń, Poland 
tybr@umk.pl



xviiContributors

Bao-Shan Wang 
Key Lab of Plant Stress Research, College of Life Sciences,  
Shandong Normal University, Jinan 250014, Shandong, P.R. China 
bswang@sdnu.edu.cn

Vasileios Ziogas 
Faculty of Agriculture, Aristotle University of Thessaloniki, 
54 124 Thessaloniki, Greece



sdfsdgdfgdfgdf



1N.A. Anjum et al. (eds.), Ascorbate-Glutathione Pathway and Stress Tolerance in Plants, 
DOI 10.1007/978-90-481-9404-9_1, © Springer Science+Business Media B.V. 2010

Abstract Ascorbate (Asc) and glutathione (GSH) are important molecules 
functioning in several vital processes in plant cells, including the ascorbate–
glutathione cycle. They are involved in basic metabolic reactions normally occur-
ring in plants as well as in those evoked by abiotic or biotic stresses. Asc and GSH 
are localized in most of cell compartments such as cytoplasm, mitochondria, per-
oxisomes and chloroplasts, the Asc being additionally also found in the apoplast. 
These small molecular weight compounds protect cells against oxidative stress 
and damage by detoxifying reactive oxygen species (ROS) and ROS-generated 
toxic metabolic products. They do this either directly by scavenging or indirectly 
through the activation of defense mechanisms. Asc and GSH are engaged in 
maintaining cellular redox homeostasis, being at the same time involved in redox 
signaling. They may interact with different molecules and signaling pathways during 
the resistance responses. Besides the total level of Asc and GSH in the cell the ratio 
between reduced and oxidized forms of these molecules play an important role in 
the activation of various defense mechanisms. Furthermore, glutathione is involved 
in specific functions such as detoxification of heavy metals, transfer and storage 
of sulfur, regulation of expression of defense-related genes and protein activity, 
while ascorbate acts as a signal-transducing molecule, cofactor of some enzymes 
and biosynthetic precursor of oxalic and l-tartaric acids. Moreover all kinds of 
xanthophylls cycle, considered as the most important photoprotective mechanism 
in plants, are strongly dependent on the acid form of ascorbate. The biochemical, 
physiological and genetic aspects of the involvement of ascorbate and glutathione, 
localized in different cell compartments, in controlling cellular redox state, plant 
stress tolerance, and defense mechanisms will be discussed.

D. Latowski and K. Strzałka (*) 
Faculty of Biochemistry, Biophysics and Biotechnology, Department of Plant Physiology  
and Biochemistry, Jagiellonian University, Gronostajowa 7, 30-387 Krakow, Poland 
e-mail: kazimierzstrzalka@gmail.com

E. Surówka 
Institute of Plant Physiology, Polish Academy of Sciences, Niezapominajek 21,  
30-239 Krakow, Poland

Chapter 1
Regulatory Role of Components  
of Ascorbate–Glutathione Pathway  
in Plant Stress Tolerance

Dariusz Latowski, Ewa Surówka, and Kazimierz Strzałka 
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Keywords Ascorbate • Glutathione • Antioxidant compartmentalisation • Cellular 
redox state • Defence mechanisms • Signal transduction pathways • Stress tolerance 
• Xanthophyll cycle

1  Introduction

Exposure of plants to stresses such as high light stress (HL), ultraviolet radiation, 
drought stress and desiccation, salt stress, chilling, heat shock, heavy metals, air 
pollutants, mechanical stress, nutrient deprivation and pathogen attack and can give 
rise to excess accumulation of reactive oxygen species (ROS) at the cellular level 
(Stohs and Bagchi 1995; Noctor and Foyer 1998; Alscher et al. 2002; Schützendübel 
and Polle 2002). In plant cells ROS such as superoxide radical (O

2
⋅−), hydrogen 

peroxide (H
2
O

2
), hydroxyl radical (·OH), and singlet oxygen (1O

2
) are mainly pro-

duced in chloroplasts, mitochondria, and peroxisomes as well as by the plasma 
membrane–bound NADPH oxidases and the cell wall–bound NAD(P)H oxidase–
peroxidase (Foyer and Noctor 2000; Jiang and Zhang 2001; del Río et al. 2002; 
Sweetlove et al. 2002; Foyer and Noctor 2003; Apel and Hirt 2004; Kristensen 
et al. 2004; Mittler et al. 2004; Møller and Kristensen 2004; Papadakis and 
Roubelakis-Angelakis 2005; Papadakis and Roubelakis-Angelakis 2005; Halliwell 
2006; Ślesak et al. 2007). The enhanced production of ROS during stress can pose 
a threat to cells but it is also thought that ROS act as signals for the activation of 
stress-response and defense pathways (Karpinski et al. 1999; Desikan et al. 2001; 
Knight and Knight 2001; Mittler 2002). ROS can be viewed as cellular indicators 
of stress and as secondary messengers involved in the stress-response signal trans-
duction pathway thus, their level has to be kept under tight control by ROS-
scavenging mechanisms, including enzymatic and non-enzymatic antioxidants. 
Under normal growth conditions, the antioxidative defence system provides the 
adequate protection against reactive oxygen species (Foyer and Halliwell 1976; 
Fridovich 1986; Asada and Takahashi 1987). However, under abiotic and biotic 
stresses the balance between ROS production and scavenging them by antioxidants 
may be changed and then ROS are generated in excess leading to cell death (Fig. 1) 
(Apel and Hirt 2004; Mittler et al. 2004; Dietz 2003; Gechev and Hille 2005).

The extent to which ROS accumulate is determined by the antioxidative system, 
which enables organisms to maintain proteins and other cellular components in an 
active state for metabolism and provide a dynamic metabolic interface between 
stress perception by plant cell and physiological responses (Mahalingam and 
Fedoroff 2003; Foyer and Noctor 2005, 2009; Mittler et al. 2004; Van Breusegem 
and Dat 2006; Ślesak et al. 2007; Niewiadomska and Borland 2008). Variable con-
tents and concentrations of antioxidant between individual cell compartments enable 
plants to generate ROS-related signaling involving fundamental processes in plant 
cells. Moreover rapid, compartment-specific changes in redox state and ROS, related 
to redox signaling, can be achieved either by repression/activation of the antioxidant 
defense system or by modifying ROS (especially O

2
⋅-, H

2
O

2
) production or by both 
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in individual organellas (Alscher 1997; Foyer and Noctor 2000; Pastori and Foyer 
2002; Xiong et al. 2002; Foyer and Noctor 2005; Kuźniak and Skłodowska 2005; 
Fernandez-García et al. 2009). Superoxide dismutase (SOD) – the enzyme known as 

Initiators: drought, salinity, high light, UV, chilling, gaseous pollutants, senescence, heavy metals,
wounding, xenobiotics, herbivores, pathogenes 

Excess
excitation
energy

Antioxidant
system

Death/defense response/the increase of stress tolerance

Non-enzymatic scavengers
- carotenoids (e.g. zeaxanthin)
- tocopherols
- ascorbic acid (Asc)
- glutathione (GSH)

ROS generation
H2O2, O2

.−, .OH, O2
1, ROOH

mainly in: chloroplasts, mitochondria, peroxisomes, apoplast

Enzymatic scavengers:
- superoxide dismutase (SOD)
- catalase (CAT)
- Peroxidases (POD), e.g.
ascorbate peroxidase (APX).
glutathione peroxidase (GPX)
- glutathione reductase (GR)

Fig. 1 The response of plants to different abiotic and biotic stresses. The antioxidant system 
enables plants to regulate  reactive oxygen species (ROS) level and influence on ROS-dependent 
signal induction

O2
.−

SOD

APX

Asc

DHA

MDHA

NAD(P)H

NAD(P)

NAD(P)

NAD(P)H

MDHAR
DHAR

GR

GSSG

GSH

H2O2

H2O

Fig. 2 The scheme of ascorbate–glutathione cycle. Asc – ascorbate, APX – ascorbate peroxidase, 
DHA – dehydroascorbate, DHAR – dehydroascorbate reductase, MDHA – monodehydroascorbate, 
GR – glutathione reductase, GSH – reduced glutathione, GSSG – oxidized glutathione
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the first line of defence, catalyzes the dismutation of O
2
⋅- radicals to molecular oxygen 

and H
2
O

2
 (Fridovich 1986; Alscher et al. 2002). H

2
O

2
 scavenging is accomplished 

by catalase, various peroxidases, and the ascorbate–glutathione pathway, also 
known as the Halliwell–Asada cycle (Fig. 2), which is catalyzed by a set of four 
enzymes (Willekens et al. 1997; Wojtaszek 1997; Noctor 1998; Kingston-Smith 
and Foyer 2000; Jung 2003; Asada 2006; Queval et al. 2008; Almagro et al. 2009; 
Cosio and Durand 2009).

First, the hydrogen peroxide is scavenged via the oxidation of ascorbate (2,3-endiol-
l-gulonic acid-g-lactone; l-ascorbic acid; Asc) by ascorbate peroxidase (APX). This 
enzyme is involved in the oxidation of Asc to monodehydroascorbate (MDHA), which 
can be converted back to Asc via monodehydroascorbate reductase (MDHAR). 
MDHA is further rapidly converted to dehydroascorbate (DHA), which is converted 
back to Asc by the action of dehydroascorbate reductase (DHAR). DHAR utilizes 
glutathione (g-l-glutamyl-l-cysteinyl glycine; GSH), which is regenerated by glu-
tathione reductase (GR) from its oxidized form, glutathione disulfide (GSSG). The 
ascorbate–glutathione cycle operates in chloroplasts, mitochondria, peroxisomes, 
cytosol, and in the apoplast (Smirnoff 2000; Mittler 2002, 2004; Pignocchi and 
Foyer 2003; Asada 2006). Apart from the implication of ascorbate and glutathione 
in Halliwell–Asada cycle, these water soluble compounds could act independently. 
The specificity of functions of Asc and GSH are related to their compartmentaliza-
tion (Veljovic-Jovanovic et al. 2001).

2  The Importance of Ascorbate–Glutathione Cycle 
Compounds in Different Cell Comparments  
Under Stress Conditions

Majority of plant cells contain in most compartments very large quantities of ascorbate 
(vitamin C) in milimolar concentrations (10–300 mM) and glutathione (0.1–
25 mM) (Noctor and Foyer 1998; Smirnoff 2000, 2002; Noctor et al. 2002; Ruiz 
and Blumwald 2002; Mou et al. 2003; Ball et al. 2004; Freeman et al. 2004; Gomez 
et al. 2004; Shao et al. 2008). Hence, they have the capacity to deal with very high 
fluxes of H

2
O

2
 production and with the complex network of reactions surrounding 

ROS and keeping redox homeostasis (Noctor et al. 2002).
The important roles of Asc and GSH for tolerance towards environmental stresses 

were emphasize in investigations involvement mutants and transgenic plants lines 
with altered levels of these antioxidants (Pastori et al. 2003; Ball et al. 2004).

Seven ascorbate-deficient (vtc) mutants for Arabidopsis thaliana have been 
identified. These mutants represent four different VTC loci (VTC1, VTC2, VTC3, 
VTC4) involved in the maintenance of the Asc pool in the cell (Table 1).

Enzymes encoded by genes localized in these loci involved in major pathway of 
Asc biosynthesis in all chlorophyll-containing plants, in which GDP-d-mannose, 
formed from d-mannose-1-phosphate, is successively converted to GDP-l-galactose, 
l-galactose-1-phosphate, l-galactose, l-galactono-1,4-lactone, and finally to 
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Table 1 Comaparison of phenotype of ascorbate (vtc) deficient mutant plants

Genotype of 
Arabidopsis 
thaliana mutants

Published phenotype 
characteristics References

vtc1-1 No phenotypic effects from 
increased oxidative stress 
increased sensitivity to 
ozone; the ascorbate levels 
25–30% of wild-type levels; 
slower growth rate; no 
effect on photosynthesis 
rate or hydrogen peroxide 
levels under moderate 
light intensity; sensitive 
to UV-B and UV-C 
radiation; reduced 
basal thermotolerance 
microarrays analysis: 
171 genes differentially 
expressed when compare 
to WT; 12.9% genes 
involved in cell defence – 
increase of pathogenesis 
related (PR) proteins; 60% 
higher concentration of 
ABA; increased resistance 
to infection by virulent 
pathogens; increased 
activity of peroxidase other 
than APX

Conklin et al. 1996, 2000, 
Veljovic-Jovanovic et al. 
2001, Gatzek et al. 2002, 
Pastori et al. 2003, Barth 
et al. 2004, Filkowski et al. 
2004, Müller-Moulé et al. 
2004, Larkindale et al. 2005, 
Pavet et al. 2005, Colville 
and Smirnoff 2008; Gao and 
Zhang 2008

vtc1-2 Increased sensitivity to ozone; the 
ascorbate levels 25–30% of 
wild-type levels; reduced basal 
thermotolerance

Conklin et al. 2000, Larkindale 
et al. 2005

vtc2-1 Increased sensitivity to ozone; the 
ascorbate levels 25–30% of 
wild-type levels; slower growth 
rate; no effect on photosynthesis 
rate or hydrogen peroxide levels 
under moderate light intensity; 
reduced ability to zeaxanthin 
synthesis under high light; 
reduced basal thermotolerance; 
greater thermoinduced photon 
emission; increased resistance to 
infection by virulent pathogens 
reduced acclimation to high light 
demonstrated as the increase of 
lipid peroxidation and bleaching; 
in spite of 30% higher levels of 
GSH than the wild type

Conklin et al. 2000, Veljovic-
Jovanovic et al. 2001, Havaux 
2003, Pastori et al. 2003, Barth 
et al. 2004, Müller-Moulé et al. 
2004, Larkindale et al. 2005, 
Pavet et al. 2005

(continued)
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l-ascorbate (Wheeler et al. 1998; Conklin et al. 1999, 2000, 2006; Dowdle et al. 
2007; Smirnoff et al. 2004; Ishikawa et al. 2006; Colville and Smirnoff 2008; Linster 
et al. 2007; Linster and Clarke 2008).

Plants possess also alternative Asc biosynthetic pathway, which is suggested to 
play an important role under certain conditions, at particular developmental stages, 
and it seems to be engaged in salvage mechanism for carbon resulting from, i.e., the 
breakdown of cell walls (Davey et al. 1999; Agius et al. 2003). This Asc biosynthetic 
pathway includes the conversion of the uronic acids, d-glucuronic acid (d-GlcUA) 
and a precursor of l-galactono-1,4-lactone (l-GalL) such as d-galacturonic acid, to 
l-ascorbic acid (Davey et al. 1999; Agius et al. 2003; Lorence et al. 2004). In both 
biosynthetic pathway, the synthesis of l-galactono-1,4-lactone is rate-limiting step 
for Asc biosynthesis (Bartoli et al. 2000; Millar et al. 2002; Foyer and Noctor 2005; 
Bartoli et al. 2006). The regulation of the expression genes related to Asc metabo-
lism in leaves of Arabidopsis plants was shown to be closely related to the photo-
synthetic electron transport (Yabuta et al. 2007, 2008) as well as jasmonic acid 
(Turner et al. 2002; Wolucka et al. 2005; Bartoli et al. 2006; Dowdle et al. 2007; 
Maruta et al. 2008). Plants make Asc via de novo synthesis pathways (Wheeler 
et al. 1998) and carbon skeleton re-cycling networks (Smirnoff et al. 2004).

The four glutathione-deficient mutants for A. thaliana have been characterized: 
cad2-1 (Cobbett et al. 1998), rax1 (Ball et al. 2004) and pad2 (Parisy et al. 2007) 
and rml1 (Vernoux et al. 2000) and applied in the studies of GSH importance in 
plant stress response (Table 2).

Table 1 (continued)

Genotype of 
Arabidopsis 
thaliana mutants

Published phenotype 
characteristics References

vtc2-2 The ascorbate levels 25–30% of 
wild-type levels; slightly sensitive 
to ozone than wild-type plants; 
reduced ability to synthesise 
zeaxanthin under high ligh 
reduced basal thermotolerance

Conklin et al. 2000, Müller-Moulé 
et al. 2004, Larkindale et al. 
2005

vtc2-3 The ascorbate levels 50% of wild-
type levels in vtc2-3; slightly 
sensitive to ozone than wild-
type plants; reduced ability to 
synthesise zeaxanthin under 
high light; reduced basal 
thermotolerance

Conklin et al. 2000, Müller-Moulé 
et al. 2004 Larkindale et al. 
2005

vtc3 The ascorbate levels 50% of wild-
type levels; slightly sensitive to 
ozone than wild-type plants

Conklin et al. 2000

vtc4 The ascorbate levels 50% of wild-
type levels; slightly sensitive 
to ozone than wild-type plants

Conklin et al. 2000
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These mutants contain the mutation in the gene At4g23100, which encodes 
g-glutamylcysteine synthetase (g-ECS, GSH1) (Meyer 2008). The knockout of GSH1 
through T-DNA insertions causes an embryonic lethal phenotype (Cairns et al. 2006). 
Similarly, knockout of glutathione synthetase (GSH2) through T-DNA insertions 
also causes lethal phenotype. So far, it is the state of the art in that the only isolated 
mutants of GSH2 are T-DNA insertion mutants (Kopriva and Rennenberg 2004; 
Mullineaux and Rausch 2005; Meyer 2008; Pasternak et al. 2008; Szalai et al. 
2009). These two enzymes: GSH1 and GSH2 catalyse ATP-dependent reactions 
in the glutathione synthesis pathway. First enzyme catalyses the formation of 
g-glutamylcysteine (g-EC) from l-glutamate and cysteine and the second one 
bound a glycine to the dipeptide (g-glutamylcysteine). Some authors point out that 
g-glutamylcysteine synthetase is the controlling enzyme for overall flux through the 
pathway and synthesis of g-EC is important step in the pathway (Jez et al. 2004; 
Hothorn et al. 2006; Hicks et al. 2007; Rennenberg et al. 2007; Meyer et al. 2008). 
GSH1 is exclusively located in the plastids, whereas GSH2, is located in both plas-
tids and cytosol (Wachter 2004; Wachter and Rausch 2005; Mullineaux and Rausch 
2005; Wachter et al. 2005; Hothorn et al. 2006; Hicks et al. 2007; Pasternak et al. 
2008). In A. thaliana, GSH1 and GSH2 are present as single genes (May and Leaver 
1994; Ullmann et al. 1996; The Arabidopsis Genome Initiative 2000; Mullineaux 
and Rausch 2005).

2.1  Apoplast and Symplast

The apoplast is the extraprotoplastic matrix of plant cells, consisting of all compart-
ments from the external face of the plasmalemma to the cell wall (Dietz 1996). It 
represents the first line of contact between the plant and its external environment 
(Wojtaszek 1997; Bolwell et al. 1999). The apoplast plays crucial role in the per-
ception of abiotic and biotic stresses as well as in plant defense and survival. 
Apoplast functions also as a highly sensitive and flexible compartment in signal-
transducing processes throughout the plasmalemma. Through the cross-talk 
between apoplast and cytoplasm (symplast) the level as well as redox status of Asc 
in the apoplast are regulated (Fig. 3) (Diaz-Vivancos et al. 2006 ; Pignocchi and 
Foyer 2003 ; Pignocchi et al. 2003, 2006).

Asc is regenerated though Asc–GSH cycle or several mechanisms that include 
MDHAR in the symplast (Fig. 3) (Horemans et al. 2000; Pignocchi et al. 2003; 
Foyer 2004). Several types of Asc and DHA specific carriers localised in plasma-
lemma such as, i.e., Asc-dependent cytochrome b

561
 transporters are engaged in 

these processes (Foyer 2004; Preger et al. 2005). Asc-dependent cytochrom b
561

 
was shown to be reduced by Asc on one face of plasmalemma and oxidized on the 
other by MDHA or other substrates for MDHA reductase (MDHAR, Preger et al. 
2005). However, the preferably transported from the apoplastic to the cytoplasmic 
side of the membrane is DHA and this process is dependent upon plasma membrane 
proton gradient (Kollist et al. 2008).
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The capacity of redox buffering in the apoplast is much weaker than inside the 
cell (Horemans et al. 2000; Pignocchi et al. 2003), and the homeostasis in the apoplast 
is easily perturbed and this is why environmental factors can be perceived by the cell 
throughout the components of the apoplastic space (Lyons et al. 1999; Sattelmacher 
2001; Bolwell et al. 2002; Pignocchi and Foyer 2003). The apoplast matrix does not 
contain NAD(P)H as well as GSH and its derivatives (Noctor 2006; Zechmann et al. 
2006, 2008) and it is equiped with antioxidative enzymes such as SOD, MDHAR as 
well as Asc. Asc is considered as its major antioxidant (Hernández et al. 2001; Foyer 
and Noctor 2005, 2009; Diaz-Vivancos et al. 2006) and it is present in the apoplast at 
millimolar concentrations (up to about 10% of the of the whole cell Asc content). 
These all apoplastic antioxidants are inter-linked with oxidants like (O

2
⋅−) and H

2
O

2
, 

which are also present in the apoplast especially under stress conditions (Hernández 
et al. 2001; Pignocchi and Foyer 2003). It is well known that abiotic and biotic stress 
factors like: pathogens, drought, salinity, air pollutants or strong light cause oxidation 
of Asc directly or indirectly (Mittler 2002, 2004; Foyer and Noctor 2003, 2005, 2009). 
The oxidation of Asc occurring in the apoplast and the related alteration in its redox 
state are the primary symptoms of oxidative burst. However, with the other hand these 
alterations are related to defense responses through the regulation of signal trans-
duction cascades and gene expression patterns. The ascorbate redox state in the apoplast 
is largely independent of that in the symplasm which is relatively constant throughout 

ROS

Asc

DHA GSH

GSSG NAD(P)H

NADP

NAD(P)H

2nd detoxifying response

Symplast
(Cytosol)

NADPH

Chloroplast
Apoplast
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Fig. 3 Scavenging of ROS by ascorbate in apoplastic space of the cell. ROS – reactive oxygen 
species, Asc – ascorbate, DHA – dehydroascorbate, MDHA – monodehydroascorbate, GSH – 
reduced glutathione, GSSG – oxidized glutathione, AO – ascorbate oxidase
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the life of a cell. Moreover, the sensors located in the apoplast may have different 
properties compared with those operating in the symplast (Delauney et al. 2002).

The redox state of the Asc pool in the apoplast is also regulated by ascorbate 
oxidase (AO), which is a cell wall-localized enzyme that uses oxygen to catalyse 
the oxidation of Asc to the unstable radical MDHA that rapidly disproportionates 
to yield DHA and Asc (Fotopoulos et al. 2006). AO activity, through modulation of 
the redox state of the apoplastic AA pool, strongly influences the responses of plant 
cells to external and internal stimuli. As it was presented on transgenic tobacco 
(Nicotiana tabacum) plants with modified cell wall-localized AO, oxidation of 
apoplastic Asc was associated with the loss of the auxin response, higher mitogen-
activated protein kinase activities, and susceptibility to a virulent strain of the 
pathogen Pseudomonas syringae (Pignocchi and Foyer 2003; Foyer and Noctor 
2006; Pignocchi et al. 2006). The control of AO by light and other factors such as 
gibberellic acid (GA), salicylic acid (SA) and auxin may modulate defense pro-
cesses (Pignocchi and Foyer 2003; Pignocchi et al. 2006).

In addition to Asc, plants also accumulate GSH in compartments such as the 
chloroplast, cytosol and mitochondria. Plants maintain most cytoplasmic thiols in 
the reduced (2SH) state because of the low thioldisulfide redox potential imposed 
by millimolar amounts of the thiol buffer, glutathione. Although the amounts of 
GSH which is present inside the cell are probably small (Gukasyan et al. 2002), the 
intracellular ratio GSHred/GSHox, which determines the redox potential, could 
have been high and sufficient to reduce ROS.

2.2  Chloroplasts

Chloroplasts are frequently exposed to ROS in the light, due to the presence of high 
redox potential components, excited states of pigments, and generation of free 
electrons during photosynthetic electron transport in the thylakoid membrane. The 
energy sensing and signalling pathways initiated in chloroplasts in relation to the 
photochemical and biochemical dysfunctions of photosynthesis extend beyond 
these organelles such as mitochondria and affect also processes other than photo-
synthesis (Mullineaux and Karpinski 2002; Rossel et al. 2002; Ball et al. 2004; 
Mateo et al. 2004; Mittler et al. 2004; Kuźniak et al. 2009). Therefore ROS gener-
ated in excess have to be effectively scavenged, and this can be done by several 
systems/mechanisms like the xanthophyll cycle, photorespiration and other changes 
in metabolic activity (Demmig-Adams and Adams 1996; Kozaki and Takeba 1996; 
Eskling et al. 1997; Osmond et al. 1997), and a number of other nonenzymatic and 
enzymatic antioxidants such as i.e. carotenoids and a-tocopherol (vitamin E) 
(Smirnoff 1993; Niyogi 2000; Mullineaux and Karpinski 2002; Apel and Hirt 2004; 
Mittler et al. 2004; Foyer and Noctor 2005, 2009; Hofius et al. 2004; Munné-Bosch 
2004; Munné-Bosch and Falk 2004; Plaxton and Podestá 2006).

Within the chloroplastic mechanisms of protection against the potentially delete-
rious effects of ROS, a pivotal role play Asc and GSH. The reduced forms of Asc and 
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GSH, together with antioxidant enzymes: APX, MDHAR, DHAR, glutathione per-
oxidise (GPx) and glutathione reductase (GR) make up the ascorbate–glutathione 
cycle (Fig. 2), and they are involved in ROS scavenging, similarly to water–water 
cycle that enables the electron flow through the photosynthetic electron trans-
port carriers at limited availability of electron acceptors, such as NADP+ and/or 
CO

2
 (Asada et al. 1999; Asada 2006).

Asc and GSH are water-soluble antioxidants and they are able to act directly. 
They scavenge lipid hydroperoxide (LOOH) and remove H

2
O

2
 generated during 

photosynthetic processes in the light. Asc and GSH serve both as cofactors for 
peroxidases and as reductants. Asc is the main substrate for H

2
O

2
 reduction by 

thylakoid-bound and stromal ascorbate peroxidases (Melhorn et al. 1993). Ascorbate 
peroxidase reduces H

2
O

2
 to water producing two molecules of oxidised ascorbate, 

monodehydroascorbate (MDHA), which rapidly disproportionates to Asc and DHA 
(Asada 2006). The MDHAR and DHAR are responsible for regenerating Asc, the 
later using GSH as reducing substrate. Glutathione reductases regenerate GSH in a 
NADPH-dependent reaction (Foyer and Halliwell 1976). The low antioxidant buff-
ering could allow oxidative signals to accumulate within the lumen, and this may 
be important in redox signal transduction leading to programmed cell death (PCD) 
(Van Breusegem and Dat 2006).

Asc and GSH help to maintain the integrity of the photosynthetic membranes under 
oxidative stress (Havaux 2003; Noctor and Foyer 1998; Asada 2006; Smirnoff and 
Wheeler 2000; Munné-Bosch and Alegre 2002). Asc may indirectly protect 
a-tocopherol by scavenging ROS, and it may participate in the recycling of 
a-tocopheroxyl radicals to a-tocopherol (Veljovic-Jovanovic et al. 2001; Pastori 
and Foyer 2002), thus resulting in DHA accumulation under stress (Munné-Bosch 
and Alegre 2002, 2003, 2007; Packer et al. 1979; Smirnoff and Wheeler 2000). In 
the lumen Asc is the electron donor in the enzymatic conversion of violaxanthin to 
zeaxanthin by the lumenal violaxanthin deepoxidase. In experiments with Asc-
deficient Arabidopsis thaliana mutants it was demonstrated that the expose of vtc2-2 
mutant to high light was accompanied with reduced nonphotochemical quenching 
(NPQ) related to the alteration in xanthophyl cycle pigments pattern (Conklin et al. 
2000; Veljovic-Jovanovic et al. 2001; Müller-Moulé et al. 2002, 2003, 2004), while 
in other ascorbate deficient mutants follow oxidative stress responses (Kiddle et al. 
2003; Pastori et al. 2003; Rossel et al. 2002; Davletova et al. 2005; Mahalingam 
et al. 2005). Some authors (Rautenkranz et al. 1994; Horemans et al. 2000) pre-
sented data supporting the increased transport of Asc from the cytosol to chloroplasts 
in stressed plants, and thylakoid membranes are able to transport Asc by diffusion 
(Foyer and Lelandais 1996; Horemans et al. 2000).

The unique status of chloroplasts is also related to the relationship of C, N and 
S assimilation pathways in these organelles that are influenced by a broad spectrum 
of environmental conditions (Paul and Foyer 2001). The complexity of these chlo-
roplast regulations may be emphasize by GSH and salicylic acid (SA) biosynthesis 
(Kuźniak et al. 2009). The high concentrations of GSH found in the chloroplast 
could be to some extent dependent on import from the cytosol, although the contri-
butions of the two compartments to GSH formation may vary between different 
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cells and these processes also influence physiological status (Foyer et al. 2001). The 
wheat chloroplasts are able to import glutathione and this activity is not affected by 
either light or ATP (Noctor et al. 2002). Transcripts for one of the transporters with 
high specificity to GSH, cloned in Arabidopsis have been shown to be induced by 
xenobiotic exposure, and not by H

2
O

2
 or cadmium (Cagnac et al. 2004).

Another key player in glutathione content is Cys availability, which concentration 
is a limiting factor for g-ECS activity (Harms et al. 2000; Droux 2004). Bick et al. 
( 2001) shown that ozone exposure leads to up-regulation of sulphur assimilation in 
response to decrease in GSH:GSSG, via activation of adenosine 5¢-phosphosulphate 
reductase and a total tissue glutathione level is typically 5–20 times more abundant 
than free Cys and is highly mobile throughout the plant (Herschbach and Rennenberg 
1995). Moreover, glycine supply for biosynthesis of glutathione from g-glutamyl-
cysteine (g-EC) is to some extent light dependent, and has been suggested to come 
from the photorespiratory cycle (Kopriva and Rennenberg 2004). Together with 
metabolites such as O-acetylserine (Hirai et al. 2003), GSH may act as an indicator 
of sulphur status. A simple regulatory mechanism has been proposed with regard to 
the regulation of demand driven sulphur assimilation by positive signals such as 
O-acetylserine and negative signals such as GSH (Kopriva and Rennenberg 2004).

2.3  Mitochondria and Peroxisomes

Besides chloroplasts, mitochondria are also an important cellular site for production 
of ROS and are themselves a target of oxidative damage. Thus, these organelles are 
equipped with various antioxidant defences that help to inhibit any enhancement of 
reactive oxygen species production. The constituents of the Asc–GSH cycle have 
also been localized in these organelles and GSH and GPx represent the most impor-
tant antioxidant compounds in mitochondria (Jiménez et al. 1997). The Asc synthe-
sis is related to the level of the mitochondrial electron transport chain through 
cytochrome c pathway and non-phosphorylating pathway related to alternative 
oxidase (AOX). Since these both mitochondrial pathways are involved in the regu-
lation of photosynthesis it could be supposed that the Asc synthesis is to some 
extend the respond of cells to stress factors. Jiménez et al. (1998) demonstrated on 
pea leaves that the ascorbate–glutathione cycle compounds are also present in per-
oxisomes. In peroxisomes the increase of glutathione pools is a result of senescence 
when the strong oxidative damage takes place. The differential response to senes-
cence of the mitochondrial and peroxisomal ascorbate–glutathione cycle com-
pounds suggests that mitochondria could be affected by oxidative damage earlier 
than peroxisomes. Willekens et al. (1997) have demonstrated the specific oxidation 
of the glutathione pool in catalase-deficient barley suggested that the increase of 
GSH content may be a compensatory mechanism. Kopriva and Rennenberg (2004) 
pointed out that photorespiration pathway in peroxisomes may supply glycine for 
glutathione synthesis in normal metabolism or under stress conditions. Changes in 
the redox state of GSH in mitochondria correlate with changes in oxidative damage 
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of mitochondrial DNA. Thus, the GSH redox status plays an important role in 
controlling critical functions for mitochondrial and cell survival. In lines with 
altered aconitase and malate dehydrogenase (MDH) activities revealed a specific 
increase of ascorbate in leaves (Carrari et al. 2003; Nunes-Nesi et al. 2005), what 
is coupled to a general up-regulation of levels of transcripts encoding genes associ-
ated with photosynthesis (Urbanczyk-Wochniak et al. 2006). Sweetlove et al. (2007) 
suggest that redox signals emanating from the mitochondria are important in set-
ting the cellular machinery to maintain the overall redox balance, and experiments 
on transgenic/mutant plants hint at important role for ascorbate in the co-ordina-
tion of major pathways of energy metabolism in the leaf (Nunes-Nesi et al. 2007). 
Chew et al. (2003) stated that the key components of the ascorbate–glutathione 
cycle in Arabidopsis cell organelles are encoded in nuclear genome by single 
organellar targeted isoforms that are dual localized in the chloroplast stroma and 
the mitochondria. The defined set of proteins has dual activities in the intermem-
brane space and matrix and many of these proteins are dual-targeted to chloro-
plasts and Moreover, changes in transcript level of APX, MDHAR, and GR genes 
were induced by oxidative stresses imposed on chloroplasts and/or mitochondria 
and elevated transcript levels were maintained during photosynthetic operation in 
the light.

3  The Action of Ascorbate and Glutathione as Important 
Components of the Antioxidative System

The effects of oxidative stress depend on the type of cell, the level of oxidative 
stress experienced, and the protective mechanisms functioning in that cell type. 
The sensitivity of cells to oxidative stress is determined by their intrinsic antioxi-
dant systems, in particular the levels of Asc and GSH (Banki et al. 1996). The 
level of antioxidants is related to the potential extent of antioxidative protection 
and the balance between their synthesis, oxidation, and regeneration (Boo et al. 
2000; Robinson and Bunce 2000; Mittler et al. 2001; Tausz et al. 2001; Herbinger 
et al. 2002). Positive correlations between high antioxidant capacity and environ-
mental stress tolerance have frequently been found. The relationship between the 
dehydroascorbate/ascorbate redox couples and the glutathione disulfide/glutathione 
(GSSG/2GSH) ratio are frequently used as markers of plant stress (Noctor and 
Foyer 1998).

The most prominent and best established functions of Asc and GSH are those of 
crucial antioxidants in the Asc–GSH cycle (Arrigoni 1994; Cordoba and Gonzales-
Reyes 1994; Noctor and Foyer 1998; Asada 1999). The Asc–GSH cycle serves the 
removal of H

2
O

2
, which are inevitably formed as by-products of the normal metab-

olism or as a consequence of environmental stresses. This cycle comprises three 
interdependent redox couples: Asc/DHA, GSH/GSSG, and NADPH/NADP+ (May 
et al. 1998).
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Plant cells synthesize Asc and use it as a hydrophilic redox buffer to provide 
protection against oxidative challenge (Fig. 4).

Asc is known as a major low molecular antioxidant in plants protecting them by 
directly reaction with ROS such as O

2
⋅−, ⋅OH, 1O

2
 and organic radicals. Indirectly 

Asc protect cells against ROS by participation in:

Ascorbate photonic energy dissipation mechanisms, such as the water–water • 
cycle (Asada 1999), ascorbate–glutathione and xanthophyll cycles
Recycling of lipid soluble • a-tocopherol by reduction of its oxidised form 
(Munné-Bosch and Alegre 2002)
Protection of enzymes (Padh • 1990)

Arabidopsis thaliana plants grown in high light (HL) accumulate more Asc and 
have higher ascorbate peroxidase activity than plants grown in low light (LL) 
(Tabata et al. 2002; Müller-Moulé et al. 2004; Bartoli et al. 2006; Dowdle et al. 2007). 
The Asc levels in leaves show a diurnal rhythm (Dutilleul et al. 2003; Pignocchi 
et al. 2003; Tamaoki et al. 2003), vary with the daylight conditions associated 
with long-term seasonal variations (Grace and Logan 1996) and the maintain of 
a constant Asc pool level is dependent on the rate of its biosynthesis (Pallanca and 
Smirnoff 2000; Chen et al. 2003). It was shown that leaves of tropical plants with 
lacking DHAR activity under HL turn yellow and accumulated high level of fla-
vonoid pigments (Yamasaki et al. 1999). The overexpression of DHAR increases 
total tissue ascorbate pools (Chen et al. 2003; Chen and Gallie 2004, 2005).

An increased content of Asc protects proteins and lipids against oxidative dam-
age in plants subjected to water and salt stress (Tambussi et al. 2000; Shalata and 
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Fig. 4 The metabolic processes influenced by ascorbate and glutathione
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Neumann 2001). The protective effects of Asc was documented also in plants 
exposed to ozone (Sanmartin et al. 2003). Retsky et al. (1993) demonstrated that 
plants accumulate also DHA during stress. DHA is able to act as an antioxidant. 
The effectivity of DHA was even higher than Asc when low-density lipoprotein 
from copper ion induced oxidation was investigated.

Parallel to Asc, glutathione, plays an important functions in cellular defence and 
protection. Its reduced form, GSH, exists interchangeably with the oxidized form, 
GSSG. Schafer and Buettner (2001) pointed out that the GSSG/2GSH couple is the 
major cellular redox buffer and GR may be a central determinant of antioxidant 
capacity by controlling the GSH/GSSG ratio. Due to the stability of the disulfide 
bridge in GSSG, it is more stable than Asc and tocopherol, particularly in dry bio-
logical systems (Kranner et al. 2006). In most tissues, glutathione is maintained in 
GSH form. However, under stressful conditions its redox status: [GSH/(GSSG + 
GSH)] changes and the relative amount of GSSG may be enhanced considerably 
(Noctor and Foyer 1998; Wingsle et al. 1999). The efficiency with which GSSG can 
be re-converted to GSH during the reductive inactivation of peroxides contributes 
to the centrality of GSH in antioxidant defences. The significant decrease in 
GSH:GSSG ratio, followed by glutathione pool accumulation after exposure to 
ozone (Gupta et al. 1991; Pasqualini et al. 2001; Bick et al. 2001). A similar 
response precedes leaf bleaching in maize subjected to chilling (Gomez et al. 
2004). The involvement of GR in the maintenance of a high GSH/GSSG ratio in 
plants during stress conditions was observed in tomato under salinity, desiccated 
Myrothamnus flabellifolia and in wheat under drought stress (Shalata et al. 2001; 
Kranner et al. 2002; Kocsy et al. 2004). May et al. (1998) have also suggested that 
the pool size of GSH in plants enable to percept changes from the environment and 
it is able to up-regulate defense mechanisms involved other redox active compo-
nents such as i.e., Asc, NADPH pools during environmental stress. Thus, the size 
of the reduced glutathione pool shows marked alterations in response to a number 
of environmental conditions and the activation of GSH synthesis and accumulation 
are a general feature of enhanced oxidation processes (Foyer and Noctor 2003, 
2005, 2009).

The response of the glutathione pool is also highly dependent on stress location. 
The concentration and/or redox state of glutathione correlates also with the 
adaptation of plants to abiotic and biotic stresses and tolerance of xenobiotics. 
The considerable increases in the pool of GSH have been measured in response 
to chilling, heat shock, pathogen attack, air pollution, drought, extreme tempera-
tures and heavy metal stress (Dietz 2003; Edwards et al. 1991; Foyer and Noctor 
1998; Gupta et al. 1991; Kocsy et al. 1996, 2000, 2004a,b; May et al. 1998; 
Madamanchi and Alscher 1991; Nieto-Sotelo and Ho 1986; Saito 2004; Parisy 
et al. 2007). It can react directly with a range of ROS, and indirectly throughout 
enzyme-catalysed reactions link GSH to the detoxification of H

2
O

2
 in the ascorbate–

glutathione cycle. GSH, is the reducing co-factor for several enzymes involved 
in ROS detoxification, in particular peroxidases, as well as for enzymes such as 
formaldehyde dehydrogenase that may be important in processing products of 
lipid peroxidation. Additionally, in reactions catalyzed by glutathione S-transferases 
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(GSTs) GSH is involved in removing lipid peroxides, methylglyoxal, and herbicides 
(Moons 2005; Rausch et al. 2007; Yadav et al. 2008; Szalai et al. 2009). Different 
types of GSTs catalyse conjugation of GSH to xenobiotics or endogenous metabo-
lites, while others have peroxidase or isomerase activities (Edwards et al. 2000; 
Noctor 2006).

Exposure of Arabidopsis cell cultures to oxidative stress (by the addition of 
aminotriazole, menadione or fenchlorazole) lead to the increase of cellular gluta-
thione content and g-ECS at the activity but not mRNA level in the bundle sheath 
exposed to chilling. This phenomenom, however was not observed in mesophyll 
cells, what suggested different GSH content in the two types of cells (Gómez et al. 
2004). The increase of g-ECS activity and GSH level was related to cadmium 
tolerance in tomato and chilling tolerance in maize (Chen and Goldsbrough 1994; 
Kocsy et al. 1996). Transgenic poplars overexpressing g-ECS has the higher, than 
wild-type, possibility to accumulate Cd and parallel presented the increase toler-
ance to chloracetanilide herbicides (Gullner et al. 2001; Koprivova et al. 2002). 
The enhanced synthesis of GSH together with phytochelatins in various plant species 
exposed to cadmium stress was also described (Mendoza-Cózatl et al. 2005). In 
Arabidopsis the abundance of GSH1 transcripts coded g-ECS was increased after 
treatment with heavy metals such as cadmium and copper (Xiang and Oliver 
1998), while in maize as a response to chilling stress (Gomez et al. 2004). In 
Brassica juncea the abundance of GSH1 and GSH2 transcripts was increased by 
cadmium (Schäfer et al. 1998). Ozone and catalase deficiency are both known to 
trigger production of jasmonic acid (JA), which has been shown to increase GSH1 
and GSH2 transcripts (Xiang and Oliver 1998; Harada et al. 2000). Moreover, the 
expression of the gene coding g-ECS in Arabidopsis thaliana plants exposed to 
chilling stress and in maize fumigated with ozone were also described (Gómez 
et al. 2004; Sasaki-Sekimoto et al. 2005). The expression of the GR, GST, and 
GPX genes and resulting in increases in the activities of the corresponding 
enzymes was stated in Euphorbia esula plants exposed to xenobiotic (diclofop-methyl) 
(Anderson and Davis 2004). However, in pea plants affected by heat stress increased 
GR gene expression was not accompanied by the higher GR activity (Kurganova 
et al. 1999; Escaler et al. 2000). Kocsy et al. (2000, 2004) have demonstrated in 

35
S-labeling experiments that osmotic stress, high temperature, and cold treatments 

induced a greater increase in GSH synthesis in tolerant wheat genotypes than in 
sensitive ones.

Furthermore, some authors (Durner et al. 1999; Díaz et al. 2003) presented that 
glutathione may be required as a relatively stable carrier of nitric oxide (NO), in the 
form of S-nitrosoglutathione (GSNO). Barroso et al. (2006) presented that GSNO 
participate in response of plants to Cd stress. Barker et al. (1996) demonstrated that 
the oxidative damage (i.e., by reactive nitrogen species – RNS) only occurs in the 
presence of a marked GSH deficiency.

GSH, together with Asc are generally considered to constitute an antioxidant 
buffer that is involved in control of ROS level. Mittova et al. (2003) suggested that 
the enzymes of GSH synthesis and metabolism are induced together in response to 
stress which, in turn affects the level of ascorbate and glutathione.
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4  The Role of Ascorbate–Glutathione Cycle in Regulation  
of the Xanthophyll Cycles Activity

In almost all species of plants exists a photoprotection mechanism, strongly dependent 
on ascorbate, called common name “xanthophyll cycle”. Term “xanthophyll cycle” 
means cyclic enzymatic removal of epoxy groups from xanthophylls under strong 
light condition (de-epoxidation) and reverse reaction, during which the de-epoxidised 
xanthophylls are epoxidised. First reaction is catalyzed by de-epoxidases and the 
second one by epoxidases. The xanthophyll cycles take place in the thylakoid mem-
branes. De-epoxidases are located in the thylakoid lumen and bind to membrane 
when the lumen becomes acidified, while epoxidases are postulated as stromal 
enzymes, connected with thylakoid membrane and they operate at rather neutral 
pH. Asc is necessary for all known types of de-epoxidases. Three xanthophylls 
which are de-epoxidated in nature are violaxanthin (Vx), diadinoxanthin (Ddx) and 
lutein-epoxide (Lx). Depending on what kind of xanthophyll is de-epoxidased three 
different xanthophyll cycles are distinguished (Fig. 5) (Jahns et al. 2009).

When Vx, undergoing de-epoxidation, the cycle is called violaxanthin cycle 
(Fig. 5a). Since it is widely distributed among all higher plants, ferns, mosses, some 
green algae like Phaeophyta, Chlorophyta or some Rhodophyta (Siefermann-Harms 
1985) and it was the first xanthophyll cycle which has been described in the litera-
ture (Sapozhnikov et al. (1957) it is called xanthophyll cycle. Pioneering work by 
the groups of Yamamoto and Hager in the 1960s and 1970s established the basic 
biochemical characteristics of the Vx cycle (Hager 1969) in which Vx is reversibly 
converted to Zx via the intermediate antheraxanthin (Ax) (Yamamoto 1979). These 
two-step reactions, during which two epoxy groups are stepwise removed (in the 
de-epoxidation reactions) or inserted (in the epoxidation reactions), are catalyzed 
by the Vx de-epoxidase (VDE) and the Zx epoxidase (ZE), respectively (Fig. 5a).

In one of marine algae species, called Mantoniella squamata, a modification of 
the Vx cycle was found (Goss et al. 1998). The most intriguing feature of this type 
of the cycle is that the second step of the de-epoxidation i.e. conversion of Ax to 
Zx is very slow and, as a consequence, and contrary to typical Vx cycle, Ax is 
accumulated in place of Zx. These observations can lead to the conclusion, that 
VDE from Mantoniella has less affinity to Ax than VDEs from other plants. Up till 
now this is the only known modification of the xanthophylls cycle involved Vx.

In diatoms and some other groups of algae, the xanthophyll cycle is called dia-
dinoxanthin cycle (Fig. 5b) because it comprises the reversible conversion of 
monoepoxide, diadinoxanthin (Ddx) and epoxide-free, diatoxanthin (Dtx) (Stransky 
and Hager 1970; Olaizola et al. 1994; Coesel et al. 2008). Analysis of genome of 
one of diatoms, Phaeodactylum tricornutum, indicates one VDE gene and two 
VDE-like genes, designated as PtVDE and PtVDL1 and 2, respectively. The first 
was proposed to be involved in the Vx cycle, which is also present in these organ-
isms, while the latter were suggested to be more specialized in the chromist-specific 
Ddx-cycle. Proteins coded by VDL genes contain larger lipocalin domain than typi-
cal VDE and they were found only in chlorophyll c-containing chromist algae. This 
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is why these enzymes were suggested to be able to more efficiently bind, and 
eventually de-epoxidise, brown algal-specific molecules such as diadinoxanthin. 
They were called diadinoxanthin de-epoxidases (DDE) (Coesel et al. 2008).

The third type of xanthophyll cycle is lutein epoxide cycle which has been identified 
in green tomato fruits (Rabinowitch et al. 1975) and recently in holoparasitic 
Cuscuta reflexa (Bungard et al. 1999), hemiparasitic plants (Matsubara et al. 2001, 
2003), Quercus species (Garcia-Plazaola et al. 2002), a tropical tree Inga sapin-
doides, and others (Garcia-Plazaola et al. 2007). This cycle comprises reversible 
light-induced changes at the level of lutein epoxide (Lx) and lutein (L) (Fig. 5c). 
These reactions are probably catalysed by the same enzymes like Vx-cycle 
(Yamamoto and Higashi 1978; Goss 2003; Garcia-Plazaola et al. 2003, 2007).
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The main postulated function of the xanthophyll cycle, connected with production 
of de-epoxidised xanthophylls, is to allow harmless energy dissipation by the NPQ 
process. NPQ is recognised as a central regulatory mechanism for protecting plants 
from photodamage (Arsalane et al. 1994; Olaizola and Yamamoto 1994; Frank 
et al. 1996; Grouneva et al. 2008, 2009; Matsubara et al. 2001, 2005; Müller et al., 
2001; Garcìa-Plazaola et al. 2003). Additional postulated functions of the xanthophyll 
cycles are:

Protection against oxidative stress of lipids (Havaux et al. • 1991; Sarry et al. 
1994)
Photoreception of blue light (Quinones and Zeiger • 1994; Srivastava and Zeiger 
1995)
Modulation of the physical properties of the thylakoid membrane (Gruszecki • 
and Strzałka 1991; Tardy and Havaux 1997)
Part of abscisic acid synthesis pathway (Marin et al. • 1996)

All known enzymes of the xanthophyll cycles have almost the same properties 
and requirements. Factors that influence the de-epoxidases activity include the 
availability of substrates, redox potential, lipid composition, temperature and pH. 
At low light intensities (lumenal pH around 7) the enzymes are water soluble. 
Upon shift to high light conditions the pH of the lumen drops, with the overall 
effect that de-epoxidation commences and shows an optimum around pH 5 for 
VDE or 5,5 for DDE. Vx de-epoxidation starts at pH-values below 6.5 while 
conversion of Ddx to Dtx starts at pH 7 and the de-epoxidation state increases 
rapidly with increasing acidification (Jakob et al. 2001). The drop in pH is neces-
sary for binding of enzymes to the membrane but also for the protonation of 
ascorbate (pKa 4.1) to create acid form of reduced ascorbate (AscH) (Fig. 6) 
(Bratt et al. 1995).

All known types of de-epoxidases require ascorbate (Asc) as reductant to carry 
out de-epoxidation (Hager 1969; Yamamoto 1979). The possible role of Asc avail-
ability in regulation of de-epoxidases activity was discovered when inhibition of 
VDE by competitive consumption of Asc by ascorbate peroxidase (APX) upon 
addition of hydrogen peroxide was noticed (Neubauer and Yamamoto, 1994). Bratt 
et al. (1995) showed that the optimum Asc concentration for VDE activity is 
strongly pH-dependent. At pH 4.5–5.5 the enzyme becomes saturated at 10–20 mM 
Asc (Table 3), whereas at pH 6.0 it is not saturated even at 100 mM.

The Asc concentration in chloroplasts is supposed to be in the range of 10–50 mM 
(Gillham and Dodge 1986; Schöner and Krause 1990; Foyer 1993) although it may 
increase in response to stress factors such as high light irradiances and chilling 
(Gillham and Dodge 1987; Schöner and Krause 1990). The Asc-dependent pH opti-
mum is similar for both VDE located in the thylakoids and partially purified enzyme 
(Yamamoto 1979), albeit the partially purified VDE shows a broader pH optimum 
and a shift to higher pH in comparison with VDE in thylakoids (Table 3).

These differences may be caused by the limitation of Asc passage across the 
thylakoid membrane at higher pH, due to the negative charge of the base form of 
Asc (Asc−) (Fig. 6). These results suggest that VDE has a pH-dependent K

M
 for Asc 
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(Table 4) and that Asc is not simply a cofactor but a co-substrate for VDE (Bratt 
et al. 1995; Eskling et al. 1997).

Interestingly, all determined values of the K
M

 for Asc fell within the range of 0.10 
± 0.02 mM when Asc concentrations are expressed for the reduced acid form of Asc 
(AscH) and assuming a pKa of 4.1. This suggests that not the negatively charged 
Asc but rather the acidic form AscH is the substrate for VDE or DDE (Fig 6).

AscH as a protonated form of Asc is an endogenous electron and proton donor 
for de-epoxidation and activates VDE and DDE (Yamamoto 1979; Bratt et al. 1995; 
Sokolove and Marsho 1976; Neubauer and Yamamoto 1994; Eskling et al. 1997). 
These de-epoxidases catalyze electron and proton transfer from AscH to one or two 
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Table 3 The pH-optimum of VDE or DDE activity in dependence on the Asc concentration

Asc concentration 
[mM]

aOptimum pH of

Optimum pH of partially 
purified DDEb

VDE activity in 
intact thylakoids

partially purified  
VDE activity

 0.5 4.7 4.88 5.00
 3.0 4.8–4.9 5.15 5.30
30.0 5.0 5.25 5.58
aBratt et al. 1995
bGrouneva et al. 2006
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epoxide groups of epoxy-xanthophylls by that creating completely de-epoxidised 
xanthophylls like Zx or Dtx, water and dehydroascorbate (DHA) (Fig. 7) (Hager 
1969). AscH is oxidised during de-epoxidation to DHA, but no mechanism engaged 
in rereduction of DHA into Asc in thylakoid lumen is known and therefore a trans-
port system for the DHA in the thylakoid membrane has been postulated (Bratt et al. 
1995) although such system has never been shown.

Foyer and Lelandais (1996) suggested presence of a carrier for Asc in the plasma 
membrane and chloroplast envelope but no transport system for Asc across the 
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pH

K
M

 VDE (mM)

K
M

 DDE**a b

4.5 0.3 ND 0.6 ± 0.05
5.0 1.0 2.3 ± 0.09 0.7 ± 0.04
5.5 2.5 5.0 ± 0.56 1.2 ± 0.05
6.0 10 13.8 ± 0.91 6.6 ± 0.34
6.5 – ND 8.7 ± 0.79

aBratt et al. 1995
bGrouneva et al. 2006

Table 4 Apparent K
M

 values (mM) of violax-
anthin de-epoxidase (VDE) and diadinoxanthin 
de-epoxidase (DDE) for Asc at different pH 
values. ND - not determined
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thylakoid membrane. Because the negatively charged form of Asc may not penetrate 
the membrane by simple diffusion, the transport of Asc into thylakoid lumen might 
be facilitated by a postulated DHA transporter in exchange for DHA (Eskling et al. 
1997). This putative system may allow the rereduction of DHA to Asc in the stroma 
via the GSH cycle consuming NADPH and GSH and protonation of Asc to create 
the AscH required for de-epoxidation would finally be possible in lumen at low pH 
as given in the light (Fig. 7). The concentration of the reduced acid form of ascor-
bate would be determined by the light-driven acidification of the thylakoid lumen.

It was reported that plants grown at high light intensities contained higher levels 
of Asc and oxygen radical scavenging enzymes than plants grown under low light 
(Gillham and Dodge 1987; Schöner and Krause 1990). Both the Asc concetration 
and the amount of V, A, Z increase when plants are grown at high light intensities 
(Demmig-Adams et al. 1995; Logan et al. 1996). The requirement of an Asc trans-
porter in the thylakoid membrane and the possible limitation of VDE activity by 
Asc consuming reactions in the stroma have further been supported by studies with 
isolated chloroplasts (Neubauer and Yamamoto 1994).

Grouneva et al. (2006) found that partially purified DDE has a three to four 
times higher affinity for the AscH than VDE. Similarly to VDE (Bratt et al. 1995) 
the ascorbate affinity of DDE strongly depends on the pH value but the K

M
 value 

of DDE for Asc at pH 5 was determined to be 0.7 mM while the K
M

 for VDE was 
2.3 mM (Table 4) (Grouneva et al. 2006). At high Asc concentrations a strong shift 
of the pH optimum towards higher pH values was observed and DDE was found to 
be still active at almost neutral pH values, showing very fast and strong response 
in activity to small pH changes in the thylakoid lumen. It was also shown that the 
ascorbate affinity is an intrinsic feature of the respective enzyme and does not 
depend on the nature of the substrate being de-epoxidized. The high affinity of DDE 
for ascorbate indicates that, even at a limited availability of reduced ascorbate, high 
enzyme activity is possible at low pH values. On the other hand, at high ascorbate 
concentrations, DDE activity can be shifted towards neutral pH values, thereby 
facilitating a very fast and strong response to small pH changes in the thylakoid 
lumen (Grouneva et al. 2006). The different Asc affinities of VDE and DDE may 
result from differences in their amino acid sequences, where four highly conserved 
histidine residues have been shown to be important for the Asc binding by VDE. 
Substitution of the histidines in positions H121 and H124, as well as in positions H 
167 and H 173, resulted both in changes of enzyme activities and Asc affinities of 
the modified spinach de-epoxidases (Emanuelsson et al. 2003). It should be empha-
sized that the two features do not correlate, meaning that a lower de-epoxidase 
activity does not necessarily result in a lower affinity for Asc. This indicates that 
the respective histidine residues might be responsible for the binding of Asc as well 
as for enzymatic activity. It is suggested that a modification of the histidine-
enriched protein region might have taken place in the diatom de-epoxidase, leading 
to the enhanced affinity of DDE for its co-substrate Asc.

The higher Asc affinity of DDE may also reflect physiological differences 
between diatoms and higher plants. At a limited availability of reduced form of 
ascorbic acid (AscH), high enzyme activity at low pH values is possible. This situation 



231 Regulatory Role of Components of Ascorbate–Glutathione Pathway

can occur in vivo under high light illumination, where high Asc consumption by 
APX and a strongly stimulated Mehler reaction are taking place (Claquin et al. 
2004). The high Asc affinity of DDE would ensure efficient Ddx de-epoxidation 
even if large amounts of Asc were used for other photoprotective processes. 
Besides, a first series of measurements of the Asc content of diatom cells suggests 
that diatoms, in contrast to higher plants and green algae, contain a highly oxidized 
ascorbate pool under high light illumination (Grouneva et al. 2006).

At high Asc concentrations, DDE activity can be moreover shifted towards neutral 
pH values, thereby facilitating a very fast and strong response to small pH changes 
in the thylakoid lumen. This situation is also observed in intact diatom cells that are 
dark incubated for longer time periods. In these dark-adapted cells, slight pH changes 
in the thylakoid lumen, because of chlororespiratory electron flow, have been 
reported to induce significant de-epoxidation of Ddx to Dtx (Jakob et al. 2001).

As shown above, availability of AscH is the main mechanism by which the 
ascorbate–glutathione pathway controls all types of the xanthophyll cycles, hence 
also all protective functions regulated by these cycles.

5  The Role of Compounds of Ascorbate–Glutathione Cycle  
in the Controlling Cellular Redox State and Their 
Involvement in Signal Transduction Pathways

The redox homeostasis in plant cells is defined by the presence of pools of antioxidant 
compounds that have possibility to absorb and buffer reductants and oxidants. The 
coordinated action of different components of the antioxidative systems maintain 
the cellular redox homeostasis and redox metabolism as well as it is related to signal 
generation and signal transmission. Venis and Napier (1997) defined signal trans-
duction as a sequence of events that is initiated by a stimulus and culminates in a 
characteristic physiological or biochemical response.

Noctor (2005) distinguished, at least two types of stress signaling defined as 
“dynamic” and “static” act at a physiological level linked to redox metabolites. It is 
suggested that both types of signalling through redox couples may coexist. A ‘dynamic’ 
signaling is postulated to involved a change in redox status or concentration of 
redox active compounds, while ‘static’ signalling could simply draw on existing 
pools of redox active compounds or it is related to sensing of a threshold concentra-
tion or redox potential. Dietz (2003) grouped redox signals on three types based on 
their origin and mode of action in signal transmission. Type-I signals derive specifi-
cally from single pathways, type-II signals integrate redox information from vari-
ous pathways and type-III redox signals indicate more extreme redox imbalances 
and their transmission depends on cross-talk with other signaling cascades. Similarly, 
Pfannschmidt et al. (2001, 2003) defined three classes of redox signals based on 
perturbation of the photosynthetic electron transfer depending on the light intensity. 
Class 1 signals originate from specific redox pairs in the photosynthetic electron 
transport chain, e.g. the reduced and oxidized PQ. Class 2 signals depend on the 
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redox state of stromal thioredoxins, NAD(P)H as well as GSH and Asc, whereas 
Class 3 signals are mediated by ROS and other signaling molecules. Each of these 
signals has the potential to function as developmental and environmental stimulus 
and to change the metabolic state of a given plant cell by short term metabolic 
control within seconds to minutes or long term genetic mechanisms on the time 
scale of hours. Baier and Dietz (2005) pointed out that signals transmitted by redox 
shifts in cellular redox components or by ROS are distinguished from signals trans-
mitted by second messengers synthesized inside chloroplasts.

The potent signalling effects of ROS require their concentrations to be controlled 
by a battery of antioxidants that determine the lifetime and intensity of the signal 
(Mittler 2002; Mittler et al. 2004). Thus, this flexible and complex regulatory system 
is involved not only in maintaining the prooxidant/antioxidant equilibrium but also 
in a specific redox-based stress sensing and signalling (Bräutigam et al. 2009).

The individual plant cell compartments like chloroplasts, mitochondria, peroxi-
somes, cytosol and apoplast posses different antioxidant buffering capacities deter-
mined by differences in synthesis, transport, and/or degradation that allow to control 
redox-sensitive signals independently. On the other hand, the interactions between 
these cell compartments as well as the complex network of reactions surrounding 
ROS generation and consumption, are crucial for redox homeostasis in metabolism 
(Scheibe et al. 2005), and ROS signaling (Noctor 2006; Foyer and Noctor 2005, 2009; 
Joo et al. 2005). Local perturbation of redox buffering system is likely an important 
process in the transmission of ROS signals, particularly those related to stress condi-
tions. Specific compartment-based signaling can be achieved, among others, via 
differential changes in the amounts and relative reduction states of the ascorbate and 
glutathione pools, which are part of the cellular information-rich redox buffers 
(Schafer and Buettner 2001; Dietz 2003; Noctor 2006). The interactions between 
the redox couples such as NAD(P)/NAD(P)H, GSSG/GSH or additionally in plants 
DHA/AscH are involved in maintaining of cellular redox homeostasis (Fig. 8).

The regeneration of oxidised glutathione and the reduction of monodehydroascor-
bate to ascorbate by monodehydroascorbate reductase are NAD(P)H-dependent, 
demonstrating a metabolic link between the NAD(P)-dependent redox system and 
the low molecular weight antioxidants. The Asc and GSH, in addition to pyridine 
nucleotides such as NADH or NADPH, are the key mediators of redox transfer in 
the soluble phase of plant cells. This function requires that their reduced forms react 
slowly with oxygen and its more reactive derivatives so that oxidation is enzyme 
dependent (Noctor 2006; Wormuth et al. 2007). In photosynthetically active cells 
which are not strongly affected by stress factors, balance between the amounts of 
NADPH, ROS, Asc and GSH is kept. However, under stress conditions leading to 
ROS production, the redox balance at a cellular level may be affected.

Stress signaling linked to the three redox metabolites: NAD(P), GSH and Asc 
have been found to be crucial to set the appropriate defence responses and to 
achieve a successful acclimation by plant. The redox active elements, i.e. ferre-
doxin, NADPH and GSH, are dependent to some extent, on the photosynthetic 
electron transport chain or other metabolic processes and feed electrons into the 
network (Dietz 2003; Kuźniak et al. 2009). The NAD(P)+/NAD(P)H, GSSG/GSH, 
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and DHA/AscH redox couples, integrated with the redox regulatory network, could 
undergo a distinct physiological functions.

Redox systems involved in sensing, transferring and multiplying signals are 
responsible for coordination of respiration, photorespiration and alternative respira-
tion to keep photosynthesis working at high level. These events can be viewed in 
terms of the interacting pathways contributing to the adjustment of metabolic 
processes to a new state of homeostasis, usually referred to as acclimation.

Both oxidants and antioxidants fulfill signaling roles to provide information on 
plant defense, using kinase-dependent and independent pathways that are initiated 
by redox-sensitive receptors modulated by thiol status (Kuźniak et al. 2009). 
Thiol-based regulation may be important in plant acclimation to environmental 
change, particularly where redox interactions play a key role in the orchestration 
of the abiotic stress response (Desikan et al. 2005). In plants, thiol containing of 
proteins are oxidized by ROS, either directly or indirectly, to give relatively stable 
oxidation products with modified physical conformations or biochemical activities. 
The major low molecular weight antioxidants such as Asc and GSH determine the 
specificity of the signal. Low molecular antioxidant are a part of network associ-
ated with the mechanisms by which plant cells sense the environment and make 
appropriate adjustments to gene expression, metabolism and physiology (Foyer 
and Noctor 2005).

Asc can act as a signal transducing molecule in plants (Pastori et al. 2003; 
Fotopoulos et al. 2008) participating in the interaction with the environment, for 
instance to ozone (Sanmartin et al. 2003), pathogens and oxidizing agents 
(Fotopoulos et al. 2006), and water stress (Fotopoulos et al. 2008). Pastori et al. (2003) 

Signalling

Thioredoxin
Glutaredoxin
Peroxiredoxins

ROS

NAD(P)H

Gluthathine (GSSG +GSH/GSSH)

Ascorbate (Asc/MDHA/DHA)

Tocopherols

Other metabolic
and cell components

Fig. 8 Potential plant cells for influence on cellular redox level and signal induction. The rela-
tionship between some components of the cell redox buffers
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demonstrated that the leaves of the vtc1 mutant (Table 1), which have only 30% of 
the Asc content of the wild type, show extensive re-adjustments in gene expression 
that can be reversed by Asc feeding. This finding suggests that Asc is involved in 
metabolic cross-talk between redox-regulated pathways. However, when Asc con-
centrations are not supplemented by feeding, ROS do not accumulate in vtc1 
mutants (Veljovic-Jovanovic et al. 2001). Moreover, it could be noted that also 
DHA may act as a potential factor in the signaling pathway. The chemical structure 
of DHA, with its vicinal carbonyl group, gives the molecule its peculiar reactivity 
(Deutsch 2000) with, amongst other compounds, thiols, whereby it induces oxida-
tive protein folding (Banhegyi et al. 2003). Reversible modification of specific 
proteins by DHA could be important in cell signaling. It seems that Asc oxidation 
to DHA constitutes a vital signal transduction module governing plant reaction to 
stressful environmental conditions. A large fraction of total leaf DHA is probably 
located in the apoplast (Veljovic-Jovanovic et al. 2001; De Pinto and De Gara 
2004). The Asc/DHA ratio in this compartment is postulated to be crucial in plant 
signalling (Pignocchi and Foyer 2003). Redox reactions within the apoplast can 
influence signal transduction cascades. The apoplast is also a major site of NO 
synthesis as ascorbate reductant (Bethke et al. 2004). It was also demonstrated that 
the interaction of GSH with NO the S-nitrosoglutathione (GSNO) is formed and it 
may interconnect the ROS- and reactive nitrogen-based signaling pathways (Neill 
et al. 2002) as well as it is thought to function in plants as a mobile reservoir of NO 
bioactivity (Durner et al. 1999; Díaz et al. 2003).

Glutathione, the next component of ascorbate–glutathione cycle is an abundant 
metabolite in plants that functions as modulator or signal transducer (Noctor et al. 
2002; Gomez et al. 2004; Noctor and Foyer 1998). GSH and GSSH may also function 
as signal molecules in many cellular processes. It shows strong interplay between 
concentration and the redox state. Glutathione pool level might be regulated, at 
least partially, by hydrogen peroxide and on the redox state of the plastochinon pool 
(Karpinski et al. 1997, 1999). Conditions that trigger accumulation of GSSG often 
also lead to the subsequent increase in total glutathione and are related, among oth-
ers, to the stress-induced changes in the H

2
O

2
 content (Neill et al. 2002; Foyer and 

Noctor 2003, 2005, 2009; Noctor 2006; Dietz 2008; Quan et al. 2008). This phe-
nomenon is observed in catalase-deficient barley (Smith et al. 1985), during expo-
sure of poplar to ozone (Gupta et al. 1991), following chilling of maize (Gomez 
et al.  2004), during incompatible interactions between barley and powdery mildew 
(Vanacker et al. 2000) and during the developing of photoperiod-dependent strate-
gies in the acclimation of Arabidopsis thaliana plants (Queval et al. 2007).

Many observations suggest that changes in glutathione status may be as important 
as enhanced ROS pools in redox signaling (Creissen et al. 1999; Vanacker et al. 
2000; Mou et al. 2003; Ball et al. 2004; Gomez et al.  2004; Evans et al. 2005). 
When GSH levels are low the cell environment will be oxidising and the functioning 
of enzymes, particularly those with thiol groups, will be altered. Moreover, the 
GSH/GSSG ratio as well as enzymes such as GR involved in controlling the GSH/
GSSG ratio are able to determined of antioxidant capacity and thus may be involved 
in redox signaling. The GSH/GSSG couple is able to modify the activity of various 
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compounds (enzymes, regulatory proteins) directly through the reduction/oxidation 
of their disulfide bridges/sulfhydryl groups and through the (de)glutathionylation of 
sulfhydryl groups. With the other hand GSH/GSSG couple is an indicator of the 
general cellular thiol-disulphide redox balance (Fig. 9).

The regulation of proteins by the GSH/GSSG couple may occur also due to 
cross-talk between GSH/GSSG and other redox systems like glutathionylation or 
thiol-disulfide transition, which may have a role in signaling and plant responses to 
stress conditions (Rausch et al. 2007). Protein glutathionylation (i.e., the formation 
of a reversible mixed-disulfide bond between a small-molecular-weight thiol such 
as glutathione and specific cysteine residues of various proteins) seems to play an 
important role in perception of glutathione status by the cell. Therefore, accumula-
tion of GSSG similar like ROS-catalyzed generation of protein thiol radicals may 
be sufficient to trigger protein glutathionylation. Glutathionylation may also occur 
independently of enhanced ROS production or redox perturbation of the glutathi-
one pool. As a target for glutathionylation two Calvin cycle enzymes such as aldolase 
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and triose phosphate isomerase have been found (Ito et al. 2003). In Arabidopsis, 
oxidative stress-induced glutathionylation was described for a number of other 
proteins, including several GSTs and glutaredoxins (Grx) (Dixon et al. 2005). 
Glutaredoxins take part in transfer electrons reversibly between GSH and target 
proteins and they are involved in redox-regulated processes participating in stress 
responses (Hisabori et al. 2007; Vieira et al. 2006; Meyer 2008; Kuźniak et al. 
2009). Glutathionylation could be an important redox signaling mechanism allow-
ing cells to sense and signal harmful stress conditions and trigger appropriate 
responses and adaptation, and has been shown to be involved in the regulation of 
several signal transduction pathways (Ghezzi 2005; Hurd et al. 2005; Michelet 
et al. 2006; Dalle-Donne et al. 2007, 2008; Gallogly and Mieyal 2007; Ghezzi and 
Di Simplicio 2007; Townsend 2007; Rouhier et al. 2008, Gao et al. 2008). This 
posttranslational modification can protect cysteine thiols against irreversible oxida-
tion to sulfinic or sulfonic acid, modulate enzyme activity by modification of cata-
lytic site Cys residues or affect biological activity by competing with other thiol 
modifications (Foyer and Noctor 2005, 2009; Noctor 2006; Gao et al. 2008). This 
modification apparently occurs mainly under oxidative/nitrosative stress conditions 
but may also be important under normal conditions, especially for regeneration of 
several thiol peroxidases (Rouhier et al. 2008).

Glutathione together with H
2
O

2
 and/or O

2
⋅− can act both as messenger molecules 

in cellular signal transduction pathways in several organelles and as factors in plant 
defense responses (del Río et al. 1996; Karpinski et al. 1997).

6  Influence of Ascorbate and Glutathione on Gene Expression 
Associated with Biotic and Abiotic Stress Response

Apart from the well documented role of antioxidative enzymes and antioxidants in 
removing H

2
O

2
 and other ROS, there is also a strong interaction between oxidants 

and antioxidants, at the level of gene expression and translation (May et al. 1998; 
Karpinski et al. 1999).

Asc and GSH as well as Asc/DHA or GSH/GSSG redox couples have been dem-
onstrated as a transcriptional regulators and being regulated by metabolic processes 
(Baier et al. 2000; Noctor et al. 2000; Veljovic-Jovanovic et al. 2001) (Fig. 10).

The changes in the cellular redox balance constitute an early event in H
2
O

2
 signal 

transduction as reduction of the cellular redox buffer and thus the cell’s ability to 
maintain a high GSH/GSSG ratio potentiated the plant’s antioxidant response. The 
perturbs cellular redox balance may serve as an inducer for the set of defense-
related genes such as: H

2
O

2
-induced expression of glutathione-S-trasferase1 

(GST1) gene (Rentel and Knight 2004) or genes of pathogenesis-related (PR) pro-
teins (Foyer et al. 1997; Durner et al. 1998; Foyer and Noctor 2003, 2005, 2009). 
PR proteins are crucial components of defense mechanism and they may contribute 
to the innate immunity of plants. They are induced in response to pathogen infec-
tion and/or related to stress situations and are used widely as marker genes/proteins 
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to study the plant self-defense mechanism(s). The PR proteins are classified into 14 
groups (PR-1 to PR-14) based on genes sequence or predicted sequence of amino 
acids, serological relationships and biological activity of their structural homo-
logues within the groups (van Loon and van Strien 1999). The low levels of Asc, 
can act as an elicitor of pathogen resistance responses and leads to the induction of 
PR genes (PR-1, PR-2 and PR-5), as shown by the analysis of the vtc1 and vtc2 
mutants (Pastori et al. 2003; Conklin and Barth 2004; Barth et al. 2004; Pavet et al. 
2005). Feeding Asc to leaves of Asc deficient vtc1 mutant represses the accumula-
tion of PR-1 transcripts, whereas the levels of PR-5 and PR-2 transcripts were not 
significantly changed (Pastori et al. 2003) and these effects are accompanied by 
enhanced glutathione level (Mou et al. 2003; Gomez et al.  2004).

Horling et al. (2003) demonstrated that the treatment of Arabidopsis plants with 
ascorbate declined in shoots of these plants the level of transcript of the other proteins 
engaged in stress response such as the chloroplast-targeted peroxiredoxins namely 
the two-cysteine (2-Cys) peroxiredoxins (prx Q and prx II E). These enzymes are 
involved in protecting photosynthesis. Baier et al. (2000) point out that the decrease 
of 2-Cys peroxiredoxins in transgenic A. thaliana plants caused up-regulation of 
genes related to ascorbate metabolism such as stromal ascorbate peroxidase and 
particularly monodehydroascorbate reductase, while gene products like glutathione 

Fig. 10 The role of the redox active components in the regulation of gene expression
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NADPH/NADP (chloroplasts, cytoplasm)
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redox-active target proteins, TFs, NPR1)
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Tocopherol (lipophylic, chloroplast membranes)
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reductase involved in glutathione metabolism were unaltered similarly to catalase, 
and superoxide dismutase. On the hand Lamkemeyer et al. (2006) observed alter 
transcripts of glutathione-related genes in Prx Q knockout plants.

The expression of defense-related gene is also related to the absolute amounts of 
glutathione as well as the ratio of GSH to GSSG. The oxidation of even a small part 
of the GSH in a cell can shift significantly the GSH:GSSG ratio, with consequent 
implications for patterns of gene expression (Hwang et al. 1992; Sen 2000). Such 
changes allow the organism to respond to oxidative stress caused by altered cellular 
or environmental conditions.

As it was presented by some authors changes in the redox state of GSH in plants 
exposed to HL stress are associated with the increased activity of heat shock tran-
scription factors (HSFs) and raised abscisic acid (ABA) level (Jabs et al. 1996; 
Karpinski et al. 1997, 1999; Fryer et al. 2003; Ball et al. 2004; Chang et al. 2004; 
Mateo et al. 2006; Kuźniak et al. 2009). Moreover, both GSH and GSSG elicit phe-
nylalanine ammonia-lyase (Phe ammonia lyase) enzyme activity and phytoalexin 
accumulation (Edwards et al. 1991). It has been demonstrated that the promoters of 
genes involved in the synthesis of phytoalexins include GSH-responsive elements 
(Levine et al. 1994). In carrot, inhibition of glutathione synthesis induced phy-
toalexin accumulation (Guo et al. 1993). Exogenous application of GSH increased 
level of Phe ammonia lyase and chalcone synthase transcripts in bean cell suspen-
sions (Wingate et al. 1988). Chalcone synthase (CHS) is pivotal for the biosynthesis 
of flavonoid antimicrobial phytoalexins and anthocyanin pigments, catalyzes the 
first and key regulatory step in the branch of phenylpropanoid biosynthesis pathway 
specific for synthesis of flavonoid pigments and UV protectants (Ferrer et al. 1999; 
Ryder et al. 1987). Parisy et al. (2007) demonstrated that the low GSH concentration 
in the pad2-1 mutant (Table 2) did not affect the transcript abundance of g-ECS and 
GSHS. Hovewer, after inoculation of this mutant with Phytophthora brassicae gene 
expression for these enzymes was much more strongly induced than in the wild type. 
Ball et al. (2004) determined the transcriptional response of the allelic glutathione 
biosynthetic mutants rax1-1 and cad2-1 (Table 2). Typical target genes with altered 
transcript accumulation under stress are those for PR proteins, e.g. PR1, chitinase, 
and PAL (encoding phenylalanine ammonium lyase), and antioxidant enzymes as 
peroxidases, dehydroascorbate reductase and CuZn-superoxide dismutase. The sets 
of target genes widely overlap with the transcripts induced by pathogens and wound-
ing (Cheong et al. 2002; Mahalingam et al. 2003).

It is also observed that GSH as a one of thiols similarly to thioredoxin and Cys 
enhance nuclear transcription factor kappa (NF-k) in mesophyll cells of maize 
leaves and this suggests that redox control of translation is a key determinant of 
protein abundance in this plant (Pastori et al. 2000). The demonstration of thiol modu-
lation of nonexpressor of pathogen related genes (NPR1) and its interacting transcrip-
tion factors (Després et al. 2003) potentially resolves some of the issues surrounding 
pathogen-induced changes in glutathione status (Edwards et al. 1991, Vanacker 
et al. 2000) as well as induction of PR genes in plants in which glutathione pools are 
enhanced by g-ECS overexpression or in response to the decrease of antioxidative 
enzyme capacity (Creissen et al. 1999; Rizhsky et al. 2002). In Medicago  trunculata 
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roots GSH synthesis pathway is regulated by NO-donors (sodium nitroprusside 
and nitrosoglutathione) treatment and g-ESC and GSHS genes for gamma- 
glutamylcysteine synthetase (g-ECS), glutathione synthetase (GSHS),  respectively 
are up regulated (Innocenti et al. 2007).

Asc and GSH and Asc/DHA or GSH/GSSG redox couples may regulate the 
expression of genes involved in plants stress response with the one side, but syn-
thesis of these molecules as well as metabolism is affected by the abiotic and 
biotic stress factors. Enzymes involved in Asc and GSH metabolism (Szalai et al. 
2009) are regulated at different levels in various plant species and the control of 
the corresponding enzymes may depend on the organ and cell type and on the 
developmental stage.

7  Relationship Between Different Components  
of Ascorbate–Glutathione Cycle and Metabolic  
Processes Involved in Plant Defense Response

The induction of defence pathways is a key feature of response of all organisms to 
stress. The dynamic interactions between cell compartments are important for 
effective stress signal relay and the induction of defense mechanisms. Under stress 
conditions plants regulate their resource allocation in a way that increases stress 
tolerance (Mateo et al. 2004; Feys et al. 2005).

Plant defense may be modulated simultaneously in response to changes in Asc 
availability via changes in the ABA and ABA/giberelin acid (GA) signaling path-
ways. The abundance of key transcripts is modulated by Asc availability in leaves. 
Thus, plants sense not only changes in the redox state of their Asc pool but also the 
absolute amount of this major redox buffer (Foyer 2004). Asc plays a crucial role 
in protection and regulation of photosynthesis, acting among others in the Mehler 
peroxidase reaction with ascorbate peroxidase to regulate the redox state of photo-
synthetic electron carriers (Foyer and Allen 2003). Futhermore, higher Asc levels 
may support the growth of plants under conditions of high salinity (Shalata and 
Neumann 2001). In opposite to these data, it was demonstrated that the deficient in 
Asc mutant vtc1 (Table 1) is more resistant to bacterial and fungal pathogens (Barth 
et al. 2004). Millar et al. (2003) showed that Asc synthesis and hence stress 
responses in plants is controlled by respiration. Asc and its metabolic precursors 
give rise to oxalic acid (OxA) found in calcium oxalate crystals in specialized crystal 
idioblast cells in plants as well as for soluble oxalate accumulated in leaf vacuoles 
(Wagner 1981; Kostman et al. 2001). The accumulation of OA crystals in plant 
tissues is suggested to be involved in regulation of cellular calcium levels and 
sequestration of toxic metals, and to confer resistance to herbivory (Deutsch 2000; 
Horner et al. 2000; Keates et al. 2000; Franceschi and Nakata 2005). Asc partici-
pates also in synthesis of ethylene, gibberellins and anthocyanins (Smirnoff and 
Wheeler 2000; Smirnoff 2000). Asc, functions also as a biosynthetic precursor 
of l-tartaric acids (TA). TA plays a critical role in determining the suitability of 
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grapes for use in winemaking – berry. TA is largely responsible for controlling juice 
pH and through TA addition during vinification, the winemaker can minimize oxi-
dative and microbial spoilage, thereby promoting both organoleptic and ageing 
potentials of the finished wine (DeBolt et al. 2006). Moreover, Asc, GSH and H

2
O

2
 

function as upstream/downstream components of hormone-mediated signal trans-
duction. Some authors (Chen and Gallie 2006; Fotopoulos et al. 2008) described 
altered stomatal behaviour in ascorbate oxidase (AO) over-expressing tobacco 
plants, and they suggested that DHA may act as an early activator of stomatal closure 
thus improving the control over transpiration. Under stressful conditions Asc oxida-
tion to DHA take place and, in turn, this molecule can modulate plant responses to 
stress by regulating ABA synthesis and increasing hydrogen peroxide production 
(López-Carbonell et al. 2006).

Involvement of apoplastic Asc, in stress responses enable plants to cope with 
unfavorable conditions by modulating plant growth. Asc and AO in the apoplast are 
key players in both cell division and cell elongation. Many environmental and meta-
bolic factors influence the rate and direction of cell elongation (Gonzalez-Reyes 
et al. 1994). DHA is believed to signal the redox state of the apoplastic environment, 
and hence to allow the cell to perceive stress in the environment. DHA accumulation 
in the apoplast may trigger the arrest of cell division (Potters et al. 2000).

Glutathione is abundant and ubiquitous thiol with proposed roles in the storage 
and transport of reduced sulphur, the synthesis of proteins and nucleic acids and as 
a modulator of enzyme activity. Stable protein disulphide bonds are relatively rare 
except in quiescent tissues such as seeds, where GSSG is allowed to accumulate. 
Moreover, GSH is a substrate for several reductive enzymes, including enzymes 
that reduce peroxides (Foyer and Noctor 2005a,b). Glutathione is used also in 
detoxification of reactive ketoaldehydes such as methylglyoxal what is a potential 
target for engineering tolerance to stresses such as high salinity (Singla-Pareek 
et al. 2003; Noctor 2006, Noctor and Foyer 2005). Other indirect roles of glutathi-
one are in heavy metal detoxification as a precursor to phytochelatins (Cobbett and 
Goldsborough 2002) and as a transport form of Cys (Kopriva and Rennenberg 
2004). Cold treatments and the certain metals such cadmium or copper that favour 
ROS production can induce transcripts for the enzymes of glutathione synthesis 
(Rodríguez-Serrano et al. 2009).

The redox changes in the glutathione pool as well as changes in hydrogen per-
oxide levels are genetically and functionally interconnected with the SA signaling 
pathway regulating light acclimatory processes (Karpinska et al. 2000, 2003; 
Mateo et al. 2004, 2006). Glutathione is able to induce PR transcript induction 
(Gómez et al. 2004a,b), whereas localized cell death occurs in Asc deficient plants 
(Pastori et al. 2003). These effects point to opposing functions for GSH and Asc in 
redox signal transduction. A striking relationship between glutathione oxidation 
and mitochondrial DNA damage during aging has also been reported (Yen et al. 
1994; Esteve et al. 1999). In addition, accumulation of GSSG is often associated 
with tissue death or quiescence (Wachter et al. 2005). Kranner et al. (2006) demon-
strated that the alteration in the half-cell reduction potential of the GSH/GSSG 
couple (E

GSSG/2GSH
), a major cellular antioxidant and redox buffer is part of the 
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signaling cascade that initiates programmed cell death (PCD), finally causing 
internucleosomal DNA fragmentation in the final, or execution phase, of PCD 
(Kranner et al. 2006; Schafer and Buettner 2001). Changes of the redox state of 
glutathione was demonstrated, among others, as the response to excess light stress 
(Karpinski et al. 1997, 1999; Panchuk et al. 2002; Fryer et al. 2003; Ball et al. 2004; 
Chang et al. 2004).
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Abstract The prerequisite for shoot, root or somatic embryo formation in plant 
in vitro culture is the development of meristem from dedifferentiated cells of the 
explant tissue. Auxin and cytokinin levels and their relative ratios play a decisive role 
in inducing the morphogenetic pathways leading to shoot, root or somatic embryo 
formation in plant in vitro cultures. Exogenous auxin is required to maintain the high 
rate of an unorganised growth in plant cell suspension cultures. On the other hand, the 
proliferation of hairy root cultures is usually dependent on endogenous hormonal fac-
tors. Auxin and cytokinin execute their regulatory role by being involved in a cross-talk 
with numerous endogenous factors affecting cell division and differentiation. Among 
them, ascorbate/dehydroascorbate (ASC/DHA), glutathione/glutathione disulphide 
(GSH/GSSG) redox pair, H

2
O

2
 and other components of cellular redox systems play 

an important role in triggering developmental responses in plant in vitro culture. 
Ascorbate, glutathione and related enzymes participate in the responses to auxin/
cytokinin treatments. In addition, they can even directly affect hormone metabolism 
in tissue. Ascorbate and glutathione have important regulatory roles in the process of 
cell-cycle progression within the meristems, where they participate in redox-dependent 
determination of proliferation and quiescence patterns. The mechanism underlying the 
regulatory effects of ascorbate and glutathione in cell divisions is not fully elucidated; 
however, it seems to be related to the regulation of nucleotide synthesis. Ascorbate 
 levels in apoplast modulate the rate of organ elongation by increasing cell wall 
extensibility. Besides the effects on cell proliferation and growth, ascorbate and gluta-
thione concentrations as well as the enzymes of their metabolism protect the in vitro 
cultured tissues against oxidative stress. This function is of particular importance 
during root regeneration and the elicitation of metabolite production by hairy root 
cultures, where increased levels of oxidising agents are often required to stimulate both 
processes. In this review, we report recent studies on the involvement of ascorbate and 
glutathione in the processes of regeneration and proliferation in plant tissue culture.
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1  Regenerating Plants from In vitro Cultured  
Cells, Tissues and Organs

The capacity of plant cells to undergo inducible morphogenetic pathways is essential 
for various biotechnological applications of plant cell culture, such as clonal propa-
gation and genetic transformation. Morphogenesis in plant tissue culture may occur 
in two ways. It may result in the formation of bipolar structures called somatic 
embryos, equipped with shoot and root meristem. Alternatively, organogenesis may 
occur leading to the formation of unipolar structures, i.e. shoots or roots. Whereas, 
a somatic embryo directly develops into a complete plantlet, shoot organogenesis 
must be followed by root organogenesis at the base of a shoot before the newly 
regenerated plant is transferred to ex vitro conditions (Warren 1993) (Fig. 1).

The process of somatic embryogenesis may be divided into two phases: induction 
and expression. During the induction phase, differentiated somatic cells of an 
explant, undergo de-differentiation, acquire embryogenic competence and proliferate 
as embryogenic cells. In the expression phase, the embryogenic cells differentiate to 
form somatic embryos (Namasivayam 2007). In few experimental models, somatic 
embryos follow a sequence of development comprising the stages of embryo formation 
similar to those, which are observed during zygotic embryogenesis, i.e. globular, 
heart shape and torpedo. Such developmental pattern occurs during embryogenesis 
of carrot callus cells cultured as a suspension in liquid medium. This system is one 
of the most controllable somatic embryogenesis processes, and is often used as a 
model system in studies on cell differentiation. However, usually, developmental 
events that give rise to a somatic embryo in culture show far more variation than 
the equivalent process in the ovule. Somatic embryos exhibit a much greater range 
of sizes and shapes than the zygotic embryos (Warren 1993).

Fig. 1 Most important developmental pathways in plant tissue culture. See text for details
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Somatic embryogenesis can proceed as a direct or indirect process. In direct 
embryogenesis, which is a relatively rare event, embryos develop directly on the 
surface of organised tissue such as leaf, stem, zygotic embryo, etc. Alternatively, 
the much more common indirect somatic embryogenesis requires an intermediary 
step of meristematic cluster formation preceding the embryo development. This 
kind of embryogenesis often occurs in cell suspensions and callus culture 
(Namasivayam 2007). Typically in meristematic clusters, only a few surface cells 
give rise to embryos; however the presence of cells that do not undergo embryogen-
esis is necessary within the cluster to complement cells, which are directly involved 
in embryo formation (Kreuger and van Holst 1993).

Induction of plant explants for somatic embryo formation generally requires 
a pretreatment on auxin-supplemented medium. Among auxins, the most 
 frequently used was 2,4-diphenoxyacetic acid (2,4-D). However, other auxins like 
b-naphtoxyacetic (NAA) and indole butyric acid (IBA) were also used for this 
purpose (Razdan 2003). The formation of meristematic clusters containing 
embryogenically competent cells occurs during the period of auxin treatment. On 
the other hand, the following phase, when competent cells develop into embryos, 
requires the reduction or removal of auxin from the medium. This is achieved by 
transferring cells to a new medium with a very low level of auxin or no auxin at 
all (Razdan 2003). Nevertheless, auxin treatment is most frequently used to induce 
somatic embryogenesis. However, the effect of other plant growth regulators should 
not be overlooked (Jimenez 2001). For example, in the case of nucellus cultures 
of Vitis, simultaneous presence of NAA and benzylaminopurine (BAP) were 
inductive for embryogenesis. In some systems, somatic embryogenesis was 
induced by abscisic acid (ABA) (Nishiwaki et al. 2000) or even occurred on hormone-
free medium (Choi et al. 1998).

Plant organogenesis in vitro is a more controllable process than embryogenesis 
(Warren 1993). Different morphogenetic pathways, i.e. shoot or root formation, 
may be induced in culture by application of the appropriate hormones in the 
medium. Although the exact nature of these hormonal signals may vary between 
species, the balance of auxin to cytokinin has been found to have a consistent effect 
on the type of regenerated organs. A relatively high ratio between auxin and cyto-
kinin promotes the regeneration of roots. Whereas, shoot organogenesis is a preferred 
type of differentiation on culture media supplemented with high cytokinin and low 
auxin concentration (Skoog and Miller 1957; Christianson and Warnick 1983). The 
explants cells proliferate to form callus when the same concentrations of auxin and 
cytokinin are added to the medium. Callus cells are usually grown on solid media. 
Alternatively, long term cultures of friable callus may be grown on liquid media as 
cell suspension cultures (Zhao et al. 2008) (Fig. 1).

Root cultures may be derived without the use of exogenous growth regulators by 
infecting plant explants with Agrobacterium rhizogenes. This gram-negative soil 
bacterium transfers a DNA segment (T-DNA) from its large root-inducing (Ri) 
plasmid into the genome of the infected plant. This T-DNA carries a set of genes 
that encode enzymes which control auxin and cytokinin biosynthesis. The new 
hormonal balance induces the formation of proliferating roots, called hairy roots, 
that emerge at the wounding site. The hairy root phenotype is characterized by fast 
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hormone-independent growth, increased lateral root branching and genetic stability 
(Guillon et al. 2006) (Fig. 1).

Temporal requirements for a specific balance of phytohormones for the organogenesis 
process indicate that organ regeneration is accomplished in three phases (Christianson 
and Warnick 1983). In the first phase, cells of the explants acquire competence, 
which is defined as the ability to respond to hormonal signals. The competence 
acquisition involves dedifferentiation of explants cells, which re-enter cell cycle. 
Competent cells are then canalized and determined for specific organ formation 
under the influence of phytohormone balance through the second phase, referred to 
as induction phase. Organ primordia differentiate from induced explants cells and 
their further development and outgrowth occurs during the third phase. These pro-
cesses usually proceed independently of the exogenously supplied phytohormones 
(Christianson and Warnick 1983; Sugiyama 1999). Studies using Arabidopsis tem-
perature sensitive mutants (srd1, srd2, srd3) defective for shoot and/or root redif-
ferentiation revealed further complexity of the process of competence acquisition 
(Ozawa et al. 1998). It has been found that hypocotyl explants grown on callus-
inducing medium first become competent in root organogenesis and then gain 
competence in shoot organogenesis. Therefore, dedifferentiation stage is divided 
into two sub-phases occurring sequentially one after another. Finally, explants cells 
are competent in regeneration of both roots and shoots. The transition from an 
incompetent state to competence in root organogenesis and from competence in 
root organogenesis to competence in root and shoot organogenesis requires the 
functions of SRD2 and SRD3 gene, respectively (Ozawa et al. 1998).

In spite of more than 50 years of studies, molecular and biochemical processes 
underlying morphogenesis in tissue culture are not fully understood. However, the 
growing list of genes which are known to be specifically involved in organogenesis 
and/or somatic embryogenesis mark significant advances in the field of elucidating 
the mechanism of plant regeneration in vitro (Philips 2004). It was found that the 
SRD2 gene, involved in control of proliferation competence and dedifferentiation, 
encodes for a nuclear protein responsible for activation of snRNA transcription. At 
present, it remains unclear which molecular event, subsequent to the activation of 
snRNA transcription, is responsible for the elevation of cell proliferation compe-
tence (Ohtani and Sugiyama 2005). Re-entering the cell cycle by quiescent cells 
during dedifferentiation is correlated with expression of cell cycle-related genes such 
as cyclins and cyclin-dependent kinases (CDK). Among them, gene cdc2At coding 
PSTAIRE domain-containing CDK and CYCD3 coding a D-type cyclin are possibly 
involved in committing the dedifferentiating cells to the cell cycle (Sugiyama 1999).

A developmental pathway leading to shoot organogenesis was found to be 
related to genes involved in cytokinin perception and signalling (Sugiyama 1999, 
2000). The establishment and maintenance of shoot meristem is dependent on mer-
istem identity genes such as SHOOT MERISTEMLESS (STM), WUSHEL (WUS) 
and CLAVATA (CLV). These genes function for the establishment of shoot apical 
meristems only after dedifferentiated cells are determined for shoot organogenesis 
(Philips 2004). In accordance with the essential role of auxin in root regeneration, 
an important role of genes engaged in auxin perception and signalling was also 
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identified. The ROOTING AUXIN CASCADE (RAC) gene coding for Rac/Rop 
GTPase (Tao et al. 2002) mediating an auxin-signalling pathway is involved in an 
early stage of auxin perception specific to the formation of adventitious roots 
(Sugiyama 1999). Similar to organogenesis, the process of somatic embryogenesis 
involves reprogramming of gene expression patterns. Vegetative-embryonic transition 
is marked by changes in expression of gene coding for somatic embryogenesis 
receptor-like kinase (SERK), which was identified as a specific marker distinguishing 
individual embryo-forming cells from non-embryogenic cells in carrot suspension 
culture. The transcription factors LEAFY COTYLEDON 1 (LEC1) and WUSHEL 
(WUS) are possibly involved in inducing and maintaining embryogenesis in culture 
(Namasivayam 2007).

2  Interaction of Ascorbate and Glutathione with Auxin  
and Cytokinin

A decisive role in regulating the morphogenetic pathways in plant tissue culture is 
attributed to auxin and cytokinin. Below, we describe possible links between these 
growth regulators and several aspects of ascorbate and glutathione metabolism. 
These interactions may possibly be important for understanding the roles of these 
antioxidants in differentiation and growth in plant in vitro culture.

2.1  Auxin

An apoplastic enzyme ascorbate oxidase (AOX) provides a clear link between 
regulatory action of auxin and ASC. Highest levels of AOX activity were detected 
in young and growing parts of the plant. For example, AOX activity in rapidly 
growing immature pumpkin fruits was 15–20 times higher than that in mature 
fruits, which no longer increase in size (Esaka et al. 1992). In tobacco plants, high 
levels of AOX transcript were detected in young and growing parts like upper leaf, 
upper stem and root but little or none in old tissues such as lower leaf and lower 
stem (Kato and Esaka 1996). Similarly, in tomato seedling roots, AOX activity was 
stimulated by auxin treatment in the apical part of the organ, whereas no stimulation 
was observed in the proximal part of root (Tyburski et al. 2008).

The relation between auxin and AOX expression and activity in pumpkin fruits 
was demonstrated by Esaka et al. (1992). AOX activity in pumpkin fruit tissue, 
cultured in vitro, strongly increased when culture medium was supplemented with 
synthetic auxin, 2,4-D. It was shown that the enzyme’s activity is regulated by 
auxin at the level of gene expression. Gene expression analysis showed that AOX 
mRNA level also increased after transfer onto the culture medium in the presence 
of 2,4-D. The highest steady-state level of AOX mRNA appeared 2 days after transfer, 
and decreased thereafter. In the absence of 2,4-D, no increase in AOX transcript 
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level was detected in fruit tissue (Esaka et al. 1992). AOX expression was also 
induced by auxin in tobacco leaves and this induction was associated with stimulation 
of plant growth (Pignocchi et al. 2003).

AOX is able to react with indole-3-acetic acid (IAA) as a substrate at least 
in vitro. It was demonstrated that AOX may effectively decrease IAA concentra-
tion in radish roots via oxidative decarboxylation forming, as a main product, 
oxindole-3-methanol (Kerk et al. 2000). While the principal mechanism of auxin 
turnover in shoots engages non-decarboxylative pathway (Woodward and Bartel 
2005), the analysis of IAA metabolite in various parts of root tissue shows that 
decarboxylation is a main IAA-degradation pathway in roots. Oxidative decar-
boxylation occurred almost exclusively in the root tip with possible participation 
of AOX. This finding implicates an existence of a regulatory loop involving AOX, 
IAA and ASC in the root tip cells (Kerk et al. 2000).

Further insight into the relation between AOX and auxin was provided by 
studies on AOX-over-expressing tobacco plants. It was demonstrated that over-
expression of AOX results in oxidation of the redox state of apoplast, which is 
followed by the reduction in sensitivity to exogenous auxin. While wild-type 
seedlings reacted to spraying with 0.5 mM NAA with enhancement of shoot 
growth (i.e. advanced development of cotyledon and leaves) and increase in fresh 
weight, AOX–over-expressing seedlings, submitted to the same treatment, accu-
mulated 25–30% less biomass. Although lateral root proliferation following 
auxin treatment was observed in both, control line and AOX–over-expressing 
line, this effect was much more evident in wild-type seedlings. Desensitisation to 
auxin in AOX-over-producing plants was related to constitutive induction of 
auxin signalling pathway in these plants (Pignocchi et al. 2006). Auxin stimulates 
ROS production in apoplast and employs them as mediators in the regulation of 
plant growth reactions (Joo et al. 2001; Schopfer et al. 2002; Liszkay et al. 2004). 
Because apoplast is already oxidised in AOX-over-expressing plants, a further 
stimulation of ROS production by auxin has minimal effects on oxidative signalling 
processes leading to auxin insensitivity. Moreover, the activity of auxin-dependent 
MAP kinase pathway was doubled in leaves of AOX-over-expressing seedlings 
when compared to control wild-type seedlings. These data emphasise the role of 
apoplast redox-mediated changes in developmental reactions of plants to auxin 
treatments (Pignocchi et al. 2006).

Besides AOX, the effects of auxin treatment on the activities of other ASC 
metabolising enzymes were reported. Changes in the activities of AOX and 
Halliwel–Asada cycle enzyme activity were analysed in the proximal and distal 
parts of tomato seedling roots grown in vitro (Tyburski et al. 2008). Roots respond 
to auxin treatment with an increase in lateral root formation which occurs primarily 
in the proximal part of root and concurrent inhibition of root elongation, which 
affects root elongation zone localised in proximity of the root apex (Cleland 2004; 
Tanimoto 2005). It was demonstrated that a 3-day-long treatment with 1 mM IAA 
decreased the activities of ASC-regenerating enzymes, i.e. monodehydroascorbate 
reductase (MDHAR) and dehydroascorbate reductase (DHAR) within both, distal 
(elongating) and proximal (lateral root producing) part of the root. ASC-oxidising 
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enzymes were stimulated by IAA. However, auxin’s stimulatory effect on ascorbate 
peroxidise (APX) activity was restricted to proximal part of the root, whereas, AOX 
activity increased exclusively within apical part of the root. These changes were 
accompanied with an increase in the participation of DHA in total pool of ascor-
bate. These findings show that the effects of exogenous auxin on ascorbate metabo-
lism depend on the zone of root which is exposed to an auxin stimulus (Tyburski 
et al. 2008). Generally, auxin application is usually followed by increased oxidation 
of the ascorbate pool due to stimulatory effects on AOX or ascorbate peroxidase 
(APX) activity and/or expression. This finding is consistent with an overall mode 
of auxin action, which triggers auxin-specific signalling pathways, oxidising the 
cellular environment (Joo et al. 2001; Schopfer et al. 2002).

2.2  Cytokinin

A role of endogenous cytokinin in regulation of ASC and GSH enzyme activity was 
studied using transgenic tobacco plants expressing supplementary ipt – gene under 
a control of the constitutive promoter for small subunit of RUBISCO (Pssu-ipt). 
Over-expression of bacterial ipt gene encoding isopentenyl transferase, a key 
enzyme in cytokinin synthesis, in plant cells led to an increase in endogenous cyto-
kinin content in transgenic plants. When compared to non-transformed control, 
active forms of cytokinins increased seven times in transgenic shoots grafted onto 
nontransgenic rootstock and 12 times in transgenic shoots propagated in vitro. Tobacco 
plants over-expressing ipt, exhibited typical traits of cytokinin over-production 
syndrome, including reduced root growth, reduced apical dominance, and retarded 
plant and leaf senescence. Transgenic plants were also characterised by alterations 
in water regime, disturbance in photosynthesis and over-expression of PATOGENESIS 
RELATED PROTEIN 1 (PR1). These findings were interpreted as symptoms of 
permanent stress, which is caused directly and indirectly by cytokinin over-production 
(Synková et al. 2004. Transgenic plants produced more H

2
O

2
 than control plants; 

however, higher activities of ascorbate/glutathione enzymes were detected in 
cytokinin over-producing plants as well. APX activity was two times higher in 
transgenic plants grown either in vitro or in vivo conditions when compared to the 
control. Glutathione reductase (GR) activity was also doubled in ipt transformants, 
however, this increase was observed only in in vitro cultured plants, whereas there 
was no difference in GR activity between control and transgenic plants grown in ex 
vitro conditions. In addition, catalase (CAT) activity was stimulated in transgenic 
plants; on the other hand, superoxide dismutase activity was halved. These findings 
suggest that cytokinins may regulate H

2
O

2
 levels by changing the activities of prin-

cipal enzymes of H
2
O

2
 turnover (Synková et al. 2004, 2006).

Cytokinin over-expression had important consequences for redox metabolism 
during senescence. This process is, to a large extent, dependent on ROS accumu-
lation in chloroplasts, which causes chlorophyll bleaching, lipid peroxidation and 
eventual loss of chloroplast integrity (Navabpour et al. 2003; Bhattacharjee 2005). 
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Control plants exhibited high activities of antioxidant enzymes in early stages 
of plant development, i.e. until the onset of flowering, and a decline in later 
stages. Contrary to the control, transgenic plants showed increase in CAT, GR 
and APX in later stages of development, i.e. during flowering and forming 
seeds. These data suggest that cytokinin control of senescence involves the 
regulation of the activities of aforementioned H

2
O

2
-processing enzymes 

(Synková et al. 2006).
Similar effects of exogenously applied cytokinin were demonstrated. Wheat leaf 

segments treated with 10−4 M BAP exhibit delayed senescence, which manifests 
itself in the retention of chlorophylls and chloroplast proteins (Zavaleta-Mancera 
et al. 2007). Consequently, during incubation period following exposure to BAP, 
chloroplasts in the cells of treated leaf segments remained intact significantly longer, 
whereas those of control segments exhibited various symptoms of degradation. 
BAP-treated leaves accumulated significantly lower levels of H

2
O

2
. This finding 

together with increasing the content of xanthophylls, at least partly, explains 
delayed senescence of leaves pre-treated with BAP. Decrease in H

2
O

2
 was due to 

enhanced activity in CAT and APX enzymes. During 6-day-long incubation period, 
in control leaves CAT activity decreased from the fourth day on and APX activity 
decreased on the sixth day. BAP treatment prior to incubation period efficiently 
prevented the decrease in the activities of both enzymes. It was concluded that the 
mechanism of cytokinin-dependent delay in leaf senescence involves the reduction 
in H

2
O

2
 levels due to the hormone’s stimulatory effect on CAT and APX activities 

(Zavaleta-Mancera et al. 2007).

3  Ascorbate and Glutathione as Regulators of Cell Division  
in the Root Apical Meristem

There is a growing body of evidence indicating that the role of ascorbate and 
glutathione in plants extends beyond their intensively explored antioxidant function 
(De Pinto and De Gara 2004). It has been demonstrated that high ascorbate and 
glutathione levels are required for normal progression of the cell cycle in mer-
istematic tissues (Liso et al. 1984, 1988; Potters et al. 2000; Vernoux et al. 2000; 
Jiang et al. 2003). Ascorbate is directly involved in the regulation of two processes 
that mediate morphogenic responses in plants: cell division and elongation. The reduced 
ascorbate (ASC) as well as oxidised form of this compound (dehydroascorbate, 
DHA) play an important role in the regulation of mitotic activity in the meristems 
(De Tullio et al. 1999; De Pinto et al. 2000; Potters et al. 2002). It was observed 
that ASC promotes cell-cycle progression in the root apical meristem by stimulating 
G1-S transition. If ASC is added to the cells of the root quiescent centre (QC), it 
induces these normally non-dividing cells to pass from G1 into the S phase (Liso 
et al. 1988).

A direct link between ASC/DHA and GSH/GSSG redox states and auxin-
dependent regulation of mitotic activity in discrete parts of the apical root meristem 
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has been demonstrated. The apical root meristem comprises of proximal meristem 
(PM), which produces the tissues of the root proper and the distal meristem (DM) 
that produces root cap. Between the actively dividing cells of PM and DM, the 
population of slowly dividing cells, called quiescent centre (QC) is localised. QC 
cells spend extended periods of time in G1 phase, dividing, on average, every 200 h 
(Jiang et al. 2006). It was demonstrated that laser ablation of QC cells leads to 
differentiation of the initial cells previously attached to it. Therefore, it was 
 concluded that the function of QC is maintaining the dedifferentiated state of 
initial cells in adjacent meristems in a cell-contact-dependent manner (Bonke 
et al. 2005).

Differences in the cell division rate between the meristems and QC depend on 
the polar transport of auxin from shoot apex, where the hormone synthesis takes 
place, to the root tip. Directions of hormone transport in the root are determined by 
the patterns of PIN family auxin – efflux carrier protein expression (Friml 2003). 
Auxin is transported acropetally towards the root tip through the root stele tissue 
employing cells that express PIN1 auxin efflux carrier (Friml 2003). The hormone 
is transported to QC and columella initials where high levels of auxin accumulate 
(Kerk and Feldman 1995). Part of auxin is further transported from QC to columella 
by PIN4 protein. An auxin efflux protein PIN3, specifically expressed by columella 
cells is localised in lateral sides of plasma membrane that enables basipetally 
directed lateral auxin transport through lateral parts of the root cap and cortex/
endoderm cells expressing PIN2 auxin carrier (Benkova et al. 2003; Friml 2003; 
Blilou et al. 2005).

It was demonstrated that auxin accumulation in QC switches the redox balance 
in the cells towards a more oxidised state (Jiang et al. 2003). When compared to 
rapidly dividing PM initials, cells of the QC are characterised by the elevated levels 
of DHA (×1,000), GSSG (×10), O

2
·− (×15.6) and H

2
O

2
 (×34). On the other hand, 

rapidly dividing cells of PM contain reduced forms of ASC and GSH and do not 
accumulate ROS. Auxin-induced oxidised intracellular environment plays a decisive 
role in maintaining the low cell division rate in QC (Kerk and Feldman 1995; Jiang 
et al. 2003). Treating roots with an inhibitor of auxin polar transport, such as NPA, 
results in a relocation of auxin maximum from QC to cortical and procambial 
region of proximal meristem. This alteration in auxin distribution was followed by 
mitotic activation of QC. This correlated with the development of less oxidised 
status in the QC and more oxidised status in the adjacent PM, to which the auxin 
maximum was shifted (Jiang et al. 2003).

An increase in ASC oxidation in QC is attributed to high AOX activity. Both, 
AOX transcript and protein accumulate very distinctly in QC, whereas proximal 
and distal meristem cells were characterised by much lower AOX activity. 
Because AOX expression is stimulated by auxin (Kato and Esaka 1999; Kerk and 
Feldman 1995; Liso et al. 2004), high levels of enzyme activity are maintained in 
QC by IAA accumulating within this structure. Consequently, high rate of ASC 
oxidation keeps the oxidised ascorbate redox balance (Kerk and Feldman 1995). 
QC cells exhibit lower abilities for regenerating ASC from DHA because of the 
absence of DHAR activity. However, the activity of MDHAR was similar in QC 
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and adjacent meristem cells, which possibly prevents the ascorbate pool in QC 
from total oxidation. QC cells were equipped with several times lower levels of 
GR activities, which explains decreased abilities for recycling GSH from GSSG 
(Jiang et al. 2003).

Highly oxidised intracellular environment of QC seems to slow down cell divi-
sion rate by reducing mitochondrial activity. QC cells are characterised by lowered 
mitochondrial membrane potential, which indicates the decrease in the production 
of ATP and NADH. Critical levels of these compounds are necessary to satisfy the 
G1-S checkpoint energy requirement. Therefore, reduced ATP/NADH levels in 
QC cells result in a decrease in the energy supply, which may cause the decrease 
in the cell division rate in QC (Jiang et al. 2006). Alteration in mitochondrial activity 
in QC may be related to inhibition of expression of some nuclear-encoded 
mitochondrial proteins. Among them, the reductions in tricarboxylic acid cycle 
enzymes have been demonstrated (Jiang et al. 2006). On the other hand, tran-
scripts encoded by the mitochondrial genome were not decreased in QC cells 
when compared to adjacent meristem cells. It was also demonstrated that, in spite 
of constitutive oxidative stress conditions, which often result in a loss of mitochon-
drial membrane integrity, followed by the induction of apoptosis pathway, the 
overall cellular ultra-structure of the QC, including that of the mitochondria is 
typical of that found in unstressed plant cells. The intactness of the mitochondria, 
and other cell organelles of QC cells is possibly due to protective functions of 
residual levels of reduced ascorbate and glutathione still present within these cells 
(Jiang et al. 2006).

The mechanism of ASC-dependent stimulation of cell divisions is still not 
sufficiently explained. Some data suggest that the stimulatory effect of ASC on 
cell divisions in root apical meristem results from the involvement of ASC in 
hydroxyproline synthesis. Hydroxyproline-containing proteins play a decisive role 
in cell cycle regulation and ASC is a co-factor of peptidyl-prolyl hydroxylase – a 
hydroxyproline-synthesising enzyme (De Tullio et al. 1999). Another hypothesis 
indicates the role of ASC in inducing the activity of ribonucleotide reductase 
(RNR). The enzyme reduces ribonucleotides to deoxyribonucleotids and therefore 
is an essential enzyme for DNA synthesis during the S phase. ASC is supposed to 
be required for effective reconstitution of an iron centre of RNR by increasing 
the release of Fe2+ from intracellular stock such as ferritin (Potters et al. 2002). 
A complementary explanation stresses the role of AOX in oxygen management 
and the regulation of metabolic rate in plant cells. According to this idea, ASC oxidation 
catalysed by AOX as an oxygen-consuming reaction decreases the oxygen 
availability in the cell. This results in slowing down of the metabolism and is 
followed, as observed in QC cells, by a decrease in the rate of cell divisions (De 
Tullio et al. 2007).

Finally, ascorbate affects plant development being engaged in the synthesis of 
several growth regulators, such as ethylene, abscisic acids and gibberellins. It func-
tions in these processes as a co-factor of dioxygenases – enzymes playing a decisive 
role in the synthesis of aforementioned hormones (Dong et al. 1992; Liu et al. 1999; 
Arrigoni and De Tullio, 2000; Lopéz-Carbonell et al. 2006).
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4  Glutathione as a Regulatory Factor in Plant Development

It has been previously demonstrated that GSH has many functions in plants including 
an important role in the antioxidant system, sulphur metabolism and detoxification 
of xenobiotics (Noctor and Foyer 1998). In addition, similar to ASC, a regulatory 
role of GSH in some aspects of plant development has been reported. It was dem-
onstrated that the timing of the development of inflorescence and flowering in the 
rosette plants: Arabidopsis thaliana (Ogawa et al. 2001) and Eustoma grandiflorum 
(Yanagida et al. 2004) is regulated by changes in the rate of GSH biosynthesis. 
Ogawa et al. (2001) have shown that the effects of endogenous GSH levels on 
flowering in Arabidopsis are dependent on the stage of plant development. 
Depleting GSH by treating plants with a specific inhibitor of GSH biosynthesis, 
buthionine-l- suphoxymine (BSO), promoted flowering when it was applied at the 
onset of transition to flowering. On the other hand, when plants were exposed to 
BSO from the beginning of culture, flowering was delayed. The GSH-deficient 
Arabidopsis mutant cad2 also exhibited delayed flowering when compared to wild 
type plants (Ogawa et al. 2001). Later it was demonstrated that levels of endogenous 
GSH, decisive for the proper timing of flowering, are regulated by the availability 
of ATP synthesised during photosynthesis and therefore are dependent on the 
intensity of photosynthesis (Ogawa et al. 2004). GSH is also required for vernaliza-
tion-induced flowering of rosette plant Eustoma grandiflorum. It was shown that 
vernalization was efficiently replaced by feeding with GSH, or its precursor 
cysteine (however not by other thiols) in promoting flower induction. On the other 
hand, the inductive effect of vernalizaton on bolting was suppressed by BSO, without 
decreasing the plant growth rate (Yanagida et al. 2004).

GSH is also involved in the regulation of the phytohormone-induced differentiation 
of tracheary elements (TE) in Zinnia and Arabidopsis (Henmi et al. 2001). This 
process was promoted by GSSG, if the substance was applied during the early 
period of culture, whereas the effect was completely reversed when GSSG was 
applied at a later period of culture. The expression of glutathione reductase (GR) 
was down-regulated during TE development and exogenous GSH suppressed TE 
formation. Over-expressing GR in Arabidopsis had the same effect. Because GSSG 
stimulated TE differentiation only in the presence of appropriate growth regulators, 
the authors conclude that GSSG-dependent regulation cooperates with phytohor-
mones to induce TE differentiation (Henmi et al. 2001).

Presence of the reduced form of glutathione (GSH) in tissue was found to be 
necessary to maintain cell divisions in Arabidopsis root meristem (Sánchez-
Fernández et al. 1997; Vernoux et al. 2000). GSH was localised in actively dividing 
initial cells while it was absent in slowly dividing cells of the quiescent centre, that 
suggests that growing tissues have a requirement for glutathione. Cell divisions of 
meristem initials were stimulated by exogenous GSH and inhibited by treatment 
with the inhibitor of GSH biosynthesis BSO (Sánchez-Fernández et al. 1997). 
Moreover, Arabidopsis plants homozygous for a mutation in the ROOT 
MERISTEMLESS 1 (RML1) gene, coding for g-glutamylcysteine synthetase 
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(enzyme of GSH biosynthesis), accumulating only 3% of the wild type GSH level, 
were unable to maintain cell divisions in the root apical meristem. On the other 
hand, root cells of the mutant plants divided normally when fed with exogenous 
GSH. Cells in the root meristem of the mutant plant were arrested at the G1-S 
transition of the cell cycle, which resulted in inhibition of root growth. However, 
while post-embryonic root development was blocked due to cell division arrest, the 
overall organisation of cell types in the root apex was not changed when compared 
to wild type plants. The rml1 phenotype can be induced by treating wild-type 
seedlings by lowering GSH levels with BSO. Similar to rlm1 plants, cells in the 
root apical meristem of BSO-treated seedlings are arrested in G1 phase. It should 
be noted that the GSH requirement of cell division process is a root-specific phenom-
enon. The shoot meristem of rlm1 seedlings is able to produce all the above-ground 
organs with timing similar to that of wild type plants (Vernoux et al. 2000).

5  Plant Cell Suspension Cultures as Model Systems in Studies 
on the Mechanism of Ascorbate and Glutathione Role  
in Cell Proliferation

The long-term cultures of plant cells and small cell aggregates named cell suspension 
cultures, are characterised by the highest structural and metabolic homogeneity in 
plant in vitro culture. Cell suspension cultures are usually derived from callus 
cultures and grown in liquid media under constant shaking and aeration. As quickly 
dividing and easily synchronizable cell populations, which follow specific growth 
kinetics, cell suspensions are frequently used in studies on the mechanism of cell 
cycle regulation (Menges and Murray 2002). Cell suspension cultures of Arabidopsis 
and tobacco cell line BY2 were used as model systems in studies on ascorbate and 
glutathione involvement in the regulation of cell divisions.

Timing of phases during cell suspension growth kinetics was found to be 
synchronized with changes in cellular ASC and GSH levels. A three- to fourfold 
increase in the endogenous ASC content was observed during the exponential 
growth phase, and a peak in ASC coincided with a peak in the mitotic index in BY2 
culture (De Pinto et al. 1999). Ascorbate was also abundant in the exponential 
phase of Arabidopsis cell culture growth cycle. When the growth rate in culture 
declined, ascorbate levels decreased to about half its original value (Pellny et al. 
2009). In addition, an increase in GSH levels was observed during a proliferation 
phase of the growth cycle (De Pinto et al. 1999).

Cell proliferation in tobacco cell culture was strongly stimulated by exogenous 
GSH, however, was not affected by GSSG (De Pinto et al. 1999, 2000). Stimulation 
of ASC biosynthesis in BY-2 by adding ascorbate precursor galactono-g-lactone 
(GalL) to the culture medium accelerated culture growth by promoting cell division. 
In contrast to the reduced form of ascorbate, exogenous DHA strongly blocked cell 
divisions in BY2 culture (De Pinto et al. 1999). Studies using synchronized BY-2 
cells revealed that addition of 1 mM DHA to cells in G1 phase induced a delay in 
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cell cycle progression. DHA-treated cells reached the same value of mitotic index 
as untreated cells but several hours later. DHA added to the medium was quickly 
reduced after the uptake by the cells, leading to a strong increase in ASC intracellular 
level. Because oxidative stress induced by various environmental factors favours 
oxidation of apoplastic ASC to DHA, it was concluded that slowing down the cell 
cycle progression in the presence of high DHA levels may function as an adaptation 
strategy to surveillance under stress condition. (Potters et al. 2000).

Studies on BY2 cell culture revealed that the DHA effect on cell proliferation 
could not be reproduced by GSSG treatment (De Pinto et al. 1999). However, total 
depletion of cellular GSH with BSO resulted in a cell cycle delay similar to that 
caused by DHA treatment. Simultaneous application of both compounds com-
pletely blocked mitotic activity. On the other hand, combined addition of GSH and 
DHA resulted in delay similar to DHA alone. This finding suggests that the ASC/
DHA pair has a specific regulatory role on cell division rather than merely acting 
as a general redox pair and that ascorbate and glutathione control cell cycle using 
independent pathways (Potters et al. 2004).

It is noteworthy that DHA is only capable of slowing down the cell cycle when 
added during G1 phase. Addition of DHA during G2 phase did not affect the cell 
cycle progression. This suggests that DHA influences cell cycle through processes 
that are specific for G1 or S phase. However, the precise mechanism of DHA-
dependent cell cycle regulation still remains to be deciphered (Potters et al. 2004).

Changes in the activities in ASC and GSH metabolising enzymes were synchro-
nized with ASC, GSH levels and rate of cell division in BY2 cell culture. Similar 
to ASC and GSH content the activities of the Halliwel–Asada cycle enzymes rise 
during exponential phase of the cell culture growth cycle. These finding suggests 
that cell division process is marked by the intensification in ascorbate and glutathione 
turnover. Apart from the ASC-dependent H

2
O

2
 scavenging that is particularly high 

in dividing cells, other ascorbate-consuming processes like hydroxyproline-rich 
protein or nucleotide synthesis are responsible for an increased ascorbate recycling 
(De Pinto et al. 2000).

A regulatory role for glutathione with respect to cell proliferation in Arabidopsis 
cell culture was demonstrated to be linked to pyridine nucleotide metabolism and 
activity of poly (ADP-ribose) polymerase (PARP) activity (Pellny et al. 2009). 
PARP is a nuclear enzyme which transfers ADP-ribose units from NAD+ residues 
on target proteins, resulting in branched chains of ADP-ribose polymers. 
ADP-ribosylation is important in regulating processes such as DNA repair, modi-
fication of histone structure and chromatin remodelling (Kraus and Lis 2003). 
PARP activity level correlated with the rate of cell division in Arabidopsis cell 
culture; lower activity was observed on the first day after inoculation but values 
increased rapidly during the exponential growth phase. Subsequently, when the 
growth rate in culture declined, PARP activity decreased (Pellny et al. 2009). 
Expression patterns of the major Arabidopsis PARP-coding genes (PARP1 and 
PARP2) increased progressively during the exponential phase, giving a peak when 
growth was the highest and declined thereafter. High PARP1 and PARP2 expression 
levels were associated with increases in the NAD + NADH pool and oxidised state 
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of NAD/NADH redox pair. Because PARP is a NAD-cleaving enzyme, this reflects 
the requirement for the pyridine nucleotide substrate. Intracellular glutathione (but 
not ascorbate) levels increased in parallel with PARP activity and expression. The 
putative reason for glutathione increase during exponential phase is the necessity to 
buffer cellular oxidation caused by enhanced oxidation of NAD pool. At this phase 
of the growth cycle, glutathione is present in the cytoplasm. However, almost total 
cellular glutathione is recruited to the nucleus at the end of the phase of exponential 
growth. GSH movement between cytoplasm and nucleus may possibly have important 
consequences for both, redox buffering in the cytoplasm and direct regulation of 
gene expression. A close correlation between glutathione levels and PARP activity 
suggests that there is a relationship between these parameters. PARP is a redox-
sensitive enzyme whose activity could be regulated by the GSH in the nucleus, via 
thiol-disulphide exchange mechanism or glutathionylation (Pellny et al. 2009). 
However, these ideas should be supported by further experiments.

6  Regulation of Cell Growth by Ascorbate

Besides the effects on cell division rate, ascorbate affects organ growth by partici-
pating in the process of cell wall stiffening, which regulates the cell expansion 
within the organ elongation zones (Green and Fry 2005a). An increase in activity 
of apoplastic AOX, detected in rapidly elongating tissues, results in the production 
of monodehydroascorbate (MDHA) in the plant cell wall. This compound activates 
plasma membrane H+-ATPase (Gonzales-Reyes et al. 1992; Asard et al. 1995). An 
increase in the activity of this enzyme is followed by an acidification of apoplast 
that according to the acid growth theory leads to the loosening of cell wall structure 
and facilitates cell growth (Cosgrove 2001). Moreover, MDHA in apoplast functions 
as an acceptor in transmembrane electron transport. The plasma membrane redox 
system, involving cytochrome B, transports electrons from NADH across the 
plasma membrane onto MDHA, which is reduced to ASC. The intensification of 
this process results in plasma membrane hyperpolarisation which is followed by 
activation of plasma membrane H+-ATPase that promotes cell growth as mentioned 
above. Simultaneously, local cytoplasm acidification resulting from NADH oxidation 
activates vacuolar H+-ATPase. Consequently, an increase in cell vacuolization 
occurs which further enhances cell expansion (Gonzales-Reyes et al. 1992; 
Horemans et al. 2000). MDHA generated by AOX activity in the apoplastic spaces 
may undergo further spontaneous oxidation to DHA (Noctor and Foyer 1998). This 
compound as well as a product of its degradation – oxalate – may directly cause 
cell wall loosening and/or enhance cell vacuolization (Lin and Varner 1991).

Another mechanism linking apoplastic ASC with loosening of cell walls in 
growing segments of plant organs involves the inhibitory effect of this antioxidant 
on peroxidase-dependent processes of cross-linking cell wall polymers. ASC prevents 
oxidative formation of diferulate bridges between cell wall polysaccharides in 
elongating onion roots (Córdoba-Pedregosa et al. 1996; Takahama and Oniki 1992) 



692 Ascorbate and Glutathione in Organogenesis

and pine hypocotyls (Sánchez et al. 1997). ASC inhibited the polymerisation of 
monomers of cell wall structural protein extension by blocking isodityrosine cross-
linking (Córdoba and Gonzales-Reyes 1994) and delayed cell wall lignification by 
reducing phenoxyl radicals, which serve as precursors in peroxidase-dependent 
lignin synthesis (Takahama and Oniki 1991; Padu 1999).

Ascorbate may also stimulate a pro-oxidative process within the plant cell wall, 
which results in local production of hydroxyl radical (˙OH) (Fry 1992; Green and 
Fry 2005a, b). This highly reactive compound is able to cause an oxidative scission 
of cell wall polysaccharide chains, which is followed by loosening the cell wall 
structure that again promotes cell growth (Schopfer et al. 2001; Schopfer 2002). 
The mechanism of ASC-dependent ˙OH was proposed to have a non-enzymatic 
nature and to require O

2
 and a transition metal such as Cu2+. It was demonstrated 

that in the presence of traces of Cu2+, ASC reduces O
2
 to H

2
O

2
, ASC also reduces 

Cu2+ to Cu+. These two products: H
2
O

2
 and Cu+, can participate in a Fenton reaction. 

In the course of this reaction, Cu2+ is regenerated with concurrent ˙OH formation 
(Fry 1992).

Besides ascorbate itself, the components of its breakdown pathway may also act 
as pro-oxidative agents that stimulate the generation hydroxyl radical (˙OH) in the 
cell wall. DHA generated by ASC oxidation may undergo an apoplast-specific 
degradation pathway via oxidase-dependent or non-enzymatic, conversion of DHA 
to 4-O-oxalyl-l-threonate. The latter compound is further converted to l-threonate 
and oxalate as final degradation products. This reaction is catalysed by apoplastic 
oxalyl esterases but may also occur non-enzymatically. During these steps addi-
tional H

2
O

2
 molecules are formed, which can take part in a Fenton reaction. 

Moreover, in many plants l-threonate is oxidated to l-threarate in a reaction, which 
uses two O

2
 and generates two H

2
O

2
 molecules. In tissues possessing apoplastic 

oxalate oxidase, the oxalate can also yield H
2
O

2
 when oxidised (Green and Fry 

2005a, b).

7  A Role of Ascorbate in Somatic Embryogenesis

Studies on the roles of ASC in the formation of somatic embryos were conducted 
using white spruce (Picea glauca) embryogenesis as a model system. An embryogenic 
tissue for the induction of somatic embryogenesis was generated from zygotic 
embryos (Stasolla and Yeung 1999). A well-characterised process of somatic 
embryogenesis in this plant generally consists of proliferation and maturation 
stages. These stages are characterised by different hormonal requirements. The first 
stage is characterised by proliferating tissue on the auxin- and cytokinin-containing 
medium. At this stage, the formation of filamentous embryos occurs. These structures 
are composed of a suspensor region subtending clusters of small, non-vacuolated 
cells of the embryo proper. Then, the tissue is transferred onto the ABA-supplemented 
maturation medium. During the culture in the presence of ABA, cell divisions 
occurs which leads to an increase in the size of the embryo proper. Subsequently, 
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a well-developed shoot and root pole become visible. Finally, the embryos develop 
a ring of cotyledons at the shoot apical region. Mature embryos are transferred 
onto the germination medium where, root and shoot emergence occurs (Stasolla 
et al. 2002).

White spruce somatic embryo maturation and germination were marked by 
important changes in ASC metabolism. The differences in ASC content, ASC/DHA 
redox state, and the activities of ascorbate-metabolising enzymes were analysed 
using both embryogenic and non-embryogenic cell lines. While no differences in 
ASC metabolism were observed between embryogenic and non-embryogenic cell 
lines in the proliferation medium, after the transfer onto the maturation medium, the 
rate of ASC synthesis sharply increased in embryogenic lines, whereas it remained 
constant in the non-embryogenic line. Gradual decrease in the APX activity fol-
lowed by a shift within the total ascorbate pool towards the reduced form was 
observed in embryogenic lines. On the other hand, the non-embryogenic line was 
characterised with significantly higher APX activity and oxidised state of ascorbate 
pool. Switching of the ASC/DHA ratio towards the reduced state and increase in 
ASC levels in embryogenic lines are possibly required for the progression of cell 
divisions within developing embryos (Stasolla and Yeung 2001).

In contrast to zygotic embryos, which undergo desiccation before subsequent 
germination preceded by imbibition, mature somatic embryos usually directly 
develop to plantlets. However, the germination frequency of somatic embryos of 
coniferous species, including white spruce, was found to be greatly increased by 
partial drying treatment (PDT) preceding transfer onto germination medium. 
Stimulatory effect of PDT results from an alteration in storage product deposi-
tion, decreased synthesis of ethylene and ABA, and changes in the pattern of 
nucleotide synthesis and utilization (Stasolla et al. 2002). PDT applied to the 
mature embryos was characterised by several changes in ASC metabolism. 
Firstly, ASC levels in the embryos as well as the activities of its redox enzymes 
significantly declined. Secondly, ASC/DHA ratio shifted to a more oxidised 
state, with equal participation of ASC and DHA in total ascorbate pool observed 
at the end of PDT. After PDT, white spruce embryos are transferred onto a 
hormone-free germination medium, where the induction of root and shoot 
meristem activity occurs. Upon the transfer onto the germination medium a res-
toration of ASC synthesis and ASC metabolism were observed. Besides the 
onset of ASC synthesis, a reduction of DHA accumulated during PDT occurs 
which contributes to an increase in the ASC level. Elevated ASC levels are 
required for activation of meristematic activity in germinating embryo. Moreover, 
an increase in ASC levels are followed by rise in APX activity necessary for 
detoxification of H

2
O

2
 generated after the recovery of oxidative metabolism 

(Stasolla and Yeung 2001).
The process of shoot emergence was found to be significantly affected by ASC 

added to the germination medium (Stasolla and Yeung 1999). An optimised concen-
tration of ASC significantly enhanced shoot development. Moreover, ASC-treated 
embryos were larger and produced dark green leaves at the shoot pole. Control 
embryos, germinated on ascorbate-free medium were smaller than and not as green 
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as those cultured in the presence of ASC. In contrast to shoot meristem, the root 
pole of the embryo did not react with an increase of root growth to ASC treatments 
(Stasolla and Yeung 1999). An importance of ASC for embryo meristem reactivation 
at germination was confirmed by a complementary approach using lycorine – an 
inhibitor of ASC biosynthesis. Lycorine inhibits the last step of ASC synthesis, i.e. 
conversion of GalL to ascorbate (Arrigoni 1994). It was demonstrated that ASC 
depletion following the lycorine administration to the germination medium prevents 
cellular divisions in the shoot apical meristem (Stasolla and Yeung 2007).

The mechanism of ASC stimulatory effect on the shoot apex development 
involves prevention of the peroxidase-dependent cell wall stiffening within shoot 
apical meristem. Experimental manipulations resulting in an increase in ASC content, 
i.e. supplementing germination medium with ASC or GalL, decrease the activities 
of ferulic acid peroxidase (FPOX) and guaiacol peroxidase (GPOX). On the other 
hand, activities of the aforementioned enzymes increase in lycorine-treated 
embryos. FPOX and GPOX are responsible for cross-linkage of cell wall compounds, 
which leads to cell wall stiffening and prevents cell division and cell growth. 
Therefore, the critical levels of endogenous ASC in the apical meristem are necessary 
to maintain cell wall plasticity prerequisite for both cell growth and proliferation 
(Stasolla and Yeung 2007).

8  A Role of Glutathione in Somatic Embryogenesis

A series of studies revealed an importance of glutathione concentration and redox 
state for the process of somatic embryo formation in the white spruce tissue culture. 
In contrast to ASC treatments, which stimulated mainly postembryonic develop-
mental events within the shoot meristem, altering glutathione level affected all 
stages of somatic embryo formation and further development: cell proliferation on 
maintenance medium, embryo maturation and germination. GSH supplementation 
to the maintenance medium had a stimulatory effect on cell divisions in the 
embryogenic tissue resulting in higher fresh weigh increase when compared to 
untreated control. On the other hand, the rate of growth of GSSG-treated tissue was 
comparable to that of control (Belmonte et al. 2003).

The addition of exogenously supplied GSH or GSSG to the ABA-containing 
maturation medium affected the number of embryos formed in culture as well as 
their quality. An optimised GSH concentration in the medium resulted in an 
increase in the number of embryos formed, this increased number was, however, 
mostly due to the production of low quality embryos, unable to regenerate viable 
plants. In contrast to GSH-treatment, supplementing medium with GSSG had a 
marginal effect on total embryo population. However, supplementing with GSSG 
strongly increased embryo quality, which manifested in higher number of 
embryos equipped with four or more cotyledons and possessing high germination 
potential. It should be noted that the aforementioned effect of GSH or GSSG 
applications were limited to the narrow ranges of concentration. Higher level of 
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both glutathione redox forms inhibited overall embryo-forming capacity in cultured 
tissue and impeded embryo development (Belmonte and Yeung 2004; Belmonte 
et al. 2005a).

GSSG treatment caused an increased accumulation of starch granules, lipids 
and protein bodies in cortical and procambial cells of GSSG-treated embryos. 
Storage product deposition in cells of treated embryos may be required for the 
acquisition of desiccation tolerance, thus enhancing the viability of embryos. 
Another striking feature of embryos exposed to GSSG was the proper structure 
of meristems, whereas meristems of untreated embryos were frequently disrupted 
by intercellular spaces, which led to a failure in meristem reactivation during 
postembryonic development (Belmonte et al. 2005a). The improved architecture 
of shoot apical meristems in GSSG treated embryos may be due to the reduction 
of ethylene production. Disorganisation of cell division patterns in meristem 
resulting in intercellular spaces formation was related to the accumulation of this 
hormone in the culture vessel. In embryos grown on GSSG-supplemented 
medium endogenous ethylene level did not vary throughout the culture period. On 
the other hand, in control cuttings ethylene production increased markedly after 
10 days of culture and remained high until the end of culture period (Belmonte 
et al. 2005a).

Ethylene synthesis in white spruce seems to be under control of GHS/GSSG 
redox status. It was demonstrated that the gene encoding aminocyclopropane-1-
carboxylate (ACC) oxidase, an enzyme responsible for the final step of ethylene 
biosynthesis is induced by GSH treatment at all the stages of somatic embryo 
development. A switch of the glutathione pool towards oxidised form by GSSG 
administration is believed to have inhibitory effect on ACC oxidase expression that 
consequently decreases ethylene levels (Stasolla et al. 2004). However, the down 
regulation of ACC oxidase transcript level imposed by GSSG application still needs 
to be demonstrated to prove this hypothesis.

Given that supplementing GSH to the medium favours cell proliferation during 
early stages of somatic embryogenesis and increases total embryo yield, whereas 
effect of GSSG treatment manifests itself at embryo maturation period, a protocol 
of sequential treatments with GSH and GSSG was developed to profit the beneficial 
effects of both glutathione redox forms. An optimised procedure that resulted in the 
highest embryo yield, containing the highest percentage of high quality embryos 
consisted of 7 days of GSH treatment followed by culture in the presence of GSSG 
during the remaining part of 40-days-long culture period (Belmonte et al. 2005a). 
Similar stimulation of somatic embryogenesis was achieved by replacing sequential 
GSH/GSSG treatment with supplementing maturation medium with optimised 
concentration of BSO. It was observed that the glutathione redox state turned towards 
a more oxidised one with 0.01 mM or higher concentration of BSO. Compared to 
control embryos, the GSH/GSH + GSSG ratio declined quickly in BSO-treated 
embryos over the course of culture period, reaching its minimal value in fully 
mature embryos. In contrast to BSO-treated embryos, control ones were character-
ised by reduced glutathione redox status throughout the culture period (Belmonte 
and Stasolla 2007; Stasolla et al. 2008).
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Oxidation of glutathione pool in tissues grown in the presence of BSO was 
beneficial for the efficiency of embryogenesis and the quality of embryos formed. 
In contrast to control embryos, those formed in the presence of 0.01 mM BSO were 
characterised by proper organisation of shoot apical meristem with its sub-apical 
domain composed by tightly packed cells. Moreover, BSO-treated embryos 
contained more initial cells in root apical meristem when compared to the untreated 
control (Belmonte and Stasolla 2007; Stasolla et al. 2008). This finding is consis-
tent with the present knowledge which emphasises the importance of an oxidised 
environment for the establishment of quiescence and cell division patterns in the 
apical root meristem (Jiang et al. 2003).

Since glutathione levels and redox state are coupled to ascorbate through 
ASC–GSH cycle, BSO treatment affected both ascorbate levels and the activities of 
several ascorbate enzymes. Generally, BSO treatment decreased total ascorbate 
levels in embryos and transiently stimulated the expression of genes coding for 
APX and MDHAR, which resulted in an increase in the activities of these enzymes. 
A stimulatory effect of BSO on the APX activity during the early phase of embryo 
development may have particular importance for somatic embryo development due 
to decreasing toxic levels of H

2
O

2
 generated during active embryonic growth 

(Stasolla et al. 2008).

9  Glutathione-Dependent Changes in Nucleotide Metabolism 
During Somatic Embryogenesis

Studies on nucleotide metabolism in cultures grown on GSH-supplemented media 
revealed that stimulatory effect of GSH treatment on cell proliferation in white 
spruce culture grown on maintenance medium is possibly related to alterations in 
purine and pyrimidine metabolism (Belmonte et al. 2003, 2005b). Both purine and 
pyrimidine nucleotides serve as building blocks for nucleic acid synthesis. 
Moreover, purine nucleotides participate in bio-energetic processes. In white spruce 
cells, both purine and pyrimidine nucleotides can be synthesised de novo from 
precursor molecules, or through the salvage mechanism, that utilises bases and 
nucleosides as substrates (Stasolla et al. 2003).

The effects of GSH or GSSG supplementation to the maintenance medium on 
pyrimidine metabolism was studied by following the metabolic fate of radiola-
belled orotic acid, precursor of the de novo synthesis pathway and uridine and 
uracil, respective intermediates of the salvage and degradation pathway. Inclusion 
of either GSH or GSSG to the medium increased the levels of pyrimidine nucleo-
side triphosphates and nucleic acids in cultured cells. It was demonstrated that 
elevated GSH levels result in activation of the de novo synthesis and reduction of 
the degradation pathway, whereas GSSG increases the activity of salvage pathway. 
Compared to the control tissue, grown on GSH-free medium, tissues cultured in the 
presence of 0.2 mM GSH were characterised by increased production of UMP from 
orotic acid leading to high cellular levels of UTP and CTP. The enlargement of 
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pyrimidine nucleotide pool observed in GSH-treated tissue was due to an increase 
in the activity of orotate phosphoribosyl transferase, an enzyme that converts orotic 
acid to orotidine-5¢-monophosphate during the first step of pyrimidyne nucleotide 
synthesis pathway (Bellmonte et al. 2005b).

Induction of the de novo synthesis of pyrimidine nucleotides by GSH was 
accompanied by a reduction of the degradation pathway. Pyrimidine nucleotides 
undergoing degradation are converted to uracil, which in further steps is degraded 
to b-ureidopropionate and CO

2
 (Stasolla et al. 2003). If the tissue was grown in the 

presence of GSH, substantially less radiolabelled uracil was converted to these 
degradation products. Instead, uracil was recovered into nucleotides and nucleic 
acids (Belmonte et al. 2005b).

In contrast to GSH, in the GSSG-treated tissue, the activities of synthesis and 
degaradation pathways of pyrimidine nucleotides were at control level. On the 
other hand, GSSG increased the efficiency of the salvage pathway by stimulating 
the phosphorylation of uridine to uridine monophosphate (UMP). Following further 
phosphorylation UMP converts to UTP, which may directly be incorporated to 
RNA synthesis or serve as a substrate in CTP- or UDP-glucose synthesis. The reaction 
of UMP synthesis from uridine may be catalysed by uridine kinase or nucleoside 
phosphotransferase. Given that both enzymes respond to GSSG treatment with 
a simultaneous rise in their activities, indicates the possible mechanism of 
GSSG-dependent increase in the rate of uridine salvage (Belmonte et al. 2005b).

Similar approach was applied to test the effects of GSH or GSSG supplementation 
on purine nucleotide metabolism in white spruce embryogenic tissue grown on 
maintenance medium. The activity of synthesis pathway was studied determining 
the rate of incorporation of purine synthesis precursor AICAR to AMP, ATP + ADP 
and nucleic acids. It was observed that GSH or GSSG treatments did not significantly 
increase the efficiency of AICAR conversion into aforementioned compounds. This 
finding suggests that GSH and GSSG do not affect purine synthesis pathway 
(Belmonte et al. 2003). On the other hand, the differential salvage activity was 
observed between control and GSH-treated tissue manifested in an increased incor-
poration of the salvage pathway intermediates, adenine and adenosine, during ATP 
synthesis in GSH-treated tissue. High levels of ATP during exponential growth 
phase of the embryogenic tissue may be required not only as a building block for 
nucleic acid synthesis but also as an intermediate involved in bio-energetic 
processes related to cell proliferation. Finding that only low levels of labelled 
adenine and adenosine was recovered in nucleic acids, suggests that increased ATP 
synthesis is the principal outcome of GSH-dependent stimulation of purine salvage 
pathway (Belmonte et al. 2003). The rate of the degradation of purine nucleotides 
was not affected by GSH or GSSG treatments. However, in GSSG-treated tissue, a 
substantial amount of degradation pathway intermediate – inosine – was recruited 
for the ATP production compared to untreated control and GSH-treated tissue 
(Belmonte et al. 2003).

The data reported above show that the possible mechanism underlying the 
stimulation of the cell proliferation in white spruce embryogenic tissue by glutathione 
is related to an enhancement of the production of nucleotides serving as “building 
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blocks” for nucleic acid synthesis of substrates in bio-energetic reactions (Belmonte 
et al. 2003, 2005b). It was demonstrated that GSH availability regulates the activities 
of enzymes of nucleotide metabolism at the level of gene expression. The level of 
transcript coding for adenosine kinase was markedly higher in GSH-treated 
embryos during embryo maturation phase and germination. GSH supplementation 
to the medium reduced the expression of genes encoding for uracil phosphotrans-
ferase and nucleoside diphosphate kinase during the maturation phase. On the other 
hand, GSH stimulated the expression of uridinylate kinase in mature embryos of 
white spruce (Stasolla et al. 2004).

10  Glutathione-Induced Changes in Patterns of Gene 
Expression During Somatic Embryo Formation

The beneficial effect of GSH on embryo conversion is due to profound changes in 
gene expression patterns observed upon GSH administration. Microarray studies 
revealed that genes involved in large number of metabolic and regulatory pathways 
are differentially expressed between control and GSH-treated tissue. Compared 
with early stages of somatic embryo development, the total number of differentially 
expressed genes increased during embryo maturation (Stasolla et al. 2004). Many 
genes encoding for proteins involved in protein synthesis like ribosomal proteins, 
initiation and translation factors as well as late embryogenic abundant proteins 
were down-regulated in the presence of GSH during embryo maturation phase. The 
lower transcript level of genes related to protein synthesis, together with the 
reduced accumulation of protein bodies in embryos grown on GSH-supplemented 
medium is interpreted to be directly related to the switch to germination mode 
without PDT (Stasolla et al. 2004).

Some genes involved in carbohydrate metabolism, such as several glucanases, 
acetyl-CoA synthase, phosphoenolpyruvate carboxylase were repressed by the presence 
of GSH. On the other hand, expression levels of other group of genes involved in 
carbohydrate processing, represented by transketolase, fructokinase, aldolase and 
aconitase hydratase were elevated in GSH-treated embryos (Stasolla et al. 2004). 
Changes in the expression of aforementioned genes may account for an increased 
starch deposition in the cell of GSH-treated embryos (Stasolla et al. 2004).

An establishment of functional shoot and root apical meristem during somatic 
embryo maturation is dependent on expression of genes involved in meristem iden-
tity and organisation (Golz 2005). It was observed that several genes falling into 
that category, including the homologues of CLAVATA 1 (CLV 1), NO APICAL 
MERISTEM (NAM) and ARGONAUTE (AGO) were substantially stimulated by 
GSH treatment during the late phases of embryo development (Stasolla et al. 2004). 
The aforementioned genes regulate division patterns within shoot apical meristem 
(Golz 2005). Among genes that regulate differentiation within root apical meristem, 
a SCARECROW (SCR) gene was found be up-regulated in mature embryos grown 
on GSH-supplemented medium (Stasolla et al. 2004).
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Relation between expression patterns of genes involved in meristem patterning 
and glutathione levels was studied with regard to spruce KNOTTED-like homeobox 
(KNOX) gene HBK 1. The HBK 1 gene is preferentially expressed in the shoot apical 
meristem of spruce where, similar to its Arabidopsis homologue SHOOT 
MERISTEMELESS (STM), plays decisive role in meristematic cell specification 
(Sundås-Larsson et al. 1998; Hjortswang et al. 2002). In situ hybridisation experi-
ments using probes specific to HBK1 mRNA revealed that long-term culture in the 
presence of GSSG extended the HBK 1 expressing zone within an apical shoot pole. 
Localisation pattern of HBK 1 was similar for both control and GSSG-treated 
embryos during the first 10 days of culture. HBK 1 transcript was restricted to the 
apical pole of embryos. Differences in the expression pattern were visible at day 20 
when HBK 1 expressing zone was still restricted to the apical cells in control 
embryos, whereas was extended to the sub-apical cells in treated embryos. 
Moreover, less cells expressed HBK 1 gene if meristem was disrupted by intercel-
lular spaces. These findings raise a possibility that the improvement of the mer-
istem organisation by GSSG is possibly related to conferring stem cell identity to 
larger population of cells through stimulation the HBK 1 expression (Belmonte 
et al. 2005b).

A transformation approach using white spruce cells transformed with HBK 3 
gene in sense or antisense orientation revealed that representatives of HBK gene 
family control both early and late stages of somatic embryogenesis in spruce. Over-
expression of HBK 3 gene in cells of HBK 3 – sense line promoted the initiation of 
embryo formation in embryogenic tissue. On the other hand, embryo formation was 
strongly reduced in transgenic lines where down-regulation of HBK 3 expression 
was imposed due to antisense HBK 3 transformation. Compared to the control 
embryos, those over-expressing HBK 3 formed larger shoot apical meristems and 
exhibited higher competence for generating viable plants with no phenotypic aber-
rations (Belmonte et al. 2007). Further studies on HBK 3 over- or under-expressing 
lines of embryogenic cells revealed an intimate relationship between HBK 3 expres-
sion level and ASC and GSH metabolism. Both, GSH and ASC levels were signifi-
cantly higher in cells over-expressing HBK 3 especially after the onset of somatic 
embryo formation from embryogenic tissue induced by transfer from plant growth 
regulator-supplemented medium onto plant growth regulator-free medium. This 
increase was due to the activities of ASC and GSH regenerating enzymes. The 
activities of DHAR, MDHAR and GR were elevated in cells of HBK 3 over-expressing 
line. These findings suggest that HBK 3 expression might regulate the transition 
from cell proliferation to embryo formation in embryogenic tissue through alterations 
in ascorbate and glutathione metabolism (Belmonte and Stasolla 2009).

Similar to GSH/GSSG treatments, an application of BSO, resulting in a shift in 
the glutathione pool towards its oxidised form, induced the expression of genes 
involved in shoot meristem formation. Treatment of Brassica napus somatic 
embryos with 0.1 mM BSO resulted in an increase in the expression levels of 
ARGONAUTE 1 (AGO 1) transcript during the globular and early torpedo stages of 
development (Stasolla et al. 2008). AGO 1 is a protein required for both shoot mer-
istem formation and identity, characterised by conserved PAZ and PIWI domains 
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that are engaged in protein-protein interactions. This protein is closely related to 
CLAVATA 3 – a well recognised factor engaged in meristem patterning and mainte-
nance (Lynn et al. 1999). During the same stage of embryo development, BSO 
treatment increased the expression of gene coding for CLE 27 protein (Stasolla 
et al. 2008), engaged in meristem size regulation (Fiers et al. 2007). During next 
stages of embryo formation, i.e. when embryos complete their histodifferentiation 
programme and switch to post-embryonic development, besides AGO 1 and CLE 
27, the level of ZWILLE transcript increased in BSO-treated embryos (Stasolla 
et al. 2008). ZWILLE gene codes for protein specifying the expression pattern of 
STM, which is also involved in the maintenance of apical shoot meristem (Moussian 
et al. 1998). Finally, in embryos cultured on BSO-supplemented medium, the 
expression of B. napus STM homologue increased in a late stage of embryo devel-
opment (Stasolla et al. 2008). The data mentioned above, demonstrate that the 
imposition of an oxidised environment, effected by BSO application results in a 
sequential induction of a set of genes responsible for proper organisation of shoot 
apical meristem. This finding accounts for a beneficial effect of BSO treatment on 
the structure of the apical meristem.

11  Ascorbate and Glutathione Involvement in Adventitious 
Root Formation In vitro

Adventitious rooting consists of two stages: formation of root primordia and its 
subsequent outgrowth. The phase of primordia formation can be subdivided on the 
induction phase, when molecular and biochemical events related to dedifferentiation 
and competence acquirement occur, and initiation phase, characterised by organised 
cell divisions in the developing root primordium (Gaspard et al. 1997; Li et al. 
2009a). Rooting is affected by numerous endogenous and exogenous factors, with 
the principal role of auxin as a chief regulator of adventitious root formation. 
Blocking the transport of endogenous auxin to seedling rooting zone inhibits rooting 
(De Klerk et al. 1999). In the regulation of adventitious rooting process, ascorbate 
and glutathione seem to be involved in a complex interplay between auxin and 
other components of cellular redox systems.

It was demonstrated that auxin stimulatory effect on rooting is mediated by NO 
(Pagnussat et al. 2002) and the NO-dependent signalling pathway, leading to root 
formation, is mediated by H

2
O

2
 (Liao et al. 2009). The signalling role of H

2
O

2
 in 

root formation was explored in studies on rooting of cucumber (Li et al. 2007) and 
Mung bean seedling cuttings (Li et al. 2009a). It was found that the culture in the 
presence of 20–40 mM H

2
O

2
 significantly increased the number of adventitious 

roots per explant formed by cucumber cuttings, when compared to the untreated 
control (Li et al. 2007). Mung bean cuttings reacted with increased rooting to H

2
O

2
 

concentrations ranging from 1–100 mM. Cuttings underwent 8–24-h-long pulse 
H

2
O

2
 treatment followed by culture on the H

2
O

2
-free medium. Stimulatory effect of 

H
2
O

2
 treatment was observed both in the absence and in the presence of exogenous 
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IBA as an auxin source. Promoting effect of H
2
O

2
 on rooting decreased if a relatively 

higher H
2
O

2
 concentration and longer treatment times were applied (Li et al. 

2009a). Decreasing H
2
O

2
 content, with diphenyloiodonium (DPI, NADPH oxidase 

inhibitor), catalase or ASC prevented the stimulation of rooting. Application of 
4 mM ASC significantly decreased the number of regenerated roots and eliminated 
the stimulatory effect of H

2
O

2
 if these two substances were applied simultaneously 

(Li et al. 2009a). In contrast to H
2
O

2
, IBA still stimulated rooting in the presence of 

4 mM ASC in Mung bean, and IAA stimulated rooting in the presence of 2 mM 
ASC in cucumber (Li et al. 2007, 2009a). On the other hand, ASC in concentration 
of 6 mM completely prevented rooting in the absence or presence of either H

2
O

2
 or 

IBA. These results suggested that H
2
O

2
 or IBA promotion of adventitious root 

formation was blocked by certain concentrations of ASC (Li et al. 2009a).
Measurements of H

2
O

2
 concentration in cucumber seedling explants during 

subsequent phases of rooting on auxin-free medium revealed that H
2
O

2
 peaks during 

the early induction phase. It may suggest that elevated H
2
O

2
 levels may possibly be 

required in early events of rooting, i.e. dedifferentiation and acquiring competence 
(Li et al. 2007). In Mung bean cuttings cultured on basal medium an induction 
phase of rooting was marked by a progressive increase in POX and APX activities. 
At the switch from induction to initiation phase, activities of both enzymes strongly 
decrease. It was demonstrated that IBA treatment transiently decreased POX and 
APX activities during induction phase of rooting, which may be correlated with an 
increase in endogenous H

2
O

2
 level, required for the induction of adventitious roots. 

Therefore, APX activity may be involved in an auxin-dependent mechanism of 
regulation of H

2
O

2
 level during adventitious rooting and the early decrease in its 

activity may be one mechanism by which IBA and H
2
O

2
 promote adventitious rooting 

(Li et al. 2009b). It should be noted that although the moderate oxidation stimulates 
rooting, H

2
O

2
-overproduction, resulting in severe oxidative stress inhibited root 

formation (Pal Singh et al. 2009).
Imin and co-workers (2007) show that both reduced (GSH) and oxidised (GSSG) 

form of glutathione markedly enhance the number of roots formed by callus 
derived from leaf explants of Medicago truncatula cultured on auxin-supplemented 
medium. In their experiments leaf segments were grown for 3 weeks on prolifera-
tion medium supplemented with NAA or NAA in combination with either 
GSSG or GSH. Significantly, more roots were produced by explants grown on 
 NAA-containing media supplemented with GSH or GSSG than on media supple-
mented with NAA alone, which suggests that glutathione may act synergistically 
with exogenous auxin in the stimulation of root regeneration (Imin et al. 2007). 
Because in the absence of NAA, root formation was negligible (Imin et al. 2007), it 
would be interesting to find out if GSH or GSSG may, to some extent, replace the 
hormone in the stimulation of root formation. However, the authors do not include 
any data on effects of GSH or GSSG on root formation on NAA-free media (Imin 
et al. 2007).

During early stages of rooting in tomato seedling cuttings, when the root primordia 
are formed, total glutathione pool is characterised by higher participation of GSSG 
in the total glutathione pool in comparison to the later stages when the outgrowth 
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and elongation of newly formed roots occurs (Tyburski and Tretyn 2010). Higher 
oxidation of glutathione pool during the formation of root primordia by tomato 
seedling cuttings may result from an increase in the rate of ascorbate turnover in 
Halliwell–Asada cycle and a strong rise in the activity of dehydroascorbate reductase 
at this stage of root formation. Subsequent days of rooting are characterised by a 
decline in the activity of dehydroascorbate reductase and other enzymes of ascor-
bate metabolism (Tyburski et al. 2006). Consequently, higher amounts of reduced 
glutathione can be accumulated in the rooting zone (Tyburski et al. 2006).

Supplementing the rooting medium with GSH increased the number of roots 
formed by tomato seedling cuttings grown on an auxin-free medium. However, the 
stimulatory effect of GSH was restricted to a narrow range of concentrations spanning 
from 1 or 2.5 mM GSH. Strongest stimulation of root formation occurred when 
plants were simultaneously treated with auxin and GSH. Treatments with GSSG 
did not affect root formation if cuttings were grown on the basal medium, however, 
an optimised GSSG concentration strongly enhanced the rooting-stimulatory effect 
of auxin treatment. BSO did not affect the number of roots formed by cuttings 
grown on BM and only slightly decreased the efficiency of rooting in the presence 
of IAA, which shows that depletion of GSH from rooting zones does not inhibit 
rooting. This finding suggests that root formation may occur in the absence of GSH 
but the process is stimulated by its presence (Tyburski and Tretyn 2010).

Root regeneration by tomato seedling cuttings proceeds on a highly synchronized 
manner with a 3-day-long period of primordia formation encompassing initiation 
and induction phase and subsequent phase of primordia elongation, which mani-
fests in root emergence on the fourth day of culture. Induction and initiation phases 
of rooting in tomato seedling cuttings are characterised by rapid increase in the 
content of ASC in the explant rooting zone. The accumulation of ASC in the tissue 
correlates with the biosynthetic capability from GalL and with the activities of 
enzymes regenerating ASC from its oxidised forms (MDHAR and DHAR). 
Simultaneously, the sharp increase in H

2
O

2
 content and in the activities of APX and 

AOX were observed. ASC peaks on the third day of rooting, i.e. at the switch from 
the phase of primordia organisation to the phase of primordia elongation. With the 
beginning of elongation phase a dramatic decrease in ASC content was observed. 
In contrast to ASC, DHA levels remained constant during root formation. Similar 
to ASC, the H

2
O

2
 level, as well as, the activities of ASC-metabolising enzymes 

dropped at the onset of the root elongation phase. These finding suggest that the 
increase in the endogenous level of ASC observed at the beginning of rooting may 
be explained by the necessity of the regulation of H

2
O

2
 level in the rooting zone 

during the formation of root primordia. This point of view is supported by the finding 
that the activities of H

2
O

2
 scavenging enzymes: APX, POX and CAT rise simulta-

neously with the ASC (Tyburski et al. 2006).
Functions of ascorbate in adventitious rooting seem to extend beyond the regu-

lation of H
2
O

2
 levels (Tyburski et al. 2006). It has been observed that the addition 

of exogenous GalL, ASC or DHA to the rooting medium affect the root formation 
by tomato seedling cuttings. The ascorbate precursor (GalL) as well as ASC and 
DHA modified the rooting response in a similar way, i.e. stimulated the formation 
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of roots but inhibited their elongation. Therefore, their effect was similar to that 
of exogenous auxin, which also increased the number of regenerated roots, simul-
taneously reducing their length (Tyburski et al. 2006) (Fig. 2). It is noteworthy 
that DHA was more effective in inducing abundant root formation than ASC and 
GalL, having higher stimulatory effect than auxin. Moreover, because ASC added 
to the medium, being an unstable molecule, is partly oxidised to DHA and GalL 
after being converted to ASC is subsequently oxidised to DHA. It has been found 
that treatments with DHA and GalL that induced more roots than ASC, resulted 
in a significant increase in DHA content in the rooting zones in  comparison with 
ASC-treated cuttings. Therefore, the oxidised form of ascorbate is  supposed to 
have a decisive role in the stimulation of rooting (Tyburski et al. 2006).

Rooting of cuttings does not occur, or is severely reduced, if auxin transport to 
the rooting zone is blocked by application of auxin transport inhibitors like NPA or 
TIBA. These treatments result in a suboptimal auxin level in explant rooting zone 
that block root formation (Visser et al. 1995; Ludwig-Müller et al. 2005). Several 
redox agents were able to restore root development in NPA or TIBA treated 
explants. NO and H

2
O

2
, which are believed to mediate in the auxin signalling path-

way, were able to trigger adventitious root formation in Tagetes erecta seedling 
cuttings cultured on medium supplemented with 10 mM NPA (Liao et al. 2009). On 
the other hand, an inhibitory effect of 1 mM TIBA on rooting of tomato seedling 
cuttings was reversed by 4 mM ASC. It has been found that only ASC (but neither 
GalL nor DHA) was able to reverse the stimulatory effect of TIBA on root forma-
tion, although the stimulatory effect of GalL and DHA on rooting of cuttings grown 
on medium without TIBA was comparable to the one of ASC or even stronger. The 
question of why ASC added to rooting the medium is able to reverse the inhibition 
of rooting by TIBA while the GalL administration, which actually efficiently 
increases the ASC content in the root-forming tissue remains unresolved (Tyburski 
et al. 2006).

Fig. 2 The effect of ASC, DHA and IAA on rooting of tomato seedling cuttings. The cuttings 
were cultured 7 days on basal medium (a), or on the same medium supplemented with 2 mM ASC 
(b), 2 mM DHA (c) or 1 mM IAA 9 (d). Similar to exogenous auxin, ASC and DHA stimulate the 
formation of roots but inhibit their elongation
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12  The Roles of Ascorbate, Glutathione and Related Enzymes 
in the Elicitation of Metabolite Synthesis in Root Cultures

Isolated root systems grown in bioreactors as suspensions on liquid media serve as 
important source of metabolites for commercial purposes (Flores et al. 1999; Guillon 
et al. 2006). It was demonstrated that changes in activities of the enzymes of ASC 
and GSH metabolism may influence both root development in culture as well as the 
rate of metabolite production, which often needs elicitation by oxidative stress-
inducing factors. The production of ginsenoside by adventitious cultures of Panax 
ginseng was enhanced by increasing O

2
 concentration from 20% to 40%. The same 

effect was achieved when roots were treated with optimised concentrations of 
H

2
O

2
. An increase in metabolite production was observed between 15 and 45 days 

after the exposition to O
2
 started. On the other hand, treatments with 25 and 50 mM 

H
2
O

2
 resulted in increased ginsenoside levels after only 7 days after treatment. As 

inferred from malonyl dialdehyde (MDA) content and H
2
O

2
 levels in O

2
-treated 

roots, this treatment imposed a mild oxidative stress, which seems to have a stimula-
tory effect on the induction of ginsenoside production. To counter the oxidative 
damage, antioxidant enzymes of ascorbate–glutathione cycle were induced by O

2
 

application. An increase in APX activity was detected after 15 days of treatment and 
from that day on high enzyme activity was observed during the rest of culture period 
with maximum after 45 days. Other enzymes, i.e. MDHAR, DHAR and GR behaved 
in a similar manner. Increase in their activities was coordinated with increases in the 
activities of other constituents of antioxidant system such as superoxide dismutase 
(SOD), CAT, glutathione peroxidase (GPX) and guaiacol peroxidase (POX). These 
finding suggest that during O

2
/H

2
O

2
-elicited ginsenoside production, the intensity of 

oxidative stress is regulated in a coordinated manner by synchronized changes in the 
activities of antioxidant enzymes (Ali et al. 2005a).

Redox agents played a decisive role also in the regulation of root proliferation 
in culture. The proliferation of Panax isolated adventitious roots was stimulated by 
NO. It was demonstrated that supplementing media with NO producing producers 
like sodium nitroprusside (SNP) increased the number of rootlets per explant. On 
the other hand, decreasing NO levels with NO-scavenger 2-phenyl-4,4,5,5-tetram-
ethylimidazoline-1-oxyl3-oxide (PTIO), prevented root proliferation (Tewari et al. 
2007). NO stimulatory effect was blocked if roots were treated with DPI – an 
inhibitor of O

2
·−-producing enzyme: NADPH-oxidase. This observation together 

with the finding that NO stimulates NADPH oxidase in ginseng roots suggest that 
NO stimulatory effect on root proliferation is mediated by O

2
·−. However, along 

with increasing the pro-oxidant activity of NADPH oxidase, NO stimulated the 
activity of the set of antioxidant enzymes including SOD, CAT, POX, APX, DHAR 
and GR. Treatment with SNP also increased the levels of total ascorbate and the 
participation of ASC in the pool of total ascorbate. These effects were prevented by 
the application of NO scavenger. Therefore, a coordinated stimulation of pro-oxidant 
and antioxidant systems by NO impose a moderate oxidative stress conditions 
which promote root proliferation in culture (Tewari et al. 2008).
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The onset of secondary metabolite production in hairy root culture often requires 
the treatments with elicitors; the signalling molecules of plant defence responses 
(Guillon et al. 2006). Elicitor treatments frequently induce oxidative stress, which 
sometimes is a direct factor triggering metabolite synthesis (Huerta-Heredia et al. 
2009). When biotransformation process in a hairy root culture is dependent of ROS 
production, antioxidant activity of ASC may have an inhibitory effect, as it was 
shown for the tetracycline phytoremediation by hairy roots of sunflower (Gujarathi 
et al. 2005). However, in other experimental systems, ASC, GSH and associated 
enzymes play an important role in protecting cultured roots from oxidative damage 
during elicitation (Ali et al. 2005b). The stimulation of saponin production by hairy 
root cultures of Panax ginseng and Panax quinqefolium by methyl jasmonate 
(MeJA) was accompanied by a gradual increase in H

2
O

2
 content. In addition, 

P. quinqefolium root culture showed a marked increase in lipooxygenase activity 
upon MeJA treatment, which usually results in increased lipid peroxidation. 
However, the markers of lipid peroxidation declined upon elicitation in roots of 
both species of ginseng, which suggests that in spite of increased oxidation no 
severe oxidative damage occurred in treated roots. It was shown that MeJA-induced 
oxidative stress was mitigated by an increase in the activities of various components 
of the antioxidant system. Upon elicitation, ASC content and ASC/DHA ratio as 
well as SOD and POX activities increased in both species. On the other hand, a 
decrease in CAT activity was observed. APX activity increased after MeJA treat-
ment in P. ginseng but not in P. quinqefolium. In contrast, P. quinqefolium was 
characterised by increased DHAR activity but the activity of this enzyme decreased 
in P. ginseng. These findings indicate that, the enzymes of ASC–GSH cycle play a 
protective role against oxidative stress during the elicitation of metabolite produc-
tion in hairy root culture (Ali et al. 2005b).

13  Ascorbate and Glutathione Roles in Shoot Organogenesis 
In vitro

Relatively less attention, when compared with somatic embryogenesis and root 
formation, was paid on the role of ascorbate and glutathione in shoot differentiation 
in plant tissue culture. Early reports suggest that ASC may enhance shoot organo-
genesis in tobacco callus culture (Joy et al. 1988). Addition of 0.8 mM ASC to the 
shoot-forming medium increased shoot formation by 45% over the control in young 
callus, having a high organogenetic potential. Different concentrations of exogenous 
ASC (0.4–0.8 mM) were able to restore regenerative capacities of old callus tissue, 
characterised by reduced ability to regenerate shoots. Treatment with ASC also 
speeded up the shoot-forming process with the appearance of primordia as early as 
day 10 in culture, compared to more than 12 days in control tissue. It has also been 
shown that ASC treatment reversed the inhibitory effect of exogenous gibberelic 
acid on root formation. The stimulatory effect of ASC on shoot differentiation in 
tobacco callus was linked to the content of soluble sugars, which increased in tissue 
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during ASC treatment. However, the mechanism of ascorbate involvement in shoot 
organogenesis in tobacco has not been explained (Joy et al. 1988).

Treatments with reduced glutathione improved the development of isolated 
shoot tips of apple (Nomura et al. 1998). Isolated shoot meristems were grown on 
basal medium supplemented with BAP for shoot development and then transferred 
onto the medium containing IBA for rooting the differentiated shoots. Efficiency of 
shoot tip culture was strongly reduced by explant browning observed within 1 day 
after the start of culture. Explant browning was prevented by dipping the shoot tips 
in 0.1 mM GSH, prior to inoculation on a solid medium. Besides inhibiting browning, 
dip treatment increased the number of shoot tips that developed into normal shoots 
(Nomura et al. 1998). Treated shoots developed into normal shoots with an efficiency 
of 100%. In the untreated control, rates of shoot development from untreated shoots 
did not exceed 60%. Promotion of normal shoot development by the dip treatment 
was also expressed in terms of the length of first leaves from cultured shoot tips. 
The dip-treated shoot tips produced longer first leaves when compared to untreated 
controls. Interestingly, the promotion of shoot development was observed only if 
pulse GSH treatment was applied before the start of culture and after that, shoot tips 
were grown on basal medium. If instead of GSH pulse treatment, shoot tips were 
cultured on medium supplemented with GSH, shoot development was not stimulated. 
On the other hand, cultures on medium containing GSH promoted callus proliferation 
at the base of shoot tips (Nomura et al. 1998).

Reducing conditions imposed by adding antioxidants (ASC, GSH and a-tocopherol) 
stimulated shoot organogenesis from leaf segment of gladiolus (Dutta Gupta and Datta 
2003). Both, frequency of shoot organogenesis as well as the number of number of 
shoots per explant were increased with the addition of antioxidants at 0.5 mM concen-
tration. However, higher concentrations were found to be inhibitory. Compared to 
a-tocopherol and ASC, GSH was noted to be most effective. On the other hand, H

2
O

2
 

added to the culture medium in concentrations ranging from 0.005 to 0.15 mM 
strongly inhibited shoot organogenesis. Moreover, the process of shoot formation was 
marked by a gradual increase in the CAT and POX activities with a concurrent 
decrease in the SOD activity. Given that, CAT and POX are H

2
O

2
-consuming enzymes, 

whereas high SOD activity results in elevated H
2
O

2
 levels, it was concluded that shoot 

organogenesis requires a reducing environment (Dutta Gupta and Datta 2003).
In contrast to shoot organogenesis, somatic embryo formation on the gladiolus 

leaf explants was promoted by oxidising factors. The frequency of somatic embryo-
genesis and the number of embryos per responding culture were decreased by ASC, 
GSH and a- tocopherol in a dose-dependent manner. On the other hand, H

2
O

2
 at 100 mM 

concentration increased the frequency of somatic embryogenesis by about 18%. The 
process of somatic embryo formation was accompanied, in its initial phase, by an 
increase in SOD activity and progressive reduction in CAT and POX activities, 
which creates conditions favourable for H

2
O

2
 accumulation (Dutta Gupta and Datta 

2003). Similar to gladiolus, initial phase of somatic embryo formation in the callus 
of Lycium barbarum was characterised by increase in SOD activity accompanied by 
decrease in POX and CAT activities, which resulted in a marked increase in intracellular 
H

2
O

2
 levels. Moreover, the treatments that increase H

2
O

2
 levels, such as inhibiting 
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CAT activity with aminotriazole or adding H
2
O

2
 to the culture medium promoted 

somatic embryogenesis. On the other hand, inhibiting SOD activity with N,N¢-
diethyldithiocarbonate caused a decrease in the frequency of somatic embryogenesis 
(Kairong et al. 1999). The aforementioned data suggest that shoot organogenesis and 
somatic embryogenesis differ in their redox requirements, being promoted by reducing 
or oxidising environment, respectively. However, it should be kept in mind that 
in some shoot regeneration systems, similar to somatic embryogenesis, oxidising 
processes may also have a stimulatory effect on organogenesis. This was the case for 
shoot organogenesis in strawberry callus, where H

2
O

2
 levels and SOD activity 

increased during early phases of shoot regeneration when meristemoid formation 
and vascular tissue occurs in calli grown on regeneration medium. Simultaneously, 
a decline in H

2
O

2
 scavenging enzymes; CAT and POX was observed (Tian et al. 

2003). Similar to somatic embryogenesis systems (Kairong et al. 1999; Dutta Gupta 
and Datta 2003), shoot organogenesis percentage in strawberry was stimulated by 
exogenous H

2
O

2
 and decreased by SOD inhibitor – N,N¢-diethyldithiocarbonate. 

Moreover, it was shown that types of strawberry calli, which showed high regenera-
tion capacity, had several times higher H

2
O

2
 and O

2
− levels compared to calli with 

low-regeneration capacity (Tian et al. 2004).

14  Conclusion

The studies reported in this review demonstrate that ascorbate- and glutathione-
dependent biochemical systems play important roles in many aspects of plant tissue 
culture, affecting growth, differentiation and metabolism. Ascorbate and glutathione 
participate in plant regeneration, being involved in the mechanisms regulating cell 
divisions in newly formed meristems and participating in hormone metabolism and 
signalling. Moreover, an antioxidant activity of these molecules manifested in 
Halliwell–Asada cycle protects in vitro cultured tissues against oxidative stress. 
Diverse functions of these antioxidants open vast possibilities of using them for the 
improvement of tissue culture and plant regeneration methods. However, further 
studies are required to fully exploit the properties of ascorbate and glutathione for 
manipulating developmental processes in plant tissue culture.
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Abstract Ascorbate–glutathione (AsA–GSH) cycle is an important component 
of the scavenging system for reactive oxygen compounds in plants. The mem-
ber of this pathway involves the antioxidants: AsA, GSH and the antioxidatnt 
enzymes such as ascorbate peroxidase (APX), monodehydroascorbate reductase 
(MDAsAR), dehydroascorbate reductase (DAsAR) and glutathione reductase 
(GR). APX and GR are the key enzymes of the AsA–GSH cycle. APX utilizes 
AsA as the electron donor reducing H

2
O

2
 to water, and prevents the accumulation 

of a toxic level of H
2
O

2
 in photosynthetic organisms under stress conditions. GR 

converts oxidized glutathione (GSSG) to GSH using NAD(P)H as an electron 
donor. And thus a highly ratio of GSH/GSSG and AsA/DAsA is maintained at the 
intracellular level by this reaction during oxidative stress. In general, APX and 
GR activity have been shown to increase in various plant species under different 
stress conditions. Transgenic plants showed that APX and GR play an important 
role in providing resistance to oxidative stress caused by diferent stressors such 
as paraquat, methyl viologen, ozone, drought, heavy metals, high light, salinity, 
and chilling. In this review, recent progress in research on APX, GR and stress 
tolerance will be discussed.
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1  Properties and Functions of Ascorbate Peroxidase  
and Glutathione Reductase of the AsA–GSH cycle in plants

In plants, the glutathione–ascorbate cycle operates in the cytosol, mitochondria, plas-
tids and peroxisomes (Jimenez et al. 1998; Meyer 2009). In the first step of the cycle, 
H

2
O

2
 is reduced to water by APX using AsA as the specific electron donor. At the 

same time AsA was oxidized to monodehydroascorbate (MDAsA). MDAsA is 
directly reduced to AsA by monodehydroascorbate reductase (MDAsAR) or sponta-
neously disproportionated to dehydroascorbate (DAsA). DAsA is reduced to AsA by 
dehydroascorbate reductase (DAsAR) at the expense of GSH, yielding GSSG. 
Finally, GSH must be regenerated using GSSG which is reduced by GR using 
NADPH as electron donor. Thus AsA and GSH are not consumed; the net electron 
flow is from NADPH to H

2
O

2
. We simplified the ascorbate–glutathione cycle in a 

plant cell in Fig. 1. The ascorbate–glutathione cycle provides a mechanism for the 
dissipation of the excess of reducing power in plant cell, in particular in chloroplasts 
under stress. This cycle play an immportant role in keeping the equilibrium between 
the ROS production and scavenging (Pang and Wang 2007). High levels of both 
ascorbate and glutathione pools are a requisite for this cycle (Anderson et al. 1983).

microbody

mitochondri

chloroplas

plasma membrane

apoplast

cytoso

MDAsA

MDAsAR
NAD (P)+

NAD (P)+NAD (P)H
NAD (P)H

AsA

GSSG GSH

DAsAR
DAsA

H2OH2O2
APX

GR

Fig. 1 Simplified scheme of AsA–GSH cycle in plant cellsThis cycle is mainly localized in the 
cytosol, chloroplasts, mitochondria and microbody. APX and GR play a critical role in AsA–GSH 
cycle. In the AsA–GSH cycle, solid arrows represent enzyme-mediated reactions and dotted 
arrows indicate spontaneous reactions. Abbreviations: AsA, Ascorbate; MDAsA, monodehy-
droascorbate; DAsA, dehydroascorbate; MDAsAR, monodehydroascorbate reductase; DAsAR, 
dehydroascorbate reductase; GSH, reduced glutathione; GSSG, oxidized glutathione; APX, ascor-
bate peroxidase; GR, glutathione reductase
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2  Characteristics of Ascorbate Peroxidase

APXs (EC1.11.1.11) are enzymes that detoxify H
2
O

2
 using AsA as a substrate. The 

reaction they catalyzed is the transfer of electrons from AsA to a H
2
O

2
, producing 

dehydroascorbate and water (Raven 2000). The reaction is as follows:

+ → +Ascorbate  Hydrogenperoxide  Dehydroascorbate  Water

APX isoenzymes have high affinity for AsA as electron donors. One of the 
most characteristic properties of APX, which distinguishes it from guaiacol per-
oxidase, Cyt c peroxidase and glutathione peroxidase, is its instability in the 
absence of AsA. When the concentration of AsA is lower than 20 mM, APX was 
inactivated rapidly and lost their stability (Shigeoka et al. 2002). Jespersen et al. 
(1997) suggested that tryptophan-175 of chloroplast APX increased their substrate 
specificity. So the chlAPX is more labile than cAPX in the absence of AsA. The 
half-life of chlAPX in ascorbate-depleted media is about 15 s, while those of 
cAPX isoforms are about 60 min (Miyake and Asada 1996; Yoshimura et al. 
1998). The instability of chlAPX may be one reason that APX was not found in 
photosynthetic orgnisms for a long time.

Ascorbate peroxidase is a haem-containing enzyme whose prosthetic group is 
protoporphyrin. Iron plays an important role in the catalytic site. This was clearly 
shown by applying iron deficiency conditions in sugar beet (Zaharieva and Abadia 
2003). Cyanide and azide are the inhibitors of APX (Shigeoka et al. 1980). APX 
is also inhibited by thiolmodifying reagents (r-chloromercuribenzoate), thiol 
and suicide inhibitors such as hydroxyurea and r-aminophenol (Chen and Asada 
1990).

Some functional amino acid residues have been identified in the APX catalytic 
domain by analysis site-directed mutagenesis. Arg172 was changed to lysine, glu-
tamine and asparagine, the variants of APX are incapable of oxidizing AsA to form 
Compound II. It is suggested that Arg172 of pea cAPX plays a key role in AsA 
utilization (Bursey and Poulos 2000). Arg172, Lys30 are the location of ascorbate 
binding site and the hydrogen-bonding interactions (Sharp et al. 2003). Arg-38 has 
a possible functional role in the control of substrate binding and orientation 
(Raven et al. 2001). The active site structures, including the hydrogen-bonding 
interactions between the proximal His-163 ligand, a buried Asp-208 residue, and 
a Trp-179 residue, are same to cytochrome c peroxidase (CCP). The difference 
between the APX and CCP is the presence of a cation binding site in APX 
(Patterson and Poulos 1995). Glu 112 forms a salt bridge with Lys20 and Arg24 of 
the opposing subunit near the axis of dyad symmetry between the subunits and is 
related to the dimer interface including an alteration in solvent structure 
(Mandelman et al. 1998a). AsA oxidation does not occur at the exposed heme edge 
but at an alternate binding site in the vicinity of Cys32 near Arg172 and the heme 
propionates (Mandelman et al. 1998b).
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2.1  Isoforms and Subcelluar Localization  
of Acorbate Peroxidase

As shown in Fig. 1, APX isoenzymes are distributed in at least four distinct cellular 
compartments: cytosolic APX (cAPX), chloroplast APX (chlAPX) including stromal 
APX (sAPX) and thylakoid membrane-bound APX (tAPX), microbody membrane-
bound APX (mAPX, including glyoxysome and peroxisome), and mitochondrial 
APX (mitAPX, a membrane-bound form). APX has also been found in the protozoan 
Trypanosoma cruzi (Boveris et al. 1980) and the bovine eye (Wada et al. 1998).

The subcellular localization of APX isoforms is determined by the signal peptides 
and transmembrane domains in the N- and C- terminal regions (Shigeoka et al. 2002; 
Teixeira et al. 2004). A novel pumpkin APX isoenzyme was found to be localized 
on membranes of microbodies (Yamaguchi et al. 1995) and spinach glyoxysomes 
APX was found to be located on the external side of the organelles (Ishikawa et al. 
1998). The targeting signal of peroxisomal APX comprises a C-terminal transmem-
brane domain (TMD, rich in valine and alanine) and the followed positively charged 
domain containing five amino acid rsidues (Mullen and Trelease 2000). These iso-
forms are indirectly sorted to the peroxisomes via a subdomain of the rough endo-
plasmic reticulum (Lisenbee et al. 2003). chlAPX isoforms possess a transit peptide 
consisting of approximately 70 residues in the N-terminus rich in Ser and Thr 
(Shigeoka et al. 2002). At C-terminal, tAPX isoforms present a transmembrane 
hydrophobic domain which is responsible for spanning to the stroma-exposed thyl-
skoid membranes in chloroplasts (Ishikawa et al. 1996). Chew et al. (2003) showed 
that the Arabidopsis stromal APX is dual-targeted to chloroplasts stroma and mito-
chondria. An additional methionine residue 25 residues from the initiator methionine 
resulted in an additional band upon translation.This is maybe the reason that the 
APX isoform produces an ambiguity targeting peptide in the N-terminus.

2.2  Ascorbate Peroxidase Family and its Evolution in Plants

On the basis of the amino acid sequences plant peroxidases were classified into 
three classes (Welinder 1992). Class I contains the intracellular peroxidase of 
prokaryotic origin including yeast cytochrome c peroxidase (CCP) (Dabrowska 
et al. 2007; Shigeoka et al. 2002), class II consists of secretory fungal peroxidases 
which include ligninases, or lignin peroxidases (LiPs), and manganesedependent 
peroxidases (MnPs). And class III consists of the secretory plant peroxidases. 
APXs belong to the class I family (Dabrowska et al. 2007; Shigeoka et al. 2002). 
They are found in chloroplastic organisms and putatively in cyanobacterial 
(Miyake et al. 1991).

The phylogenetic tree was constructed using ClustalW software based on the 
deduced amino acid sequences of the APX isoenzymes. It was found that the APX 
isoforms can be divided into four groups (two kinds of cAPX, chlAPX and mAPX) 
(Shigeoka et al. 2002). Diversification of cAPX and chlAPX was the first step of 
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the APX evolution. They have the same originand and were resulted from duplica-
tion events in the basal Virdiplantae (Shigeoka et al. 2002; Passardi et al. 2007; 
Dabrowska et al. 2007). ChlAPX can be divided into two subclasses: tAPX and 
sAPX. Peroxisomal APX isoforms are only present in land plants. They probably 
originated from cytosolic isoforms that gained an exon encoding the membrane-
bound domain and the targeting peptide (Teixeira et al. 2004). APX isoforms in 
higher plants show high homology (70–90%) within each group and 50–70% 
homology with each other (Shigeoka et al. 2002).

2.3  Ascorbate Peroxidase-Encoding Genes in Higher Plants

The genes encoding APXs in higher plants have been isolated and characterized. 
Seven APX genes were identified in the tomato genome including three cytosolic 
isoforms, two peroxisomal isoforms and two chloroplastic ones (Najami et al. 2008). 
Rice APX gene famiy is comprised of genes encoding two cytosolic, two putative 
peroxisomal, and four putative chloroplastic APXs (Teixeira et al. 2006). Nine genes 
were suggested as APX genes in Arabidopsis thaliana which include three cytosolic, 
three peroxisomal and two chloroplastic (one thylakoid-bound and one whose product 
is targeted to both chloroplast stroma and mitochondria) (Chew et al. 2003).

There are two or more putative cAPXs in higher plants.The pea cAPX gene (APX1) 
is the one whose structure is best known (Mittler and Zilinskas 1992). APX1 is 
encoded by a single copy gene and contains nine introns which have a high AT nucle-
otides content. The first intron is in the 5¢UTR region. Steady state APX1 transcript 
level was increased by drought, heat, and application of ethephon, abscisic acid, and 
the superoxide-generating agent paraquat. This phenomenon is possibly in relation to 
the regulatory elements in the promoter of APX1. These include two repeats of a puta-
tive plant heat-shock element (HSE) and a reversed antiperoxidative element (ARE). 
In addition, two repeats of a putative xenobiotic responsive element (CACGCA) were 
also found at the positions: −282 and −302 and a putative GPEI enhancer was found 
at position 97. Recent analysis of knockout plants deficient in cytosolic APX1 
(KO-Apx1) revealed that cAPX plays a key role in protecting chloroplasts under light 
stress conditions (Pnueli et al. 2003; Davletova et al. 2005). The cAPX isoforms are 
homodimers. Subunit molecular weight of rice cytosolic APX1 and APX2 is 28.5 and 
34 kDa respectively (Sharma and Dubey 2004). The molecular weight of pea cAPX 
is 57.5 kDa and its subunit is 29.5 kDa (Mittler and Zilinskas 1991).

Ascorbate peroxidase gene, ecoding spinach chlAPX isoenzymes, consists of 
13 exons and 12 introns. Exons 1 ~ 11 encode the common amino acid sequence of 
sAPX and tAPX. There are two splice acceptor sites in the exon 12 and 13 seperated 
by 14 bp nucleotides. Exon 12 contains one condon for Asp-365 before the termina-
tion codon and the entire 3¢-UTR including potential polyadenylation signal 
(AATAA) of sAPX mRNA. The final exon consists of the sequence coding hydro-
phobic C-terninal region,TGA terminal codon and the entire 3¢-UTR including 
potential polyadenylation signal (AATATA) of tAPX mRNA. By alternative splicing 
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of the intron 11 and 12 in the 3¢-termina, two kinds of mRNA are generated by one 
chlAPX gene. The N-termianl amino acids of sAPX are completely identical with 
those of tAPX, while c-terminal amino acids differ. A similar finding was also 
made in spinach (Ishikawa et al. 1997), pumpkin (Mano et al. 1997) tabacco and 
Suaeda salsa (data unpublished). While in Arabidopsis thaliana sAPX and tAPX 
are encoded by different genes. The nucleotide sequences of their cDNAs share 
only 66.1% identity (Jespersen et al. 1997). APX isoforms located in organelle are 
monomer with different molecular weight. tAPX with a molecular weight of 
40 kDa is about 10 kDa higher than that of the sAPX from spinach chloroplasts 
(Miyake et al. 1993). The reason for difference in molecular mass between tAPX 
and sAPX is related to the transmembrane domain in the C-terminal.

The spatial expression patterns of the APX genes were studied in tomato 
(Najami et al. 2008). Among the cytosolic APX genes, SlAPX1 was mainly 
expressed in the root, SlAPX2 in the root, stem, and fruit while SlAPX3 in the stem 
and fruit. Interestingly, the relative abundance of the three cytosolic APX tran-
scripts, and especially that of SlAPX3, was lower in the leaves than in the root, 
stem, and fruit. Transcripts of SlAPX4 were found to be accumulated mostly in the 
leaves and stem, and SlAPX5 in the leaves, stem, and fruit. Of the two chloroplastic 
genes, SlAPX6 was highly expressed in leaves, less in fruit, stem and root and 
SlAPX7 was contrary. It suggested that the expression pattern of APX genes is 
different at tissue level.

3  Characteristics of Glutathione Reductase

Glutathione reductase (GR, EC1.6.4.2), which converts oxidized glutathione 
(GSSG) to reduced glutathione (GSH) using NADPH, is ubiquitous in living 
organisms. It is necessary for maintaining the high ratio of GSH/GSSG in the plant 
cells and accelerating the H

2
O

2
 scavenging pathway in plants particularly under 

stress conditions (Smith et al. 1989). GR catalyses following reaction:

+ ++ + = +GSSG  NADPH  H  2 GSH  NADP

GR has high specificities for its substrates, although some glutathione conjugates 
and mixed glutathione disulphides can be reduced by GR (Gaullier et al. 1994). 
Most GRs from plants have a high affinity for NADPH (<10 µM). GRs can reduce 
GSSG by using NADH too, but the affinities for NADH is very low (Halliwell and 
Foyer 1978). The affinity of GR for GSSG is varied from 10 to 7,300 µM (Mullineaux 
and Creissen 1997). GR activity is regulated by the combined effect of pH, NADPH 
and GSSG. Low concentration of NADPH inactivated the activity of GR from yeast 
below pH 5.5 and over 7.0, while no significant inhibition was found at pH values 
between these two values (Pinto et al. 1984, 1985). Wheat Chloroplastic GR was 
inhibited by NADPH about 93% up to pH 7.5, the inhibition was little at pH 8.0–9.5. 
The NADPH-dependent inhibition was almost completely prevented by GSSG 
(Lascano et al. 1999). The Km of GR isoforms for GSSG is different. This may be 
one mechanism of GR in response to stress (Edwards et al. 1994).
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Glutathione reductase has been purified and characterized from different sources 
such as bacteria, fungi, plants and human. They belong to the flavor-protein oxi-
doreductase family (Takeda et al. 1993). The molecular weight of plant GRs ranges 
from 60 to 190 kDa (Mullineaux and Creissen 1997). GRs from different organisms 
have different quateruary structure. Most of GR isoforms are homodimer (Wingsle 
1989; Anderson et al. 1990; Edwards et al. 1990; Madamanchi et al. 1992). While 
in pea and maize GR is a heterodimer (Kalt-Torres et al. 1984; Mahan and Burke 
1987). Takeda et al. (1993) found that Chlamydamaonas reinhardtii GR is a mono-
mer. GR dimers may be further assembled into tetramers or even higher aggregative 
states. Temperature and pH determine the type of higher-order state. This may be 
one of the regulation mechanisms of GR activity (Mullineaux and Creissen 1997).

As a general rule, GR is composed of four domains: a FAD-binding domain, a 
NADPH-binding domain, GSSG binding domain and an interface domain (Karplus 
and Schulz 1987; Chalapathi Rao and Reddy 2008). Two arginine residues (Arg287 
and Arg293) required for binding of NADPH are conserved (Scrutton et al. 1990; 
Tang and Webb 1994). The two cysteines of the GR for forming the redox-active 
disulphide bridge are separated by four amino acid residues in a highly conserved 
motif GGTCV (I/V) RGCVPKK (I/L) LVY GP (Creissen et al. 1991; Rouhier et al. 
2006). The Cys residue responsible for the inter-subunit disulphide bond in the 
human enzyme is replaced with Serl64 in higher plants such as pea (Creissen et al. 
1991).

3.1  Isoforms and Subcellular Localization  
of Glutathione Reductase

Glutathione reductase isoforms have been reported in many plant species such as 
tobacco (Foyer et al. 1991), spinach (Guy and Carter 1984), eastern white pine 
(Anderson et al. 1990), pea (Edwards et al. 1994), Chlamydomonas reinhardtii 
(Serrano and Liobell 1993) and wheat (Lascano et al. 2001). GR has been mainly 
localized in chloroplasts, mitochondria and the cytosol (Edwards et al. 1990; 
Madamanchi et al. 1992; Creissen et al. 1995; Jiménez et al. 1997; Rudhe et al. 
2004). It was also found in peroxisomes (Jiménez et al. 1997; del Río et al. 2002). 
Generally, GR in the chloroplast has higher activities (Stevens et al. 2000) and 
about 80% of GR activities in leaf tissues are accounted for chloroplastic isoforms 
(Edwards et al. 1990).

Different signal peptides in the GR direct its targeting to different cell compart-
ments. In the N-termina of Arabidopsis thaliana GR, there is a 74 amino acids 
leader sequence, which is rich in hydroxylated amino acids Ser and Thr, leading the 
protein transit into chloroplast (Kubo et al. 1993). A 52-amino acid signal peptide 
was found in the GR of cowpea leaves and soybean, while pea GR signal peptide was 
60 amino acids at the N-terminus (Contour-Ansel et al. 2006). This region is rich 
in Ser (15%), Thr (15%) and Ala (10%), indicating that this may be a chloroplas-
tidic, rather than a mitochondria1 transit peptide (von Heijne et al. 1989). GR is a 
matrix-associated enzyme in mitochondria and peroxisomes from pea leaves 
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(Jiménez et al. 1997). At the same time, pea GR was the first dual targeting protein 
reported. It imported into either chloroplasts or mitochondria owing to an ambiguous-
targeting sequence located at the N-terminus (Romero-Puertas et al. 2006). But the 
cotargeting function parts of the signal peptide sequence could not be identified 
(Creissen et al. 1995). Dual targeting signals are more hydrophobic than mitochondrial 
or chloroplastic targeting signals (Peeters and Small 2001).

3.2  Glutathione Reductase Family and Its Evolution in Plants

Glutathione reductase is conserved between all kingdoms and was thought to be 
diverged from lipoamide dehydrogenase. It has been found in many eukaryotes and 
prokaryotes. In bacteria, yeasts and animals, only one GR gene is found. In plant 
genomes, there are two genes encoding GR. Surprisingly, Drosophila and 
Trypanosomes do not have any GR at all (Kanzok et al. 2001).

The cytosolic GR genes from Brassica campestris (Lee et al. 2002), Pisum 
sativum (Stevens et al. 1997), Oryza sativa (Kaminaka et al. 1998) and chloroplas-
tic/mitochondrial GR genes from Arabidopsis thaliana (Kubo et al. 1993), Pisum 
sativum (Mullineaux et al. 1996) are reported to be a single copy. However, chlo-
roplastic/mitochondrial GR gene from root nodule is composed of a multigene 
family (Tang and Webb 1994). They have similar coding regions but different 3¢ 
untranslated regions.

Jiang et al. (1995) compared GR sequences from Arabidopsis thaliana, Pisum 
sativum, Anabaena PCC7120, Pseudomonas aeruginosa, Escherichia coli and 
human. GR of Anabaena PCC7120 exhibits higher similarity to plants GR than 
to those from bacteria and human. Codons which are low in G + C content are 
preferentially used in Anabaena PCC 7120 and plants.

According to the dendrogram of mature protein sequences of various plant GRs 
(Chen et al. 2007), it is found that the GRs in the same cellular organs have closer 
genetic relationship than those in the same plants. Cowpea cytosolic GR shared 
89.2%, 80.2% and 74.6% identity with pea, Arabidopsis and rice cytosolic GR, 
respectively (Contour-Ansel et al. 2006). When the two subgroups are compared, 
the homology was lower (Rouhier et al. 2006).The homology of the GR sequences 
from Arabidopsis thaliana cytosol and chloroplast is only 55%.

3.3  Glutathione Reductase-Encoding Genes in Higher Plants

The genes of the GRs from a variety of plants are classified into two groups. One 
is the gene encoding cytosolic GR (Lee et al. 1998, 2002; Stevens et al. 2000) and 
the other accounts for organelle isoforms (Mullineaux et al. 1996; Rudhe et al. 
2002; Chew et al. 2003; Contour-Ansel et al. 2006).
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Two genes were identified in Nicotiana tobaccum (Creissen and Mullineaux 
1995), Arabidopsis thaliana (Kubo et al. 1993), Pisum sativum (Creissen et al. 
1991; Stevens et al. 1997) and three genes in Oryza sativa and Populus trichocarpa 
(Rouhier et al. 2006). The structures of cytosolic GR genes are more comprehen-
sive than the organelle isoforms. The cytosolic GR genes of Brassica campestris 
(Lee et al. 2002) and Oryza sativa (Kaminaka et al. 1998 ) are composed of 
17 exons and 16 introns while chloroplastic/mitochondrial GR genes from Pisum 
sativum (Mullineaux et al. 1996) and Arabidopsis thaliana (Lee et al. 2002) contain 
10/9 and 11/10 exons/introns, respectively. The size of open reading frame of the 
genes varies from 2,744 bp of Arabidopsis thaliana to 5,733 bp of Oryza sativa 
(Lee et al. 2002).

Glutathione reductase from plants contain an unknown function C-terminal 
extension about 22–26 amino acids compared to the C-terminus of the human, 
Escherichia coli, and Pseudomonas aeruginosa enzymes (Creissen et al. 1991; 
Kubo et al. 1993). This domain may be in part responsible for the appearance of 
different enzyme isoforms in plants exposed to a variety of environmental stresses 
(Creissen and Mullineaux 1995). Furthermore, two ABA-responsive elements 
(ABREs) were observed in the 5¢-flanking region of the RGRC2 gene. Expression 
of the RGRC2 gene was strongly induced by ABA treatment and drought stress, but 
weakly by salt stress and chilling treatment. And a parallel change was observed 
between the amounts of mRNA and protein of RGRC2 (Kaminaka et al. 1998).

4  Regulation of Ascorbate Peroxidase and Glutathione 
Reducatse Under Environmental Stress

4.1  Changes in Ascorpate Peroxidase and Glutathione 
Rreducatse Activity

Ascorpate peroxidase and GR play a crucial role in determining the tolerance of a 
plant under envirmental stress conditions such as salt, drought, high light, extremes 
of temperature, ozone and paraquat. However, the results about changes in APX 
and GR acticity of plants under stress conditions are controversial. Several studies 
showed that the activity of APX and GR was increased in plants under stress condi-
tions. While others suggested that the activity was decreased. The changes of the 
activity may be due to the protein synthesis or by the changed kinetic properties of 
the enzymes (Lascano et al. 1998, 1999).

Activity of APXs and GRs is differently responsed to salinity. Under salinity 
stress, increased activity of APX and GR was reported in Casuarina (Desingh et al. 
2006), pea (Hernandez et al. 2000), citrus (Gueta-Dahan et al. 1997), soybean (Khan 
et al. 2009), rice (Lin and Kao 2000; Vaidyanathan et al. 2003), Cicer arietinum 
(Kukreja et al. 2005), tomato (Mittova et al. 2004), wheat (Sairam et al. 2005), 
Setaria italica (Sreenivasulu et al. 2000) and cotton (Desingh and Kanagaraj 2007). 
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The activities of APX and GR in barley were increased in the root and shoot under 
the NaCl stress. But the increase was more significant and consistent in the root, 
indicating rapid responses of antioxidant enzymes to salt stress in barley roots (Kim 
et al. 2005b). The roots may be the primary site of salt stress. Maintaining ion 
homeostasis and redox potential is critical for the normal root growth and salinity 
resistance (Greenway and Munns 1980; Hasegawa et al. 2000). Salt stress markedly 
enhanced APX and GR activity in the shoots of salt-tolerant potato, while the activ-
ity decreased in salt-sensitive cultivar. The reduction of the APX and GR activity in 
shoots may be responsible for the sensitivity of the cultivar to salt stress (Aghaei 
et al. 2009). APX and GR activity remained unchanged in the roots of salt-tolerant 
maize and decreased in the salt-sensitive genotype (Azevedo-Neto et al. 2006). 
Higher APX and GR activities in a salt-tolerant cultivar were reported in rice (Kim 
et al. 2005a; Vaidyanathan et al. 2003), soybean (Khan et al. 2009), bean (Yasar et al. 
2008), wheat (Sairam et al. 2005; Mandhania et al. 2006) and cotton (Gossett et al. 
1994). APX and GR activity in the cholorplast of the halophyte Suaeda salsa leaves 
was distinctly increased with 200 mM NaCl treatment (Pang et al. 2005). There is a 
relative high APX and GR activity under environmental stress in tolerant species. 
This is possibly an important tolerant mechanism of plants to stress conditions.

Increased APX and GR activity during drought was reported in various plant 
species, including barley (Smirnoff and Colombe 1988), maize (Jiang and Zhang 
2002; Pastori and Trippi 1992), wheat (Sairam et al. 1997,1998; Selote and Chopra 
2006), rice (Selote and Chopra 2004; Sharma and Dubey 2005; Srivalli et al. 2003), 
Tortula ruralis (Dhindsa 1991). GR activities significantly increased under drought 
stress in drought tolerant Lycopersicon peruvianum while decreased in drought 
sensitive genotype. APX activity decreased under all stress treatments in both spe-
cies (Ünyayar et al. 2005). Under water stress, drought tolerant genotype C 306 had 
higher APX and GR activity in comparison to susceptible genotype (Sairam et al. 
1997, 1998). A similar finding was also detected in rice (Selote and Chopra 2004) 
and tomato (Ünyayar et al. 2005). In rice seedlings, the activities of GR and APX 
showed increases with increasing levels of drought stress (Sharma and Dubey 
2005). While the activities of APX and GR decrease under drought in pea nodules 
(Gogorcena et al. 1995). The decline may result from a restricted supply of NAD(P)
H in vivo for the ascorbate–glutathione pathway and from the Fe-catalyzed Fenton 
reactions of ascorbate and glutathione with activated oxygen (Gogorcena et al. 
1995). In desert plant Reaumuria soongorica (Pall.) maxim, APX and GR activities 
declined in the initial stages of drought process, elevated significantly with further 
increasing water deficit progression and recovered after rewatering (Bai et al. 
2009). In seedlings of Helianthus annuus, GR activity decreased under drought 
stress but recovered with ABA treatment (Kele and Ünyayar 2004).Under drought 
conditions, the activities of plastidial APX and GR were lower than those of cyto-
solic fractions in Populus euramericana. At same time the percent of inhibition of 
plastidial APX and GR was higher in a drought-sensitive cultivar than that of a 
drought-tolerant one (Edjolo et al. 2001). GR activity increased in the symplastic 
and apoplastic areas of the leaf. As for the petiole, GR activity increased in the 
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apoplastic area but decreased in the symplastic area (Saruhan et al. 2009). Therefore, 
the changes in activity of APXs and GRs are dependent on the plant species, cultivars, 
organs and stress degree under drought condition.

High or low temperature also affects activities of GR and APX. Activities of 
APX and GR of tolerant cultivar rice were remained high, while those of a suscep-
tible cultivar decreased under chilling (Huang and Guo 2005). In a high tempera-
ture sensitive species Eupatorium adenophorum, APX and GR activities were 
increased at low temperature and were not increased during the heat treatments. In 
a low temperature sensitive species Eupatorium odoratum, increase of the APX and 
GR were observed in heat-treated plants, but the antioxidant enzymes were unable 
to operate in cold stress (Lu et al. 2008).

Ascorpate peroxidase and GR activities of plants are also affected by heavy 
metal, photooxidative stress and oxidative stress. The activity of APX and GR in 
sunflower were significantly suppressed by Cd treatments in the first 24 h. After 
48 h, these activities were strongly increased particularly at 50 and 100 mM Cd. 
whereas the activities of the APX were declined with 96 h treatment (Hatata and 
Abdel-Aal 2008). Under photooxidative stress, the activity of APX in green barley 
(Hordeum vulgare) leaves was increased, while GR axtivity did not change (Kozel 
and Shalygo 2009). Rice seedlings fumigated by ozone, activities of GR and APX 
of ascorbate–glutathione cycle were higher in sensitive rice cultivar than those in 
the tolerant cultivar (Lin et al. 2001).

These data suggested that the changes of APX and GR activity were not only 
related to different organs and plant species but also to stress conditions and/or a given 
period of exposure. The reasons for the changes in APX and GR activities induced by 
stressors are related to gene expression, enzyme mofications and signal transduction.

4.2  Changes in Ascorbate Peroxidase and Glutathione  
Reducatse at Transcript Level

Under stress conditions, the changes of the APX and GR activity is different. The 
changes of the activity may be due to the mRNA level and the enzyme protein 
amount or by the changed kinetic properties of the enzymes. Many reports showed 
that environmental stressors affected APX and GR transcript level. Under salt stess, 
the transcript level of cAPX and stromal APX was increased in the third leaves of 
rice seedings while transcripts of the thylakoid-bound APX genes were down-regu-
lated (Kim et al. 2007). The mRNA levels of chloroplast APX in euhalophyte 
Suaeda salsa was up-regulated by NaCl treatment (data unpublished). In spinach 
leaves (Yoshimura et al. 2000), the transcript level of cAPX, sAPX, tAPX and 
microbody-bound APX were not changed in response to salinity. In rice seedings 
cytosolic GR was strongly induced by salinity (Kaminaka et al. 1998; Kim et al. 
2007). Exogenously applied H

2
O

2
 and treatment with NaCl enhanced the expres-

sion of GR in rice roots (Tsaia et al. 2005). Cytosolic GR was strongly induced in 
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the NaCl-tolerant pea but not in the NaCl-sensitive variety under salt stress 
(Hernandez et al. 2000).

The transcript level of APXs is regulated by drought. The steady-state transcript 
level of pea cAPX increased during drought stress but was even more dramatically 
enhanced following recovery from drought, and this was accompanied by a slight 
enhanced APX protein content and APX activity (Mittler and Zilinskas 1994). In 
spinach leaves (Yoshimura et al. 2000), the transcript level of cAPX, sAPX, tAPX 
and microbody-bound APX were not changed in response drought. In rice seedings 
cytosolic GR was strongly induced by drought (Kaminaka et al. 1998). Drought stress 
induced an upregulation of the expression of cGR in tolerant and susceptible cowpea 
cultivars. Whereas the progression of the drought treatment down-regulated dtGR 
expression of tolerant cowpea cultivar and stimulated dtGR expression in the sus-
ceptible cultivar (Contour-Ansel et al. 2006). The level of transcripts was relatively 
higher for cGR than for the dual isoform.

Heat or low temperature also affects the transcript level of APXs and GRs. In 
the pea (Pisum sativum), the steady state transcript levels of APXI was found to 
increase in response to heat. While the protein level of cAPX was unchanged 
(Mittler and Zilinskas 1992). Increase in APX activity is possibly at the posttrans-
lational level. The expression of theAPX1 gene from Arabidopsis thaliana was 
induced by heat treatment (Storozhenko et al. 1998). The level of the chlorplastic 
APX was poorly modified by heat stress (Panchuk et al. 2002). In rice seedings 
cytosolic GR was strongly induced by chilling (Kaminaka et al. 1998). Baek and 
Skinner (2003) demonstrated that expression level of GR transcripts was increased 
during cold acclimation in wheat plants. In the pea leaves (Romero-Puertas et al. 
2006), chloroplastic GR (GR1) and cytosolic GR (GR2) were dramatically 
induced by low temperature. Moreover, chloroplastic GR (GR1) was repressed by 
high temperature.

The regulation of APXs and GRs transcript level also occurs under stressors such 
as high light and oxidative stress. In Arabidopsis thaliana, cAPX was induced by 
excess light stress and the transcript levels of GORl did not change markedly during 
the excessive light and the poststress period (Karpinski et al. 1997). The transcript 
level of cytosolic APX was significantly increased when suspension cultures of 
germinating rice embryos were treated with paraquat or H

2
O

2
 (Morita et al. 1999; 

Donahue et al. 1997). Paraquat also increased the cytosolic APX mRNA in pea 
(Pisum sativum) (Donahue et al. 1997), while paraquat treatment caused a decline 
in transcript abundance of plastidic GR. Exposure of plants to 0.1 ppm ozone 
enhanced the APX1 mRNA level within 3 h, which showed a diurnal rhythm (Kubo 
et al. 1995). In spinach leaves (Yoshimura et al. 2000), the transcript level of cAPX 
remarkably increased in response to high-light and methyl viologen (MV). While 
the sAPX, tAPX and microbody-bound APX were not changed in response to any 
of the stress treatments at the levels of transcript. During pathogen-induced pro-
grammed cell death in tobacco leaves, cAPX expression was suppressed by inhibi-
tion of protein synthesis (Mittler et al. 1998). In the pea leaves (Romero-Puertas 
et al. 2006), chloroplastic GR (GR1) and cytosolic GR (GR2) appeared to be 
repressed by high light and continuous dark.



1033 Role of Ascorbate Peroxidase and Glutathione Reductase

When peas (Pisum sativum) was treated with cold conditions (4°C) in conjunc-
tion with light, paraquat, ozone, and illumination of etiolated seedlings (greening), 
none of the applied stresses had any effect on steady-state levels of GR mRNA. 
Except for ozone fumigation, the activity of GR was increased. The K

m
 of GR for 

glutathione disulphide showed a marked decrease (Edwards et al. 1994). This 
indicates that GR from stressed plants has an increased affinity for glutathione 
disulphide. GR transcripts levels and protein did not show significant changes 
respect to controls under cadmium stress, while the GR activity in roots was 
increased (Yannarelli et al. 2007). These results are in agreement with those 
reported in Cd-stressed peas by Romero-Puertas et al. (2006). It suggests that post 
translational modification could occur. After heat, MV and H

2
O

2
 treatments, the 

activities of cAPX, sAPX, mAPX increased after a slight decline throughout the 
experiment. Consistent closely with sAPX activity, the expression of sAPX fol-
lowed a similar change pattern, indicating that sAPX was regulated at the tran-
scriptional level. In contrast, constitutive expression was observed in tAPX 
activity and no significant changes in tAPX activity were found throughout the 
experiment (Song et al. 2005).

In conclusion, it is likely that the expression patterns of the APX and GR isoen-
zymes are individually regulated at each cellular compartment under various envi-
ronmental stress conditions. There are a number of different results about the 
expression of the APX and GR isoenzymes in plants. For this reason further 
research is necessary to be done, in particular, in the characteristics of pomoters of 
the APX and GR isoenzymes.

4.3  Signal for the Regulation of Ascorbate Peroxidase  
and Glutathione Reducatse

Under normal conditions, production and removal of ROS must be strictly controlled 
in different cellular compartments. However, the equilibrium between production 
and scavenging of ROS may be perturbed by abiotic stress factors such as salinity, 
high light, drought, low temperature, high temperature, metal and mechanical 
stress. As a result of these disturbances, ROS level may rapidly rise. High concen-
tration of ROS can lead to phytotoxicity whereas relatively low levels can be used 
for signaling.

4.3.1  Signal Molecules of Oxidative Stress

Hydrogen peroxide (H
2
O

2
) has been implicated as a signal in a wide range of abiotic 

stress responses. In germinating rice embryos, when APX and CAT were inhibited 
by hydroxyurea or aminotriazole, cellular H

2
O

2
 content was elevated and cAPX 

mRNA was markedly increased without paraquat or H
2
O

2
 treatment. This suggests 

that cytosolic APX is regulated by the H
2
O

2
 level within cells (Morita et al. 1999). 
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H
2
O

2
 also induced the expression of APX gene in Arabidopsis thaliana leaves 

(Karpinski et al. 1999). These results indicate that H
2
O

2
 is involved in oxidative 

stress signalling, leading to the induction of APX. While Hong et al (2007), Tsaia 
et al (2005) and Sung et al (2009) demonstrated that H

2
O

2
 is not involved in the 

regulation of APX and GR expression. But they cannot exclude the involvement of 
H

2
O

2
 in this signaling pathway. It seems that other factors execute the function with 

H
2
O

2
 for up-regulation of APX and GR transcription under stress conditions (Sung 

et al. 2009). Induction of APX2 expression has been suggested to be mediated by 
ABA in Arabidopsis thaliana (Fryer et al. 2003). Kaminaka et al (1998) suggested 
that the expression of the rice cytosolic GR gene is regulated via ABA-mediated 
signal transduction under environmental stresses.

4.3.2  Sensors of Reactive Oxygen Species-Perception

Under oxidative stress, ROS production in plant cells including extracellular and 
intracellular spaces can be sensed by three different mechanisms: ROS receptors, 
redox-sensitive transcription factors (such as NPR1 or HSFs) and direct inhibition 
of phosphatases by ROS (Mittler et al. 2004). The expression of the stress-sensitive 
cultivated tomato SlAPX1 and SlAPX2 decreased in response to NaCl stress (Najami 
et al. 2008). AtAPX1 (putative co-ortholog of these tomato genes) of the glycophyte 
Arabidopsis thaliana was also not up-regulated in response to NaCl stress (Mittler 
et al. 2004). The cadmium-induced increase in SlAPX2 transcript level suggests that 
different sensors, which probably transduce the signals along different transduction 
pathways, sense cadmium and NaCl stress (Najami et al. 2008).

4.3.3  Reactive Oxygen Species-Signal Transduction Cascade

Reactive oxygen species-receptors sense the ROS signal and results in the generation 
of Ca2+ signals. And then Ca2+ activates the protein kinase OXI1. The activation of 
OXI1 results in the activation of MAPK casade. MAPK casade induced or acti-
vated different transcript factors (WRKY, Zat, RAV, GRAS and Myb families) 
regulating the ROS-scavenging pathway (Mittler et al. 2004).

H
2
O

2
 may directly oxidise redox-sensitive transcription factors including HSF, 

NPR1 in either the cytoplasm or the nucleus (Neill et al. 2002). Activated transcrip-
tion factors would subsequently interact with cognate H

2
O

2
-response elements and 

modulate gene expression such as APX and GR. Alternatively, redox-sensitive tran-
scription factors activated MAPK casade. ROS is sensed via modification of thiol 
groups in certain proteins either. The inactivation of Arabidopsis protein tyrosine 
phosphatases (AtPTP1) by H

2
O

2
 may be mediated by the oxidation state of the 

active-site cysteine. AtPTP1 can inactivate the Arabidopsis MPK6 (Gupta and 
Luan 2003). When oxidative stress occurred, AtPTP1 was inactivated by H

2
O

2
. 

Then the MAPK casade was activated and transcription factors were regulated. 
Inhibition of phosphatases by ROS might result in the activation of kinases of 
OXI1 or MAPK casade.
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Thus, it can be seen that transcription factors and the MAPK casade are key 
components in ROS signal transduction. A possible signal transduction pathway 
of regulation of APX and GR activity under environmental stress is proposed 
(Fig. 2). The expression of different transcription factors is enhanced by ROS and 
this includes members of the WRKY, Zat, RAV, GRAS and Myb families (Mittler 
et al. 2004). Large-scale transcriptome analyses coupled with proteomic and 
metabolomic analyses of plants perturbed at the levels of individual or multiple 
components of the environmental stress induced ROS network will be essential for 
future studies.

5  Perspectives

Biochemical and molecular studies have shown that APX and GR are important 
enzymes for scavenging the ROS, which are continuously generated in different 
compartments during environmental stresses. The changes of APX and GR activ-
ity were not only related to different organs and plant species but also to stress 

Fig. 2 A possible reactive oxygen species-signal transduction pathway of ascorbate peroxidase 
and glutathione reducatse regulation in plant cells under environmental stress conditionReactive 
oxygen species can be sensed by three different mechanisms: ROS receptors, redox-sensitive 
transcription factors and direct inhibition of phosphatases. Detection ROS by receptors results in 
the generation of Ca2+ signals. And then Ca2+ activates the protein kinase OXI1. The activation of 
OXI1 results in the activation of MAPK casade. MAPK casade induced or activated different 
transcript factors regulating the APX and GR. H

2
O

2
 may directly oxidise redox-sensitive transcrip-

tion factors. Activated transcription factors would subsequently interact with cognate H
2
O

2
-

response elements and modulate gene expression such as APX and GR. Alternatively, 
redox-sensitive transcription factors activated MAPK casade. Inhibition of phosphatases by ROS 
might result in the activation of kinases of OXI1 or MAPK casade. ABA might be involved in the 
signal transduction pathway. Abbreviations: TF, transcription factors; HSF, heat shock factors; 
Zat, zinc-finger protein; NPR1, non-expressor of PR1; OXI1, serine/threonine protein kinase
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conditions and/or a given period of exposure. APX and GR activity are relative 
higher in tolerant species than those in sensitive species under environmental 
stress. This is possibly an important tolerant mechanism of plants to stress condi-
tions. Further experiment should be done in the realtionship between plant stress 
tolerance and APX and GR activity, in particular, ragulation mechanism of APX 
and GR activity under stress.

During environmental stress, the changes of APX and GR activities may be due 
to the protein synthesis or isoform population. It is important to characterize which 
isoform is crucial for a particular stress and how the expression of that particular 
isoform is regulated. At the same time the cooperation mechanism of different iso-
forms at different compartments for scavenging the ROS is also required to study.

At the present stage, the signal transduction pathway that regulates the expres-
sion of APX and GR has been reported in some plants under stress conditions. But 
there are still many uncertainties in understanding of the signal transduction under 
stress conditions such as ROS sensors and components of the signal transduction. 
This needs more direct proof.
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Abstract Reactive oxygen species (ROS) in plants are known to accumulate 
during biotic stress and different cellular compartments respond to them by a dis-
tinct antioxidant repertoire. The ascorbate–glutathione (AsA–GSH) cycle serves 
as the main antioxidant pathway in plant cells linking the protection against ROS 
to redox-regulated plant defence. This chapter makes a selective overview on the 
compartment-specific role of the AsA–GSH cycle constituents in the process of 
sensing and transducing signals and in regulation of nuclear gene expression in 
response to pathogens. The focus of this review is the specific interplay between 
ascorbate and glutathione, the two major cellular redox determinants. The potent 
biological significance of the effects mediated by ascorbate and glutathione in 
plant–pathogen interactions has been considered with reference to the lifestyle of 
the invading pathogen and to the local versus systemic defence.

Keywords Ascorbate-glutathione cycle • Compartmentation of stress responses  
• Reactive oxygen species • Plant-pathogen interactions • Redox signalling

1  Introduction

The oxidative stress related to the imbalance between the production of reactive 
oxygen species (ROS) such as superoxide anion radical (O

2
·−), hydrogen peroxide 

(H
2
O

2
) and hydroxyl radical (OH·), and the capacity of the antioxidant system is a 

widespread phenomenon commonly observed in plants exposed to most, if not all, 
environmental stresses (Bolwell et al. 2002; Dat et al. 2003; Apel and Hirt 2004; 
Gechev et al. 2006). Traditionally, the term “oxidative stress” denoted a harmful 
process with potentially deleterious effects on plant metabolism that have to be 
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avoided by mobilization of the antioxidant defence. However, recent studies have 
substantially extended our understanding of the role of ROS in plant biology, suggest-
ing that they are key regulators of biological processes. It is now generally accepted 
that the effects of ROS result from direct or indirect responses to sensing systems 
involving antioxidants, rather than from oxidative damage to biomolecules per se.

Under stress, controlling the toxicity of ROS, simultaneously enabling them to 
act as signalling molecules, requires a complex regulatory network including ROS 
sensing, producing and scavenging systems. The interplay between ROS produc-
tion and scavenging determines the steady-state level of ROS in cells, as well as the 
ROS signature, i.e. the duration, localization, and amplitude of ROS signals condi-
tioning stress responses (Mahalingam and Fedoroff 2003; Miller et al. 2008). The 
processing of ROS involves modifications of redox components, and the adjustment 
in cellular redox state has been shown integral to the mechanism by which plants 
respond to the constantly fluctuating environment (Foyer and Noctor 2005). In 
plant cells, the reductive detoxification of ROS is strongly dependent on ascorbate 
and glutathione being the two main hydrophilic antioxidants and redox buffers 
(Noctor and Foyer 1998). However, ascorbate and glutathione are multifunctional 
compounds with functions extending far beyond the antioxidative system (De Tulio 
and Arrigoni 2004; Meyer 2008; Noctor 2006).

Much evidence points to a pivotal role of the ascorbate–glutathione (AsA–GSH) 
cycle that scavenges ROS, and particularly H

2
O

2
, in activating a successful defence 

strategy under environmental stress (Noctor and Foyer 1998). The AsA–GSH cycle 
involves successive oxidations and reductions of ascorbate and glutathione cataly-
sed by the enzymes constituting the cycle, namely ascorbate peroxidase (APX, EC 
1.11.1.11), monodehydroascorbate reductase (MDHAR, EC 1.6.5.4), dehydroascor-
bate reductase (DHAR, EC 1.8.5.1) and glutathione reductase (GR) (Noctor 2006; 
Polle 2001). It operates in all cellular compartments in which ROS detoxification is 
needed, i.e. in apoplast, cytosol, chloroplasts, mitochondria and peroxisomes 
(Potters et al. 2002; Noctor and Foyer 1998). Apart from its direct antioxidant role, 
the AsA–GSH cycle functions for ROS sensing and signalling. Modulation of the 
appropriate defense response under biotic stress can be achieved by changes in the 
absolute concentrations of the total, reduced and oxidized forms of ascorbate and glu-
tathione as well as their redox ratios (Foyer and Noctor 2005; Kuźniak and 
Skłodowska 2005a). Owing to the action of the AsA–GSH cycle the information-
rich metabolic pools of ascorbate and glutathione are tightly linked by redox flux 
and function. However, each of them may have specific roles in redox regulation of 
the defence response, as they have different redox potentials. Moreover, compensa-
tory mechanisms can be involved in regulation of the ascorbate- and glutathione-
mediated defence (May et al. 1996; De Tulio and Arrigoni 2004; Foyer and Noctor 
2005). In general, the interplay between ROS, ascorbate and glutathione, mediated 
by the AsA–GSH cycle, linking the antioxidant function with the redox-dependent 
defence reactions, is likely a key part in the signalling mechanism by which plants 
perceive and respond to the environmental stresses. As sessile organisms plants can-
not escape from the stressful environment. This implies that to maintain the success-
ful growth and propagation during their life span, plants must be able to continuously 
adjust their metabolism to the fluctuating external conditions. In view of metabolic 
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regulations, redox signalling is recognized as one of the major ways used by plants 
to sense and respond to the environmental cues from early evolution onwards.

According to the concept that redox regulation of metabolic processes is a 
universal feature of life, a plant cell could be viewed as a unit composed of com-
partments with specific sets of antioxidants, differing in their antioxidant buffering 
capacities and redox status. The inherent ascorbate- and glutathione-mediated 
redox homeostasis in individual compartments is maintained at different levels 
complementary to their metabolic requirements and differentially affected by the 
oxidative stress of biotic origin (Kuźniak and Skłodowska 2005a). On pathogen 
attack, the interactions between ROS and the AA–GSH cycle could generate 
compartment-specific redox signals interfering with other signalling pathways to 
achieve a complex rearrangement of the primary metabolism from photo-assimilatory 
pathways into an emergency survival strategy (Scharte et al. 2005).

2  Role of Apoplast Oxidative Metabolism in Plant–Pathogen 
Interactions

The accumulation of ROS, especially O
2
·− and H

2
O

2
, has been routinely recorded in 

infected plants and is considered one of the most characteristic early signs of plant–
pathogen interactions (Wojtaszek 1997; Hückelhoven et al. 1999; Pitzschke et al. 
2006; Shetty et al. 2008). The overproduction of ROS under biotic stress, known as the 
oxidative burst, is generally attributed to enzymatic mechanisms, namely NADPH-
oxidase, amine oxidase and peroxidases located mainly extracellularly (Doke 1983; 
Thordal-Christensen et al. 1997; Wojtaszek 1997). However, the mechanisms for ROS 
generation have been shown to vary depending on the plant–pathogen interaction 
(Bolwell 1999). The localized extracellular H

2
O

2
 generation has been shown to be 

necessary and sufficient to account for fungal penetration failure (Mellersh et al. 2002; 
Asselbergh et al. 2007). Rapid infection-induced production of ROS in the apoplast 
could also inhibit pathogen penetration by cell wall lignification, cross-linking of cell 
wall polymers (Almagro et al. 2009) as well as by the production of antimicrobial 
phytoalexins (Colvile and Smirnoff 2008). In addition ROS have the potential to be 
directly toxic to pathogens (Lu and Higgins 1999) and to induce the expression of 
defense genes (Levine et al. 1994; Desikan et al. 2001). Thus, most attention has been 
focused on the apoplast contributing to the inducible defence responses following 
biotic stress as a site where oxidants are produced and perceived.

Taking into account the broad spectrum of defence functions attributed to ascorbate 
and glutathione (Noctor and Foyer 1998; Arrigoni and De Tulio 2002; Noctor 
2006), their apoplastic pools appear to play the main role in maintaining the defen-
sive potential of this cellular compartment. Ascorbate is the major redox active 
compound in the apoplast and it has been shown to be crucial for the stress response 
when stress factors, like pathogen, are perceived firstly by the apoplast. In general, 
the apoplastic ascorbate pool has been calculated to be from 5% to 10% of the total 
cellular pool and it is set at a comparatively oxidized level (Noctor and Foyer 1998; 
Veljovic-Jovanovic et al. 2002). In this compartment, ascorbate is oxidized either 
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by ROS or by ascorbate oxidase (AO) or ascorbate peroxidase (APX, Patykowski 
and Urbanek 2003; Pignocchi and Foyer 2003). There is no evidence that NAD(P)H, 
the AsA–GSH cycle driving force for ascorbate regeneration, is found in apo-
plast although some enzymes of the cycle are present (Vanacker et al. 1998a, b). 
Thus, the ascorbate regeneration process takes place at the expense of the reducing 
power of the cytosol. It is performed by the action of reduced ascorbate/dehy-
droascorbate (AsA/DHA) transporter that is linked to the cytosolic AsA–GSH 
cycle, or either by a membrane-bound cytochrome b or MDHAR (Horemans et al. 
2000). This mechanism requires collaboration of different cellular compartments. 
Moreover, antioxidant buffering capacity could depend on the rate of ascorbate 
degradation that has been shown to be located in the apoplast (Green and Fry 2005). 
Considerable attention has been focused on the apoplastic ascorbate pool during 
biotic stress, as AsA negatively regulates the peroxidase-dependent oxidation of 
phenolics by the reduction of the oxidized phenolic intermediates (Takahama and 
Oniki 1992). This mechanism hinders the cell wall strengthening processes like 
lignification known to be of key importance in the plant cell attempt to stop patho-
gen spread (Fig. 1). As lignification of the cell wall only occurs in the absence of 
AsA, the apoplastic ascorbate pool must be oxidized to allow this stress response 
to proceed. It was shown that in the resistant tomato cultivar the level of reduced 
ascorbate in the apoplast decreased significantly after infection with Botrytis 
cinerea and this corresponded to the higher activity of peroxidase assayed with 
a substrate indicative of lignification (Patykowski and Urbanek 2003, 2005). 
Importance of the cell wall strengthening processes mediated by the apoplastic 
class III peroxidases for plant resistance to infection has been identified for differ-
ent pathosystems (Lamb and Dixon 1997; Almagro et al. 2009). Similarly, the 
ascorbate-deficient (vtc) Arabidopsis thaliana mutants with increased resistance to 
infection by virulent pathogens (Barth et al. 2004; Pavet et al. 2005) exhibit ele-
vated cell wall peroxidase activity, increased transcript levels of pathogenesis-
related (PR) genes and they accumulated phytoalexin camalexin (Colvile and 
Smirnoff 2008). Moreover, the results of Pastori et al. (2003) demonstrated that 
12.9% of the 171 genes differentially expressed in vtc mutants of A. thaliana, when 
compared with the wild type, were involved in plant defence. Thus, apoplastic 
concentration of ascorbate can control the rate of oxidation of lignin monomers or 
other phenolics which is catalyzed by cell wall-bound peroxidases (Takahama 
2004). Moreover, it has been revealed that ascorbate availability may control the 
biosynthesis/signalling of ethylene as well as salicylic and abscisic acids (Pastori 
et al. 2003; Pignocchi and Foyer 2003). The evidence outlined above suggests that 
the redox state of ascorbate is important in modulating plant hormone-dependent 
signalling pathways controlling defence responses. In addition, changes in the 
ascorbate pool may affect the age-related resistance/susceptibility to pathogens 
which is typically seen as an increase/decreasae in the resistance of plants with 
development (Barth et al. 2004; Pavet et al. 2005). Ascorbate deficiency in vtc1 and 
vtc2 mutants stimulated the innate immune responses via activation of localized 
programmed cell death (PCD) and systemic acquired resistance (SAR) and the 
onset of SAR was linked to the cessation of expansion growth (Pavet et al. 2005). 
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The results suggest that ascorbate may be one of the components that influence the 
inverse relationship between growth and defence that is frequently observed in 
plants (Heil 1999). However, tobacco plants overexpressing the cell wall AO in the 
apoplast, and exhibiting an increased H

2
O

2
 content, display increased susceptibility 

to B. cinerea infection when compared with wild-type plants (Fotopoulos et al. 
2006, 2008). Thus, plants with lower ascorbate redox state in the leaf apoplast are 
impaired in their defence response to infection. In general, these results are in line 
with the concept that plants can sense shifts in both the amount and redox state of 
ascorbate and they point to a potentially crucial role of apoplast-located ascorbate 
in the first line of plant defence against external agents promoting oxidative stress. 

Fig. 1 The apoplastic ascorbate/phenolic/peroxidase system. Redox interactions across the 
plasma membrane including the possible presence of AA/DHA transporters and DHA/AA 
exchange carriers as well as the AA–GSH cycle constituents are indicated. The apoplastic ascor-
bate can be oxidized by the action of ascorbate peroxidase (APX) or ascorbate oxidase (AO). After 
production of monodehydroascorbate (MDHA) in apoplast, AA is either directly re-reduced by 
a b-type cytochrome-mediated electron transfer (cyt b) or by the action of cytosolic monodehy-
droascorbate reductase (MDHAR), or it disproportionates to dehydroascorbate (DHA). The extra-
cellular DHA is transported by an AA/DHA carrier (AT) to the cytosol where it is re-reduced by 
dehydroascorbate reductase (DHAR) using reduced glutathione (GSH) as an electron donor. 
Glutathione reductase (GR) mediates the reduction of oxidized glutathione (GSSG) to GSH by 
using NADPH as an electron donor. Reduced ascorbate (AA) negatively regulates the peroxidase 
(POX)-dependent oxidation of phenolics by the reduction of the oxidized phenolic intermediates 
(depicted on the grey panel). This mechanism hinders lignification and other cell wall strengthening 
processes known to be of key importance in local defence against biotrophic pathogens (Based on 
Horemans et al. 2000; Takahama 2004)
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Biological significance of pathogen-induced changes in the apoplastic ascorbate 
pool, however, needs further investigation. In this context, it has been suggested 
that DHA resulting from apoplast ascorbate oxidation can modulate plant defence 
responses through the reversible thiol–disulphide exchanges in specific proteins 
(Fotopoulos et al. 2008). In general, the ascorbate redox state of apoplast, deter-
mined by AO and APX activities, modulates plant defence responses against 
pathogens by regulating signal transduction pathways and gene expression (Pignocchi 
et al. 2006).

An apoplast of a leaf cell contains 1–2% of the total leaf GSH pool (Foyer et al. 
2001). The content of GSH localized in the extracellular space increased after 
inoculation with powdery mildew in resistant, but not in susceptible lines of barley 
and oat, indicating that the apoplastic glutathione may act in signalling the induc-
tion of resistance (Vanacker et al. 1998a, b). Furthermore, glutathione involvement 
in activation of hypersensitive response (HR), where plant cell death due to host–
pathogen incompatibility prevents further pathogen infection, has been shown 
(Vanacker et al 2000). The significance of GSH for local resistance responses is 
supported by the data of Wingate et al. (1988) indicating GSH-mediated transcrip-
tion of genes encoding cell wall hydroxyproline-rich glycoproteins and phenylalanine 
ammonia lyase in cells undergoing HR. Consistent with the regulations described 
for ascorbate, GSSG generated in the apoplast as a result of oxidative stress must 
be returned to the cytosol for re-reduction to GSH and plasma membrane GSH and 
GSSG transport has an important function in apoplast-mediated protection against 
biotic stress.

In general, the concentrations of ascorbate and glutathione and their redox 
ratios are important factors in apoplastic metabolism and plant defence responses. 
The ascorbate and glutathione homeostasis in the apoplast is easily perturbed, as 
this compartment lacks systems for the regeneration of reduced forms of these 
antioxidants. Taking into consideration low proportions of the total leaf ascorbate 
and glutathione present in the leaf apoplast and its low buffering capacity, the 
specific plasma membrane transport systems, linking the apoplastic ascorbate and 
glutathione redox couples to their cytoplasmic counterparts, appear to play a deci-
sive role in maintaining the AsA–GSH cycle-dependent defensive capabilities of 
this compartment (Fig. 1). The role that apoplast plays in the plant–pathogen inter-
actions could acquire significance as the low redox buffering capacity allowing 
oxidative signals to accumulate has been suggested to facilitate redox signalling 
(Foyer and Noctor 2005).

With respect to the function of ROS in pathogenesis, plant defence mechanisms 
against necrotrophic pathogens, which kill host tissues, are considered to differ 
from those that are effective against biotrophic pathogens, which grow on living 
hosts. It has been suggested that H

2
O

2
 from the oxidative burst plays a dual role in 

plant–pathogen interactions. H
2
O

2
 acts as an active defence compound against 

biotrophic pathogens as it accumulates at the sites of attempted penetration and 
assists the development of HR that inhibits pathogen growth by surrounding it with 
an extremely oxidative environment (Bestwick et al. 1997; Hückelhoven et al. 
1999). However, for the necrotrophic pathogens the accumulation of H

2
O

2
 has been 
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postulated to be beneficial for infection, leading to enhanced colonization of the 
plant tissue (Govrin and Levine 2000). Necrotrophic fungi, e.g. B. cinerea and 
Sclerotinia sclerotiorum are apparently not deterred by the HR of the host, and stimu-
lation of the HR facilitates host infection (Mayer et al. 2001; Govrin et al. 2006). 
This effect could be prevented by ROS inhibitors or scavengers (Govrin and Levine 
2000). It seems likely that the plants maintaining high antioxidant potential could 
be compromised in their ability to sustain the attack of a biotrophic pathogen. This 
relationship has been questioned in other studies (Małolepsza and Urbanek 2002; 
Unger et al. 2005; Walz et al. 2008); Dong et al. (2008) were not able to confirm the 
accelerated and enlarged lesion formation in S. sclerotiorum-infected transgenic 
plants constitutively overexpressing the oxalate oxidase gene. However, there is no 
doubt that necrotrophs can successfully cope with the HR-related defence mecha-
nisms evolved to defend against biotrophic pathogens, or even use them to their 
advantage (Spoel et al. 2007). In this respect, dead cells resulting from HR provide 
resistance to biotrophs, but also provide potential entry points for the invading 
necrotrophs in the natural environment (Kliebenstein and Rowe 2008). Moreover, 
it has been demonstrated that contrary to local tissues where a successful infection 
by a biotroph reduces resistance to a necrotroph, in systemic tissues trade-off 
between biotroph and necrotroph resistance was negligible (Spoel et al. 2007). 
Moreover the success of the HR is related to the unbalance of the AsA–GSH redox 
state (de Pinto et al. 2002) and transient suppression of the enzymatic antioxidant 
defence as transgenic plants with suppressed activities of catalase and APX are 
hyperresponsive to pathogens (Mittler et al. 1999). Thus the physiological signifi-
cance of the AsA–GSH cycle-related changes in pathogenesis should be interpreted 
with respect to the lifestyle of an invading pathogen and the local versus systemic 
defence response. Thereby, the physiological significance of the AsA–GSH cycle 
may be difficult to estimate under natural environmental conditions, in plants 
simultaneously coping with multiple pathogens with different lifestyles.

Both a pathogen and a plant host deploy similar oxidant and antioxidant systems 
and at the interface there must be a fine balance between them dependent on the 
relative sensitivity of each partner to ROS and other products of oxidation reactions 
generated (Lu and Higgins 1999; Mayer et al. 2001). Moreover, the mechanisms by 
which plant cells regulate the level of ROS, and especially of H

2
O

2
, could be crucial 

for the outcome of plant–pathogen interaction because the role that H
2
O

2
 plays in 

plant defence depends on its concentration (Mittler 2002). Low content of H
2
O

2
 

induces protective antioxidant mechanisms and activates signalling pathways trig-
gering a systemic response (Solomon et al. 1999). Moderate to high H

2
O

2
 levels can 

be directly toxic to pathogens (Peng and Kuć 1992) or can trigger PCD in the form 
of HR (Tenhaken et al. 1995; Mittler et al. 1999). In this context the prooxidant/
antioxidant balance dependent on the AsA–GSH cycle activity may represent a 
mechanism conditioning the defence strategy of the infected plant. However, it is 
noteworthy that the measurements of endogenous H

2
O

2
 concentration are techni-

cally challenging, and the literature data for H
2
O

2
 content in leaves show great 

variability ranging from 0.05 to 5 mmol g−1 FW (Queval et al. 2008). These rela-
tively high values are inconsistent with the fact that the photosynthetic CO

2
 fixation 
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as well as the tricarboxylic acid cycle can be inhibited by H
2
O

2
 at the concentration 

of 10 mmol g−1 FW (Veljovic-Jovanovic et al. 2002). This implies that the leaf H
2
O

2
 

content can be overestimated (see Veljovic-Jovanovic et al. 2002 for further discus-
sion). If this is the case, the physiological significance of these data should be 
interpreted with extreme caution. With respect to the methodological difficulties in 
accurately measuring H

2
O

2
 in the whole leaf extracts (Queval et al. 2008) it is unclear 

to what extent these assays provide useful information on tissue redox state deter-
mined by the AsA–GSH cycle-related mechanism, especially when its compartment-
specific role is taken into consideration.

3  Significant Role of Compartment-Specific Responses  
of the Ascorbate–Glutathione Cycle in the Regulation  
of Plant Defence Against Biotic Stress

Emerging evidence points to the role of the subcellular compartmentation in the 
antioxidant defence (Kuźniak and Skłodowska 1999, 2001; Foyer and Noctor 
2005). Unfortunately, the response of the AsA–GSH cycle under biotic stress has 
been studied almost exclusively at the whole cell level and in the apoplast 
(El-Zahaby et al. 1995; Vanacker et al. 1998a; Patykowski and Urbanek 2003). In 
plants, chloroplasts, mitochondria and peroxisomes have been proposed to be the 
main sources of ROS under “normal” conditions. Simultaneously, these organelles 
are equipped with effective antioxidant systems, including the AsA–GSH cycle 
(Jiménez et al. 1997; Noctor and Foyer 1998; del Río et al. 2002; Kuźniak and 
Skłodowska 2005b). Although in plant–pathogen interactions ROS are generated 
mainly extracellularly, the antioxidants located in cytosol, chloroplasts, mitochon-
dria and peroxisomes could be also affected. In tomato plants, the successful B. 
cinerea infection was found to overcome the protective antioxidant function of the 
AsA–GSH cycle in chloroplasts, mitochondria and peroxisomes, and mitochondria 
and peroxisomes underwent the most pronounced oxidative changes (Kuźniak and 
Skłodowska 2005a). The general shift of the cellular redox equilibrium toward the 
oxidative state was manifested by the decrease in the concentrations and redox 
ratios of ascorbate and glutathione as well as lowered activity of MDHAR, DHAR 
and GR, the enzymes responsible for ascorbate and glutathione recycling. Thus, 
success of the pathogen was related to the decline of the antioxidant capacity at the 
subcellular level. In respect of the timing and intensity of changes in the AsA–GSH 
cycle activity, the organelles were differentially affected by B. cinerea infection. 
However, a progressive decrease in glutathione content was found in all cellular 
compartments (Kuźniak and Skłodowska 2005a).

The need for coordinating antioxidant defence in different cellular compart-
ments during plant reactions to pathogens has been also discussed with respect to 
its contribution to the spatial and temporal tuning of ROS levels and their signalling 
properties (Dutilleul et al. 2003; Torres et al. 2006; Kuźniak et al. 2009; Song et al. 
2009). The AsA–GSH cycle elements, operating in all organelles where the generation 
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of ROS occurs, form an integrated network with extensive crosstalk that could be 
triggered by ROS and redox signals (Vranová et al. 2002). Several links between 
chloroplastic production of ROS and plant stress responses, including basal resis-
tance, have been provided by studies on the lesion mimic mutants that spontane-
ously display necrotic lesions on leaves (Lorrain et al. 2003; Mateo et al. 2004). 
The formation of these lesions, that are very similar to those resulting from HR, are 
often accompanied by PR gene expression. There are results indicating that the 
regulation of pathogen-triggered cell death requires both chloroplastic and mito-
chondrial signals and communication between these organelles (Yao and Greenberg 
2006). It appears that in the context of the mitochondrial and chloroplastic AsA–
GSH cycle, this coordination occurs by dual targeting of the cycle enzymes rather 
than retrograde signalling (Creissen et al. 1995; Chew et al. 2003). Dual targeting 
of APX, MDHAR, and GR, but not DHAR gene products, to mitochondria and 
chloroplasts has been reported in A. thaliana (Obara et al. 2002; Chew et al. 2003). 
Thus, the fact that several key antioxidative enzymes are dual targeted to chloro-
plasts and mitochondria may be significant in PCD regulation. Coordination of 
chloroplastic and mitochondrial mechanisms with defence as a general response to 
pathogens is an interesting point emerging from these studies, although the under-
lying details can be quite variable depending on the specific plant–pathogen sys-
tem and on the environmental conditions.

Although there are considerable data showing interference between the ascor-
bate and glutathione systems in plant response to stress (Conklin et al. 1996; 
Leipner et al. 2000) it is possible that the redox state of glutathione could be to 
some extent independent of ascorbate (Noctor 2006). Taking into account the rela-
tive redox potentials of ascorbate and glutathione redox pairs, GSSG can exist in 
the presence of the high ascorbate concentration, thus it should not interfere with 
redox regulations via the thioredoxin (TRX) system and other thiol–disulphide 
interconversions. However, under severe stress when the oxidation of ascorbate 
increases substantially, the ascorbate–glutathione cycle is activated resulting in increased 
GSSG formation.

Perturbation of the redox processes in plants infected with B. cinerea is sug-
gested to be an attack strategy of this necrotrophic pathogen (Von Tiedemann 1997; 
Kuźniak and Skłodowska 2005a). However, the infection-induced changes vary 
depending on the host plant. In A. thaliana leaves massive depletion of ascorbate 
and glutathione and no increases in lipid peroxidation products were observed whereas 
B. cinerea-infected leaves of Phaseolus vulgaris showed significant increases in 
lipid peroxidation products concomitant with slight decline in the content of non-
enzymatic antioxidants (Muckenschnabel et al. 2001, 2002). Therefore, the results 
obtained for A. thaliana, a model plant, should be extrapolated to other plants with 
extreme caution.

The H
2
O

2
-decomposing function of the AsA–GSH cycle is associated with 

APX, the unique enzyme found mainly in plants and algae that possesses a very 
high affinity to H

2
O

2
 (Nakano and Asada 1981; Asada 1999; Raven 2003).The 

function of APX depends on the availability of the AsA pool, and on GSH with 
respect to the activity of DHAR, the GSH-dependent enzyme that could limit the 
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regeneration of AsA from DHA. It has been reported that in plants strong suppression 
of APX activity may coincide with the induction of cell death (de Pinto et al. 2002), 
which in the context of defence strategy to biotic stress is regarded the most effec-
tive response against biotrophic pathogens. Inhibition of APX activity may occur at 
various stages and may depend on numerous external factors, e.g. the TMV induced 
PCD in tobacco leaves was caused by post-transcriptional suppression of cytosolic 
APX, which was correlated with an increase in intracellular H

2
O

2
 content and 

promoted cell death (Mittler et al. 1998).
Gene expression studies in plants subjected to stress reveal that among nine 

members of A. thaliana APX gene family expressed in cytosol, chloroplasts, mito-
chondria and peroxisomes, the cytosolic APX isozymes are the most stress-responsive 
(Mittler and Poulos 2005). Davletova et al. (2005) demonstrated that in the absence 
of the cytosolic H

2
O

2
-scavenging enzyme APX1, the entire chloroplastic H

2
O

2
-

scavenging system of A. thaliana collapsed, H
2
O

2
 accumulated and protein oxida-

tion occurred. Transgenic tobacco plants with suppressed APX1 expression are 
hyper-responsive to pathogen attack and they activate programmed cell death in 
response to low amounts of pathogens that do not trigger a cell death response in 
the control plants (Mittler et al. 1999). These studies pointed to the importance of 
ROS scavenging in cytosol that mediates the export and import of ascorbate and 
glutathione as well as their recycling in order to maintain large redox gradients 
between cellular compartments (Kuźniak and Skłodowska 2005a). Regulations of 
the cytosolic redox state could be key determinants for the plant response to biotic 
stress, when a massive influx of DHA and GSSG resulting from the pathogen-
induced oxidative burst in the apoplast occurs. In B. cinerea-infected tomato leaves, 
the redox state of the cytoplasm was maintained on a significantly higher level than 
in other cellular compartments. Moreover, the pronounced redox equilibrium 
decrease, indicating that in the infected leaves a high burden was put on the cyto-
solic antioxidant system, overlapped the initiation of disease progression concomi-
tant with the breakdown of the antioxidant plant defence (Kuźniak and Skłodowska 
2005a). The ROS/redox signals transmitted from different compartments are buff-
ered by the cytosolic antioxidants which can limit their strength and spread (Baier 
and Dietz 2005). Whether they can pass the cytosol without loss of function and 
reach the nucleus to control gene expression depends to some extent on the capacity 
of the cytosolic AsA–GSH cycle.

The AsA and GSH are maintained in their reduced forms by a set of four 
enzymes regenerating AsA and GSH, namely MDHAR, DHAR, GR and glutare-
doxins whose activities rely on NADPH (Mittler and Poulos 2005). Thus, for ascor-
bate and glutathione to act as redox couples an adequate supply of NADPH is 
necessary. In plants, NADPH is supplied mainly via the oxidative pentose phos-
phate pathway (OPP). However, information on the co-regulation of the OPP and 
AsA–GSH cycle under stress is surprisingly scarce although increases in the 
activity of glucose-6-phosphate dehydrogenase, the main OPP enzyme, have been 
observed in response to fungal elicitors (Kombrink and Hahlbrock 1986). In con-
trast, 6-aminonicotinamide, an inhibitor of OPP, diminished the PR1 gene expression 
in Arabidopsis treated with SAR inducer (Mou et al. 2003).
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Furthermore, compartmentalization of both ROS production and activation of 
antioxidants could contribute to fine-tuning of ROS levels and their signalling prop-
erties (Torres et al. 2006). Although the primary oxidative burst following pathogen 
recognition occurs in the apoplast, ROS produced in other organelles with oxidative 
metabolism or characterized by rapid electron flux, e.g. chloroplasts, mitochondria 
and peroxisomes, may also have functions in defence. The complex regulatory 
network involved in managing ROS and determining the intensity, duration and 
localization of the ROS/redox signals is beyond the scope of this chapter. It has 
been covered by several recent reviews (Laloi et al. 2004; Foyer and Noctor 2009; 
Miller et al. 2008).

Rapid adaptive flux in the cellular redox metabolism is a prerequisite to coun-
teract the pathogen-imposed oxidative stress. Although there are some reports on 
the involvement of AsA–GSH cycle enzymes in biotic stress responses, there is a 
dearth of literature data with respect to the position of the AsA–GSH cycle in the 
overall defence network. The perturbations in glutathione and ascorbate pools as 
well as their redox ratios could be either beneficial for plant defence against patho-
gens when an adequate response is induced, or they could reflect inability to with-
stand the stress impact. Glutathione is acknowledged as the most important thiol 
antioxidant in the plant–pathogen interactions. The increase is GSH pool is generally 
regarded as a protective response against pathogens because a positive relationship 
between GSH concentration/glutathione pool homeostasis and resistance to patho-
gens was found in several studies (Gullner et al. 1999; Vanacker et al. 2000; 
Kuźniak and Skłodowska 2005a). The resistant tomato cultivar infected with 
Pseudomonas syringae was able to maintain homeostasis of the glutathione pool 
whereas a sustained accumulation of GSSG and glutathione redox ratio decreased, 
in addition to GSH depletion, were characteristic features of the susceptible interac-
tion (Kuźniak and Skłodowska 2004). However, the response of an A. thaliana 
mutant with a 70% deficit in the content of glutathione to bacterial and fungal 
pathogens was unaltered (May et al. 1996). This effect was attributed to the consid-
erable increase in AsA level found in this mutant under biotic stress conditions 
suggesting that a compensatory mechanism was induced to afford adequate protec-
tion in the absence of glutathione. Similar compensatory regulations, superior to 
changes in individual elements of the AsA–GSH cycle, have been reported for 
tomato-P. syringae interaction. In this pathosystem compensation of GSH depletion 
by AsA increase to maintain the overall redox balance under stress has been 
observed in the susceptible tomato cultivar whereas in the resistant one the redox 
homeostasis was maintained throughout P. syringae attack and no significant 
changes in the ascorbate pool occurred (Kuźniak and Skłodowska 2004). These 
studies as well as numerous data from transgenic plants with altered antioxidant 
capacity (Kuźniak 2002) pointed further to the interdependence between differ-
ent pathways of protection as a mechanism which helps plants to withstand the 
pathogen attack.

Dehydroascorbate reductase is commonly recognized as an enzyme that links 
ascorbate and glutathione in the AsA–GSH cycle and DHA-reducing proteins have 
been purified from different plant sources (Hossain and Asada 1984; Dipierro and 
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Borracino 1991; Hou and Lin 1997). Substrate affinity is an important parameter in 
assessing the relative contribution of these different enzymes to DHA reduction. 
However, except DHAR isolated from spinach (Hossain and Asada 1984), these 
proteins exhibit low affinity to DHA (K

m
 for DHA in the range of 0.26–0.50 mM, 

Yang et al. 2009) and at present their relative contribution to DHA reduction is 
suggested less significant than previously postulated (Polle 2001). DHA is readily 
reduced non-enzymatically to ascorbate by thiols such as GSH (Polle 2001). 
Moreover, some of the DHA-reducing proteins have been shown to fulfil com-
pletely different functions (Urano et al. 2000). Plant glutathione transferases (GST), 
most intensively studied in relation to their role in xenobiotic detoxification by 
means of conjugation with GSH, have been reported to contribute to ascorbate 
redox homeostasis acting as potent DHAR (Dixon et al. 2002). In tomato respond-
ing to P. syringae infection a positive relationship between GST activity and DHA 
content was observed in the resistant cultivar only, providing evidence that GST 
possessing a DHA-reducing activity contributed to tomato resistance to bacterial 
speck disease (Kuźniak and Skłodowska 2004).

4  Glutathione- and Ascorbate-Related Redox Regulations  
of Defence Reactions to Pathogens

Redox signalling is regarded as a fundamental form of signal transmission in all 
living organisms. Efficient redox signalling, however, can be obtained only when 
the system is stabilized by a redox buffer. The cellular redox environment is formed 
by a set of various linked redox couples (Potters et al. 2010). Glutathione, owing to 
its chemistry and low milimolar concentration in plant tissues is considered as a key 
element in signalling cascades transducing information from the external environment 
to the specific cellular targets (Mullineaux and Rausch 2005; Noctor 2006). 
Accumulating evidence suggests that changes in the glutathione pool reset the 
cellular redox homeostasis to ensure an adequate response under stress (Tausz et al. 
2004; Foyer and Noctor 2005). Unlike ascorbate, the redox potential of glutathione 
is a function of both GSH/GSSG ratio and the concentration of GSH. The antioxi-
dant functions of GSH consume two molecules of GSH per one molecule of GSSG 
formed ([GSH]2/[GSSG]), and according to the Nernst equation the glutathione 
redox state is a second order function of GSH concentration (Schafer and Buettner 
2001). Thus as the redox state of glutathione is concentration-dependent, change in 
the content of GSH even with constans GSH/GSSG ratio could alter the cellular 
redox state. Unfortunately, this aspect of the glutathione-mediated redox regulation 
of plant defence through modifications of metabolic enzymes or changes of gene 
expression is often neglected.

The redox state of a given cellular compartment is routinely characterized by the 
reduction/oxidation ratio of a specific redox compartment ? metabolite, and this is 
recognized as an indicator of the overall redox state. Taking into account the 
numerous redox active compounds creating the cellular redox state, the validity of 
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this approach seems to be limited and depends on the choice of the representative 
redox compound. On this point, it is interesting to note that DHA rarely accumu-
lates in plant cells (Arrigoni and De Tulio 2002). Moreover, the redox states of 
ascorbate and glutathione can be differentially regulated (Kuźniak and Skłodowska 
2005a). In this context, determination of the physiological significance of patho-
gen-induced redox changes in the ascorbate and glutathione pools remains a chal-
lenging research task.

The GSH/GSSG redox couple in plants appears to be important in regulating the 
expression of defense genes via redox-sensitive mediators. To date, one of the best-
known examples of how the glutathione-related redox signalling pathways may 
work, inducing alterations in plant gene expression, is the activation of NPR1 pro-
tein (Nonexpressor of Pathogenesis-Related protein 1, also called Non-Inducible 
Immunity1, NIM1). NPR1 was identified as a redox-sensitive transcription factor 
in Arabidopsis. The conformation of NPR1 protein is redox sensitive (Fig. 2). The 
reduction of NPR1 preceding defence gene induction requires an increase in GSH 
content and a concomitant shift in the cellular redox environment toward the reduc-
ing conditions (Mou et al. 2003; Fobert and Despres 2005). Under these conditions, 
NPR1 is reduced from an inactive oligomeric complex localized in the cytosol to 
an active monomeric state through the reduction of intermolecular disulfide bonds. 
Monomeric NPR1 is then translocated into the nucleus where it interacts with tran-
scription factors of the TGA class, such as TGA1 and TGA2 (Mou et al. 2003; 
Pieterse and Van Loon 2004). NPR1 is an intrinsic component of the salicylic acid 
(SA)-triggered SAR, which confers long-lasting broad-spectrum resistance. The 
redox dependence of the NPR1 pathway implies that biotic stimuli that perturb the 
cellular redox state can up-regulate defence genes via the NPR1 pathway (Mou 
et al. 2003). Interestingly the kinetics of the changes in the glutathione pool and the 
GSH/GSSG ratio required for in vitro NPR1 reduction were similar to those evoked 
after SAR induction (Mou et al. 2003). Glutathione has been suggested to be the 
main antioxidant providing the redox environment for activation of transcriptional 
regulators such as NPR1. However, ascorbate and the antioxidative enzymes under-
going dynamic changes under biotic stress can serve as other redox mediators 
modulating the effect of glutathione (Fig. 2).

Maintaining the appropriate glutathione equilibrium in the time course of patho-
genesis could be crucial for the effectiveness of plant response to infection. The 
observed prooxidant changes at the initial infection stage seem to be beneficial to 
apoplast-based defense and putative oxidative signaling (Mittler et al. 2004). 
However, a reduced environment is critical for the outcome of plant–pathogen 
interaction and glutathione-related systems constitute a central mechanism regulat-
ing, via redox-sensitive mediators, the transcription of resistance genes (Fobert and 
Despres 2005). In accordance with this concept, the progressive shift of the gluta-
thione- and ascorbate-related redox balance towards the oxidative state, manifested 
by a massive decline in concentrations and redox ratios of the antioxidants as well 
as by the insufficient activity of GR and DHAR needed for their regeneration, 
found in the tomato-B. cinerea interaction described earlier, seems to prevent a suc-
cessful resistant response (Kuźniak and Skłodowska 2005a).



128 E. Kuźniak

Apart from its role in regulating SAR in the nucleus, a novel cytosolic function 
of NPR1 in cross-communication between SA- and jasmonic acid (JA)-dependent 
defence signalling pathways has been identified. The JA-triggered gene expression 
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Fig. 2 The schematic representation of glutathione- and ascorbate-mediated redox regulation of 
resistance implicating both an oxidizing and reducing phase in controlling defence responses. 
ROS and the redox changes can modify the redox state of transcription factors, their localization 
and interaction with other partners. Upon attack of a pathogen, reactive oxygen species (ROS) 
generated in the apoplast create a highly oxidizing environment favoring lignification, cell wall 
fortification and hypersensitive response (HR) which determine local resistance to pathogens. 
Under these oxidative conditions the NPR1 protein (Nonexpressor of Pathogenesis-Related pro-
tein 1) and transcription factor from the TGA family (TGA1) are oxidized and inactive. NPR1 is 
present in the cytosol as an oligomer with subunits aggregated via disulphide bonds. The TGA1 
transcription factor bound to the promoter of salicylic acid-responsive gene (TGACG) is not 
competent to activate systemic acquired resistance (SAR) genes, exemplified as PR1. Mobilization 
of enzymatic and non-enzymatic antioxidant mechanisms results in a shift of the cellular redox 
environment towards reducing conditions (D redox). This enables the reduction of cysteine resi-
dues in NPR1 and TGA1, possibly by thioredoxins or glutaredoxins. The reduced monomeric 
form of NPR1 accumulates in the nucleus and interacts with the reduced form of TGA1 which 
binds specifically to regulatory sequences and activates SAR-related genes. The reduced/oxidized 
glutathione redox couple (GSH/GSSG) appears to be crucial in regulating the PR gene expression 
via the redox-activated NPR1 pathway. Reduction of NPR1 prior to gene induction requires an 
increase in GSH concentration and a concomitant over-reduction of the cellular redox environ-
ment. Ascorbate (AA/DHA) can modulate this effect (Modified from Fobert and Despres 2005; 
Mou et al. 2003)
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has been suggested to be negatively regulated through SA-activated NPR1 in the 
cytosol (reviewed by Pieterse and van Loon 2004). Taking into account the role of 
JA-dependent signalling in defence, the suppression of JA-inducible gene expres-
sion, exemplifying the cross-talk between the SA- and JA-dependent pathways, can 
modulate the plant resistance response to necrotrophic pathogens.

At present the redox-dependent thiol/disulphide transition extends beyond the 
well characterized TRX-mediated regulation of the Calvin cycle enzymes (Lemaire 
et al 2007) and is considered to be one of the most important modifications affecting 
many cell protein functions (Buchanan and Balmer 2005). Because H

2
O

2
 is a mild 

oxidant that can oxidize thiol groups, it has been speculated that H
2
O

2
 generated 

under stress could be also sensed via modification of thiol residues in target pro-
teins (Pitzschke et al 2006). Taking into account that among different ROS gener-
ated under biotic stress H

2
O

2
 is the predominant one (Wojtaszek 1997), and that 

H
2
O

2
 is the most stable of the ROS freely crossing plant membranes through spe-

cific aquaporins (Bienert et al. 2007) the postulated regulatory effects of H
2
O

2
 in 

plant resistance response could be mediated by thiol/disulphide exchanges.
The thiol-mediated signalling could be further enhanced by glutathionylation, 

i.e. the posttranslational protein modification consisting of the formation of a 
mixed disulfide bond between a cysteine residue and GSH. Glutathionylation is 
favoured under oxidative conditions. In vitro studies have suggested that ROS pro-
mote glutathionylation most effectively than GSSG alone (Rouhier et al. 2008). In 
addition to its postulated role in protecting protein thiols from irreversible inactiva-
tion, this mechanism can also affect, both positively and negatively, the activation 
of target proteins via thiol-disulphide exchange (Rouhier et al. 2008). In A. thaliana 
glutathione transferase possessing DHAR activity has been shown to be glutathio-
nylated in the presence of GSSG. This reaction was suggested to be an intermediary 
step in the GSH-dependent reduction of DHA (Rouhier et al. 2008). Glutaredoxins 
(GRXs), thiol oxidoreductases reducing mixed disulfide between a protein and 
glutathione or a disulfide bridge, have been suggested to be implicated in the 
response to oxidative stress through regeneration of thiol-dependent antioxidant 
enzymes involved in peroxide reduction, namely thiol peroxidases (Rouhier et al. 
2008). The first true GRX target protein was identified as a specific subclass of 
thiol-peroxidases, called type II peroxiredoxin. The best documented function for 
GRXs, by far, is their involvement in the stress response, in particular through the 
regeneration of the Prx II subclass (reviewed by Rouhier 2010). Moreover the par-
ticipation of some GRXs in response to pathogens by interacting and presumably 
regulating certain TGA transcription factors has been elucidated (Ndamukong et al. 
2007). This finding expanded the redox regulatory network controlling plant defence 
responses as the authors postulate that GRX which acts as a TGA-interacting 
protein is a negative effector of JA-inducible gene expression. Thus GRX represents 
a potential regulatory component of the SA/JA antagonism decisive for the outcome 
of plant–pathogen interactions (Ndamukong et al. 2007).

In general, the scenario of the involvement of the AsA/DHA and GSH/GSSG 
redox couples in the cellular redox network provides for the possibility that they can 
undergo distinct physiological activation corresponding to their midpoint potentials. 



130 E. Kuźniak

According to the model proposed by Dietz (2008) the redox transmitters such as 
plant TRXs and GRXs, in collaboration with redox sensors such as peroxiredoxins 
and glutathione peroxidase, distribute the electrons to the redox target proteins, e.g. 
enzymes and transcription factors. It is hypothesized that ROS drain electrons from 
the redox network mostly through the redox sensors (Dietz 2008). The ascorbate 
system, tightly linked to that of glutathione through the ascorbate–glutathione 
cycle, may modulate the redox signal strength acting alongside or downstream of 
the ROS accumulation (Foyer and Noctor 2005; Pavet et al. 2005).

Under biotic stress the AsA–GSH cycle fulfils functions that go far beyond the 
ROS-scavenging activity per se. According the conceptual model presented here, 
the AsA–GSH cycle activity can modulate the ROS signal in different cellular 
compartments and determine its intensity, duration and localization, i.e. the ROS 
signature (Mittler et al. 2004) that can determine in turn the type and intensity of the 
response to a particular pathogen. In addition, ascorbate and glutathione act as main 
cellular redox buffers and the related redox signals have roles in the orchestration 
of local and systemic defence reactions.

5  Concluding Remarks

The AsA–GSH cycle, initially discovered in chloroplasts in the context of photosyn-
thetic regulations, is now known to occur throughout the plant cell acting as ROS-
scavenging and signalling pathway. The studies of the protective role of AsA–GSH 
pathway in plants deal primarily with abiotic stress responses. This review attempts 
to present a broad picture of how the AsA- and GSH-mediated system works and 
interacts with signalling networks complementary to this antioxidant system under 
biotic stress. There is extensive body of evidence indicating that the AsA–GSH 
cycle, linking the antioxidant activity to redox signalling and regulation of defence 
gene expression, plays a pivotal role in the strategy of plant cell response to infec-
tion. Another point of interest will be to study the biological significance of all the 
AsA- and GSH-mediated functions in plant–pathogen interactions, as this field is 
still in its infancy. This chapter describes spatial and temporal heterogenecity of the 
AsA–GSH cycle response in plants subjected to infection. Only selected aspects of 
the present knowledge have been summarized from the perspective of the local and 
systemic defence.
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Abstract Acclimation of plants to drought is often associated with increased levels 
of reactive oxygen species (ROS), such as superoxide anion (O

2
·−), hydrogen perox-

ide (H
2
O

2
), hydroxyl radical (HO·) and singlet oxygen (1O

2
), which are toxic for the 

cells. ROS are by-products of aerobic metabolism, and their production is enhanced 
during drought conditions through the disruption of electron transport system and 
oxidizing metabolic activities occurring in chloroplasts, mitochondria and micro-
bodies. Under non-stressful conditions, ROS are efficiently eliminated by non-enzy-
matic and enzymatic antioxidants, whereas during drought conditions the production 
of ROS exceeds the capacity of the antioxidative systems to remove them, causing 
oxidative stress. The non-enzymatic antioxidant system includes ascorbate and glu-
tathione, located both within the cell and in the apoplast. They are two constituents 
of the antioxidative ascorbate–glutathione cycle which detoxify H

2
O

2
 in the chlo-

roplasts. Ascorbate (AsA) is a major primary antioxidant compound synthesized 
on the inner membrane of the mitochondria which reacts chemically with 1O

2
, O

2
·−, 

HO· and thiyl radical, and acts as the natural substrate of many plant peroxidases. 
Moreover, AsA is involved in other functions such as plant growth, gene regulation, 
modulation of some enzymes, and redox regulation of membrane-bound antioxi-
dant compounds. Glutathione (GSH) is a tripeptide synthesized in the cytosol and 
chloroplasts which scavenges 1O

2
 and H

2
O

2
, and it is oxidized to glutathione disul-

fide (GSSG) when acts as an antioxidant and redox regulator. GSH is the substrate 
of glutathione S-transferases, which have a protective role in the detoxification of 
xenobiotics, and dehydroascorbate reductase (DHAR). Finally, GSH is a precursor 
of phytochelatins, which regulate cellular heavy metals levels, and is involved in 
gene expression. This review, based on the most significant studies published in 
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the last decade, focuses on the changes of antioxidant enzyme activities (ascorbate 
peroxidase, APX; monodehydroascorbate reductase, MDHAR; dehydroascorbate 
reductase, DHAR; glutathione reductase, GR), and of the levels of some compounds 
involved in the ascorbate–glutathione cycle (ascorbate and glutathione pools , H

2
O

2
 

and a-tocopherol) in plants grown under water shortage.

Keywords Antioxidant enzymes • Ascorbate-glutathione cycle • Ascorbate 
peroxidase • Dehydroascorbate reductase • Drought stress • Glutathione reductase 
• Oxidative stress • Water deficit

1  Introduction

Drought stress is one of the main environmental factors limiting plant growth and 
yield worldwide, and it is the most prevalent cause of crop yield loss but also the 
most difficult to tackle because of the strong link between transpiration and photo-
synthesis (Smirnoff 1998; Posch and Bennett 2009). Acclimation of plants to 
drought is often associated with increased levels of reactive oxygen species (ROS), 
such as superoxide anion (O

2
·−), hydrogen peroxide (H

2
O

2
), hydroxyl radical (HO·) 

and singlet oxygen (1O
2
), which are toxic for the cells (Smirnoff 1993; Chaves et al. 

2003). ROS are by-products of aerobic metabolism and their production is enhanced 
during drought conditions through the disruption of electron transport system, and 
oxidizing metabolic activities occurring in chloroplasts, mitochondria and micro-
bodies (Asada 1999; Van Breusegem et al. 2001).

Under non-stressful conditions, ROS are efficiently eliminated by non-enzymatic 
and enzymatic antioxidants (Fig. 1), whereas during drought conditions the produc-
tion of ROS exceeds the capacity of the antioxidative systems to remove them, 
causing oxidative stress (Smirnoff 1998; Morales et al. 2006).

The non-enzymatic antioxidant system includes ascorbate and glutathione, 
located both within the cell and in the apoplast (Horemans et al. 2000; Foyer et al. 
2001). They are two constituents of the antioxidative ascorbate–glutathione cycle 
which detoxify hydrogen peroxide (H

2
O

2
) in the chloroplasts (Asada 1999) (Figs. 1 

and 2). Ascorbate (AsA) is a major primary antioxidant compound synthesized on 
the inner membrane of the mitochondria which reacts chemically with 1O

2
, O

2
·−, 

HO· and thiyl radical (Noctor and Foyer 1998; Asada 1999), and acts as the natural 
substrate of many plant peroxidases (Mehlhorn et al. 1996). One of the important 
functions of AsA is the protection against oxidative damage of plant cells through 
the scavenging of H

2
O

2
 mediated by ascorbate peroxidase (APX) which has a 

higher affinity for H
2
O

2
 than catalase (CAT) or peroxidase isoforms (Srivalli et al. 

2003; Mittler and Poulos 2005). In bright light, or when low temperatures and 
drought limit CO

2
 fixation, the excess excitation energy is dissipated in the light 

harvesting antennae as heat by zeaxanthin, that is formed by successive de-epoxi-
dation of the xanthophyll cycle pigments violaxanthin and antheroxanthin. The 
deepoxidase, which is bound to the lumen side of the thylakoid membrane, is 
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dependent on AsA as a cofactor (Smirnoff 2005). Moreover, AsA is involved in 
other functions such as plant growth, gene regulation, modulation of some enzymes, 
and redox regulation of membrane-bound antioxidant compounds (Horemans et al. 
2000; Foyer et al. 2001). Glutathione (GSH), one of the major redox buffers in most 
aerobic cells, is a tripeptide synthesized in the cytosol and the chloroplast which 
scavenges 1O

2
 and H

2
O

2
, and is oxidized to glutathione disulfide (GSSG) when acts 

as an antioxidant and as a regulator of redox status and gene expression (Briviba 
et al 1997; Smirnoff 1998; Foyer et al. 2001). Furthermore, GSH is the substrate of 
glutathione S-transferases, which have a protective role in the detoxification of 
xenobiotics, phospholipid hydroperoxide glutathione peroxidase, that use glutathi-
one to reduce H

2
O

2
 and lipid hydroperoxides, and dehydroascorbate reductase 

(DHAR), a key enzyme of the ascorbate–glutathione cycle (Foyer et al. 2001; Yang 
et al. 2006). Finally, GSH is a precursor of phytochelatins, which regulate cellular 
heavy metals levels, and is involved in gene expression (Noctor and Foyer 1998). 
In addition to ascorbate and glutathione, a-tocopherol (a-toc, vitamin E) found in 
leaf chloroplasts takes part to the ascorbate–glutathione cycle as it deactivates 
photosynthesis-derived ROS and prevents the propagation of lipid peroxidation by 
scavenging lipid peroxyl radicals in thylakoid membranes (Munné-Bosch et al. 2001). 
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Fig. 1 Antioxidant system of plant chloroplasts.The thylakoidal antioxidant system includes 
Cu–Zn–superoxide dismutase (t–Cu/Zn–SOD), present on the thylakoidal surfaces (in many plant 
species, t–Cu–Zn–SOD is substituted by t–Fe–SOD), thylakoidal ascorbate peroxidase (t–APX) 
and ferredoxin (Fd). Fd reduces monodehydroascorbate (MDHA) directly to ascorbate (AsA). The 
stromatic antioxidant system is composed by stromatic Cu–Zn–superoxide dismutase (t–Cu/
Zn–SOD), stromatic APX (s-APX), monodehydroascorbate reductase (MDHAR), dehydroascor-
bate reductase (DHAR) and glutathione reductase (GR). NAD(P)H is used for the reduction of 
monodehydroascorbate (MDHA), whereas dehydroascorbate (DHA) is photo-generated by 
ferredoxin-NADP+-oxidoreductase (FNR). MDHA is also produced in chloroplast lumen by vio-
laxantin de-epoxidase or when AsA releases electron to the two photosystems (PS I or PS II). 
MDHA is rapidly transformed in AsA and DHA. This latter enters the lumen by thylakoidal 
membranes and is reduced to AsA
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Successively, the scavenging of lipid peroxyl radicals results in the formation of 
tocopheroxyl radicals, which can be recycled back to a-tocopherol by ascorbate.

The enzymatic antioxidant system, that operates both in the chloroplasts and 
in cytosol, includes the enzymes of the ascorbate–glutathione cycle: ascorbate per-
oxidase (APX, EC 1.11.1.11), monodehydroascorbate reductase (MDHAR, EC 
1.6.5.4), dehydroascorbate reductase (DHAR, EC 1.8.5.1) and glutathione reductase 
(GR, EC 1.6.4.2) (Figs. 1 and 2). Activities of enzymes in the ascorbate glutathione 
cycle are increased by drought and low temperature suggesting a requirement for 
increased activity of the cycle under these conditions (Smirnoff 1996). Furthermore, 
the mRNAs corresponding to the genes of antioxidant enzymes are induced by 
drought stress (Reddy et al. 2004b). Ascorbate peroxidise isozymes, able to scavenge 
the H

2
O

2
 produced by SOD using ascorbate as the electron donor, are generally 

located in chloroplasts, but microsomal, peroxisomal and membrane-bound forms, 
as well as soluble cytosolic and apoplastic isozymes, also exist (Quan et al. 2008). 
Moreover, APX can scavenge H

2
O

2
 that is inaccessible for CAT because of their 

higher affinity for H
2
O

2
 and presence in different subcellular locations (Van 

Breusegem et al. 2001). Monodehydroascorbate (MDHA), a free radical intermediate 
produced by APX catalysis, can disproportionate spontaneously to AsA and 
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H+

2O2
• –
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Dehydro-
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Fig. 2 The ascorbate-glutathione cycle in plants. Ascorbate peroxidase (APX), dehydroascorbate 
reductase (DHAR), monodehydroascorbate reductase (MDHAR), and glutathione reductase (GR)
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dehydroascorbate (DHA) or be enzymatically reduced to AsA by MDHAR, a FAD 
enzyme with an high specificity to MDHA which uses NAD(P)H as a reductant 
(Smirnoff 2005). DHAR is a monomeric thiol enzyme that reduces DHA to AsA 
using GSH as an electron donor, with the consequent production of GSSG (Foyer 
et al. 2005). DHAR has been frequently implied as a biochemical indicator of oxi-
dative stress in plant metabolism (Vadassery et al. 2009) but a characterization of 
DHAR has remained elusive because of rapid loss of enzyme activity. The isoforms 
of GR are flavoenzymes with a redox cystine residue in their active sites which 
maintain the intracellular glutathione pool in the reduced status, catalysing the 
NADPH-dependent reduction of GSSH to GSH (Foyer et al. 2005). Morell et al. 
(1997) had tried to demonstrate that the regeneration of AsA is not coupled to a 
glutathione-dependent DHAR, and that GR is not directly involved in the regeneration 
of AsA but Foyer and Mullineaux (1998) and many successive works definitively 
proved that both DHAR and GR have a key role against oxidative stress.

Excessive levels of ROS damage cellular structures and macromolecules, 
causing photoinhibition of photosynthetic apparatus, but also activate multiple 
defence responses, thus having also a positive role (Van Breusegem et al. 2001; 
Vranová et al. 2002; Foyer and Noctor 2003; Laloi et al. 2004) (Fig. 3). This dualism 
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Fig. 3 Molecular and cellular effects of drought-mediated oxidative stress
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can be obtained only when cellular levels of ROS are tightly controlled at both 
the production and consumption levels (Van Breusegem et al. 2001; Quan et al. 
2008). Foyer and Noctor (2005) highlighted the crucial role of ROS as second 
messengers in signal transduction cascades in processes as diverse as mitosis, 
tropisms and cell death. In particular, the presence of H

2
O

2
 in the apoplast is 

toxic for pathogens, is involved in gene transcription and systemic acquired 
resistance, and slows down the spread of invading organisms by cell death 
round the infection and a rapid local cross-linking of the cell wall (Horemans 
et al. 2000; Smirnoff 2000). Other two major low molecular weight antioxi-
dants, such as ascorbate and glutathione determine the specificity of the trans-
duced signal in cells, and are also themselves signal-transducing molecules that 
can either signal independently or further transmit ROS signals (Foyer and 
Noctor 2005). For all these reasons, in contrast to this pejorative or negative 
term, implying a state to be avoided, the presence of ROS in cellular apparatus 
would be more usefully described as ‘oxidative signalling’, that is, an important 
and critical function associated with the mechanisms by which plant cells sense 
the environment and make appropriate adjustments to gene expression, metabo-
lism and physiology.

The response to water deficit of plant species is a well documented process but 
relatively few studies highlighted the importance of the enzymes of ascorbate–
glutathione cycle associated to drought tolerance and/or resistance, and not much 
is known about the linkages between drought and the components of the ascorbate–
glutathione cycle in some economically important C

3
 plant species (e.g., fruit trees) 

(Scebba et al. 2001; Lima et al. 2002; Chai et al. 2005; Pinheiro et al. 2004; Sofo 
et al. 2005b; Guerfel et al. 2009). For these reasons, the aim of this work is to give 
an up-to-date overview of the studies on the changes of antioxidant enzyme activi-
ties (APX, MDHAR, DHAR and GR), and of the levels of some compounds 
involved in the ascorbate–glutathione cycle (ascorbate and glutathione pools, AsA/
DHA and GSH/GSSG redox couples, H

2
O

2
 and a-toc) in plants grown under water 

shortage. Some of the significant changes in enzymatic and non-enzymatic antioxi-
dants of the ascorbate–glutathione cycle in drought-stressed plants have been sum-
marized in Table 1.

2  Changes in Enzyme Activities and Pools of Non-enzymatic 
Antioxidants in Drought-Stressed Plants

2.1  Tree Species

Plants are sessile organisms and their only alternative to a rapidly changing 
environment is a fast adaptation to the abiotic and biotic stresses. This concept is 
particularly valid for the physiological and biochemical responses (adaptation, 
avoidance, resistance or tolerance) against water deficit, among which there are the 
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antioxidant defenses (Foyer et al. 2005; Smirnoff 2005; Morales et al 2006). Trees 
carry on the same processes as other seed plants, but their larger size, slower matu-
ration, and much longer life accentuate their susceptibility to drought-mediated 
oxidative stress in comparison to smaller plants having a shorter life span (Pallardy 
2008). For this reason, the antioxidant response of woody plants is of key impor-
tance and will be herein discussed in detail.

Among tree species, poplar (Populus spp.) is a model plant for its economic 
importance and relative short life cycle. Therefore, poplar genome was entirely 
sequenced and the antioxidative responses to abiotic stresses were studied in detail. 
Cuttings of Populus kangdingensis and P. cathayana originating from high and low 
altitudes in south-west China, respectively, were used to determine the effect of 
drought and enhanced UV-B radiation [daily UV-B supplementation = 4.4 kJ m−2 
day−1 (UV-B

BE
)] and their combination on plant growth and physiological traits in 

a greenhouse during one growing season (Ren et al. 2007). In both species, cuttings 
grown under drought conditions exhibited reduced growth. Drought and enhanced 
UV-B radiation, separately or together, significantly reduced plant growth, and 
increased APX activity. As higher APX activity was observed in P. kangdingensis 
when compared to P. cathayana, an interesting adaptative effect was observed by 
the authors: P. kangdingensis, originating from high altitude exhibited greater toler-
ance to drought and enhanced UV-B radiation than did P. cathayana originating 
from lower altitude. Lei et al. (2006) found that in a dry climate-adapted population 
of Populus przewalskii Maximowicz exposed to three different watering regimes, 
drought significantly induced the entire set of antioxidative systems including the 
increase of AsA content and the activities of APX, and GR. Poplar trees under 
drought stress were choosen to determine the presence and the activities of cytosolic 
and plastidial forms of some enzymes of the ascorbate–glutathione cycle, in order 
to test the ROS-scavenging system in this species. For this purpose, Edjolo et al. 
(2001) determined APX and GR activities in a drought-tolerant Populus eurameri-
cana clone (Dorskamp). Because ROS were mainly generated in illuminated chlo-
roplasts, cytosolic and chloroplastic APX and GR were followed in seedlings 
exposed for 12 h to control or 100 mmol L−1 mannitol. Whatever the treatment, the 
activities of plastidial APX and GR were lower than those of cytosolic fractions 
(140–200 and 10–60 nmol ascorbate oxidized min−1 mg−1 protein for APX in cyto-
sol and chloroplasts, respectively; 10–20 and 5–7 nmol NADPH oxidized min−1 
mg−1 protein for GR for APX in cytosol and chloroplasts, respectively). Mannitol 
treatment significantly increased cytosolic APX activity. The direct linear plot of 
1/V against 1/S (where V is the velocity and S is the substrate concentration in 
AsA, GSSG, and NADPH) was used to estimate the apparent K

m
 values of APX 

and GR. In stressed plants, the apparent K
m
 value for AsA decreased for both APX 

isoforms (this indicates an increased affinity for AsA in both cell compartments), 
while K

m
 for GSSG and NADPH increased for GR isoforms, so demonstrating the 

different behaviors of the two enzymes observed in cytosolic and chloroplastic 
subcellular compartments.

The distinction of oxidative stress levels in different of tree species, and in par-
ticular in roots, is quite rare to find in the past and recent literature. This is likely 
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due to the difficulty of sampling metabolically active roots of the trees (usually fine 
roots, with a diameter <1 mm) and maintaining uniform conditions in the soils, and 
to the presence of interfering substances for enzyme isolation and enzyme activities 
determination. In a work on Eucalyptus globulus Labill., Shvaleva et al. (2005) 
compared the metabolic responses of leaves and roots of two clones differing in 
drought sensitivity to a slowly 7-week imposed water deficit. In addition to the 
general decrease in growth caused by water deficit, a decrease in osmotic potential 
was observed at severe drought stress. In both clones, these decreases were greater 
in roots than in leaves, consistent with the observed increases in concentrations of 
soluble sugars and proline in these organs. Leaf GR activity in both clones was 
significantly (P < 0.001) decreased by drought stress. The water-stress treatment 
also decreased APX activity, but only in CN5. In roots, the effects of drought stress 
on antioxidant enzymatic activities were more marked than in leaves. The activity of 
APX and GR in roots increased significantly (P < 0.001) in both the clones in response 
to drought stress. Some of the molecular and cellular effects of drought-mediated 
oxidative stress have been outlined in the Fig. 3.

The enzymatic antioxidative response of tree species having a high degree of 
tolerance against drought, such as scleropyllous Mediterranean species or xero-
phytic boreal conifers, is particularly interesting. Duan et al. (2005) examined the 
responses of photosynthetic gas exchange, chlorophyll fluorescence, activities of 
antioxidant enzymes, and lipid membrane peroxidation of two contrasting Picea 
asperata Mast. populations to 30% of full sunlight (shade conditions obtained by 
neutral shade clothes; photosynthetically active radiation, PAR = 300 mmol m−2 s−1), 
and full sunlight (PAR = 900 mmol m−2 s−1) were investigated under well-watered 
and drought conditions. The two contrasting populations came from the wet and 
dry climate regions in China, respectively. For both populations tested, drought 
resulted in lower needle relative water content (RWC), gas exchange and photosyn-
thetic efficiency, SOD and APX activities as well as malondialdehyde (MDA) lev-
els and electrolyte leakage in sun plants, whereas these changes were not significant 
in shade plants. In particular, in the population from the wet climate, APX activity 
in sun plants increased less than in the population from the dry climate. No signifi-
cant differences were observed between control and drought-stressed shaded plants 
in both the populations. This physiological and biochemical response is in accor-
dance to the data of Sofo et al. (2004, 2005b, 2009), that found in olive and Prunus 
spp exposed to the synergic effects of drought and shade. Also in this case, it seems 
that the lower expression of the enzymatic antioxidant system in shade plants may 
be due to a reduced need of ROS removal. On the contrary, in sun plants, higher 
enzyme activities are required for a better protection against a more pronounced 
oxidative stress. Recently, Yang et al. (2008) also pointed out that Picea asperata 
plants under high light condition and drought significantly increased biomass par-
titioning to roots, and increased the foliar levels of H

2
O

2
, total ascorbate content 

(t-Asc), and APX and GR activities. Sánchez-Díaz et al. (2007) studied photopro-
tection and antioxidative protection in the three major species of the Canarian laurel 
forest (Laurus azorica (Seub.) Franco, Persea indica (L.) K. Spreng and Myrica faya 
Aiton). Trees were exposed to drought under controlled conditions by withholding 



1575 Regulation of the Ascorbate–Glutathione Cycle in Plants Under Drought Stress

water until leaf RWC reached 50–55%. Drought reduced photosynthetic rate, and 
the effect was associated with decreased quantum yield of photosystem II (PSII), 
electron transport, and increased non-photochemical quenching in L. azorica and 
M. faya. Drought-treated trees of L. azorica had the highest de-epoxidation state of 
the xanthophyll cycle and the highest zeaxanthin concentration, suggesting that this 
species had more effective photoprotective mechanisms than M. faya and P. indica. 
Moreover, b-carotene remained unaltered in L. azorica trees during drought, sug-
gesting that the chloroplasts of this species are better protected against oxidative 
stress than those of M. faya and P. indica. Increased antioxidation by leaf APX, 
SOD and GR in L. azorica removed ROS generated during drought treatment. 
Although M. faya was able to increase its energy dissipation rate by forming zeax-
anthin, and thus increasing the de-epoxidation state of the xanthophyll cycle, it did 
not respond to drought-induced oxidative stress with the result that b-carotene deg-
radation occurred. Persea indica did not activate an energy dissipation mechanism 
in response to drought treatment, hence formation of ROS was likely high in the 
drought-treated trees. In general, L. azorica appeared to be most resistant, and 
P. indica most sensitive to photoinhibition and oxidative stress during drought.

In the last years, most of the research on antioxidants was focused on the 
genetic amelioration of fruit tree cultures particularly subjected to environmental 
changes. One of these is coffee tree, a species with a low genetic diversity, and for 
this reason very susceptible to drought or pathogens. Pinheiro et al. (2004) submit-
ted four clones of Coffea canephora (Robusta coffee), representing drought-tolerant 
(14 and 120) and drought-sensitive (46 and 109A) genotypes, to a slowly imposed 
water deficit, until predawn leaf water potential (y

w
) approximately –3.0 MPa was 

reached. Drought-tolerant clones were better able to maintain their leaf water status 
than drought-sensitive clones after withholding irrigation. Regardless of the clones 
investigated, the net carbon assimilation rate decreased under drought stress. 
Drought triggered increases in SOD, APX, CAT and POD, and also in DHAR, 
t-Asc and ascorbate redox state [t-Asc/(t-Asc + DHA)]. Activity of MDHAR was 
not induced in drought-stressed plants. In another paper (Lima et al. 2002), the 
effects of water deficit on photochemical parameters and activities of SOD, CAT 
and APX, as well as cellular damages, were investigated in two clones of Coffea 
canephora differing in drought tolerance. After 6 days without irrigation, predawn 
y

w
 fell to −3.0 MPa, and this was accompanied by the suppression of net photo-

synthesis in both clones. Under drought conditions, activities of SOD, CAT and 
APX increased to a greater extent in the drought-tolerant clone (0.42–1.34 units 
mg−1 protein) than in the drought-sensitive one (0.31–0.83 units mg−1 protein). 
This seemed to be matched with higher protection against oxidative stress, as 
judged from the lower levels of lipid peroxidation and electrolyte leakage in the 
drought-tolerant clone. Whereas Pinheiro et al. (2004) did not observe a general 
link between protection against oxidative stress with differences in clonal toler-
ance to drought, Lima et al. (2002), concluded that the ability to increase the 
antioxidant system activity in order to limit cellular damages might be an impor-
tant attribute linked to the drought tolerance in C. canephora. Another crop with 
a low level of heterozigosis is banana tree. Chai et al. (2005) investigated oxidative 
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injury and antioxidant responses in two banana genotypes (Musa AAA ‘Berangan’ 
and Musa AA ‘Mas’) subjected to a drought stress period for 14 days induced by 
polyethylene glycol (PEG). PEG treatment resulted in oxidative injury, as 
expressed in increased lipid peroxidation and reduced membrane stability index, 
in both cultivars; however, greater oxidative injury was detected in ‘Mas’. Under 
PEG treatment, leaf CAT activity and GR activity were enhanced in both culti-
vars. Leaf APX activity was enhanced in ‘Berangan’ under drought stress, but was 
unaffected in ‘Mas’.

Olive tree (Olea europaea) is one of the most typical and economically impor-
tant tree culture species belonging to the Mediterranean basin, where water short-
age occurs with regularity, often lasting throughout the spring–summer period. This 
evergreen sclerophyllous tree shows a high degree of drought tolerance, a parsimo-
nious consumption of soil water and a higher ratio of transpiration rate to leaf 
surface area in comparison with other fruit tree species in both ideal, and in water 
shortage conditions (Sofo et al. 2009). Olive tree is able to resist drought stress by 
lowering the water content and water potentials of its tissues, establishing a high 
water potential gradient between leaves and roots, stopping shoot growth, and 
reducing transpirative and photosynthesis-related processes (Sofo et al. 2004, 
2005a; Ennajeh et al. 2009; Guerfel et al. 2009). For all these reasons, the antioxi-
dant response of olive tree to drought stress has been well documented. The first 
studies on olive tree’s antioxidant enzymes were carried out by Sofo et al. (2004, 
2005a) on olive Italian cv. ‘Coratina’. They pointed out that olive tree is able to 
up-regulate the enzymatic antioxidant system when subjected to drought stress 
(very low predawn y

w
 up to −5.37 MPa), and in particular APX showed marked and 

significant increases in leaves, medium roots, with a diameter between 1 and 5 mm 
(from 0.23 to 0.34 units mg−1 dry weight [DW]), and in fine roots, with a diameter 
<1 mm (from 0.36 to 0.51 units mg−1 DW). After reaching the maximum level of 
drought stress, the same plants were subjected to a rewatering treatment for 30 
days, under both environmental irradiance and semi-shade conditions of about 60% 
of PAR (Sofo et al. 2004). In fact, the water recovery after a period of drought is a 
normal condition after the dry season in the Mediterranean regions. The activity of 
APX decreased during the rewatering period in both leaves and roots and these 
decrements were faster in plants rewatered in semi-shade conditions than in plants 
under environmental light. A similar behavior has been also found in olive (cv. 
Coratina) during a drought stress period (predawn y

w
 up to −5.7 MPa), in which 

APX activity and H
2
O

2
 content were higher in fully irradiated plants than in plants 

under 67% of PAR (Fig. 4).
The authors concluded that the lower APX expression in shaded plants with 

respect to non-shaded ones may be due to a reduced need of activated oxygen spe-
cies removal, whereas in non-shaded plants, higher APX activity is required for a 
better protection against a more pronounced oxidative stress. Similar results have 
been found by Ennajeh et al. (2009) in two Tunisian olive cultivars, ‘Chemlali’ and 
‘Meski’. In these cultivars, an increase of leaf APX activity with decreasing leaf 
RWC. In the Tunisian olive cvs. ‘Chemlali’ and ‘Chétoui’ experiencing 30 days 
without irrigation (Guerfel et al. 2009), GR activity increased in both the cultivars, 



1595 Regulation of the Ascorbate–Glutathione Cycle in Plants Under Drought Stress

whereas APX activity increased only in ‘Chemlali’. This result is important as it 
indicates that enzyme activity regulation can be cultivar-specific. The different 
values of APX activity found in olive leaves, fine roots and medium roots by Sofo 
et al. (2004, 2005a) confirm their different functions: leaf tissues showed more 
pronounced changes (about a fourfold increase), due to the synergic effect of high 
irradiance levels and loss of cellular water; fine roots were more sensitive to 
drought stress and its consequent effects, while medium roots maintained a prolonged 
functionality and presented less reactivity, even at severe drought stress.

It is know that mycorrhiza infection of roots gives benefits to plants. Arbuscular 
mycorrhizal (AM) symbiosis can positively affect the water relations of many 
plants and this effect is often more pronounced in plants grown under drought stress 
than under well-watered conditions. The mechanisms by which AM act in plants 
are not completely known but there is evidence that AM symbiosis might increase 
the drought tolerance of plants by promoting antioxidant enzymes (Wu et al. 2006). 
The effect of the AM fungus, Glomus versiforme, on growth and reactive oxygen 
metabolism of trifoliate orange (Poncirus trifoliata) seedlings was studied in potted 
plants under both well-watered and drought stressed conditions (Wu et al. 2006). 
Drought stress significantly decreased root colonization. Shoot dry weight, plant 
height and stem diameter were higher in AM than in non-AM seedlings regardless 

Fig. 4 Oxidative damages (in the red circles), H
2
O

2
 generation (white bar = 10 µm) and APX 

activity (± standard error) in olive (cv. ‘Coratina’) epidermal fragments of well-watered and 
drought-stressed plants subjected to 100% and 67% solar radiation. The levels of H

2
O

2
 were 

monitored using the H
2
O

2
-sensitive fluorescent probe H

2
DCFDA (Sigma, MO, USA) as described 

by Desikan et al. (2004). The images show that the drought-stressed and fully-irradiated olive 
plants were found to be highly sensitive to the oxidative stress caused by H

2
O

2
, whereas the 

drought-stressed and semi-shaded plants were more tolerant to oxidative stress damage. Little 
visible oxidative damage was observed in well-watered fully-irradiated plants and no damage was 
observed in well-watered semi-shaded plants (A. Sofo)
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of the water status. Inoculation with G. versiforme increased root dry weight and 
leaf number per plant of well-watered seedlings. There was less MDA concentra-
tion in leaves and roots of AM seedlings, as well as lower H

2
O

2
 and O

2
·− concentra-

tions in AM roots. AM inoculation did not affect the H
2
O

2
 and O

2
·− concentrations 

of WW leaves. Whether drought-stressed or not, AM symbiosis notably increased 
the GR activity of leaves and APX activity of roots. AM infection also markedly 
increased the APX activity of WS leaves. Soluble proteins and glutathione in leaves 
and roots, and t-Asc in leaves were higher in well-watered AM than in well-watered 
non-AM seedlings. AM infection also enhanced the ASC and GSH contents of 
leaves and roots in drought-stressed seedlings. Cross-tolerance might occur in AM 
plants and could be enhanced by AM symbiosis. These results suggest that the 
increased concentrations of antioxidant enzymes and non-enzymatic antioxidants 
found in AM plants may serve to protect the organism against oxidative damage, 
enhancing drought tolerance.

2.2  Shrub Species

Plants that occur in semi-arid and arid regions are usually physiologically and 
biochemically adapted to cope with high levels of solar irradiation and drought, 
but also possess morphological adaptation (e.g., schlerophyllia, presence of 
trichomes and waxes on leaf surface, deep root systems, high root/shoot, preva-
lence of lignified tissues). A good number of species are characterized by a shrub 
habitus with a high degree of resilience after having experienced environmental 
stresses. The studies on the regulation of antioxidant enzymes under different 
levels of light are particularly important in these species, as in mutable semi-arid 
and arid environments, and light can be an additional abiotic stresses in addition 
to drought.

Guidi et al. (2008) studied the interactive effects of drought stress and solar 
irradiance on physiological and biochemical traits in Ligustrum vulgare, with 
special emphasis on antioxidant enzymes and flavonoids. Measured were carried 
out in plants growing in 12% (shade) or 100% (sun) sunlight, and supplied with 
100% or 40% of daily evapotranspiration-demand over a 4-week period. The mild 
drought stress treatment caused predawn y

w
 and RWC to decline on average by 

–0.2 MPa and 4.5%, respectively. In response to the drought stress treatment, 
photosynthetic rates decreased more in sun plants than in shade plants, likely 
because of declines in PS II photochemistry, coupled with significant reductions 
in stomatal conductance. Antioxidant enzymatic activities, which were much 
greater in sun leaves than in shade leaves under well-watered conditions, 
increased (in particular the enzymatic activities associated with H

2
O

2
 removal, 

such as CAT and APX) in response to drought stress only in shade leaves. The 
authors suggest that assimilated carbon in sun plants was used largely to support 
an effective antioxidant system capable of countering water-stress-induced oxida-
tive damage, an example of cross tolerance. Another hypothesis is that in shade 
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plants, carbon was also diverted from growth to counter oxidative damage driven 
by the mild drought stress treatment. Both findings are consistent with the nearly 
exclusive distribution of L. vulgare in well-watered, partially shaded Mediterranean 
areas. The effects of separately or simultaneously induced dark chilling and drought 
stress were evaluated in Glycine max ‘Merrill’ cv. (Riekert van Heerden and 
Krüger 2002). For the induced drought treatment of 9 days, plants were main-
tained at normal growth temperatures without irrigation. For the simultaneously 
induced dark chilling and drought stress treatment, plants were dark chilled (incu-
bated at 8°C during a dark period) without irrigation. All treatments caused similar 
decreases in predawn y

w
, but resulted in distinct physiological and biochemical 

effects on photosynthesis.
Caper (Capparis ovata Desf.) is a xerophyte perennial shrub and drought 

resistant plant which is well adapted to Mediterranean Ecosystem. In a recent 
study, Ozkur et al. (2009) investigated the plant growth, RWC, chlorophyll fluo-
rescence (F

V
/F

M
), lipid peroxidation (evaluated by the levels of TBA-reactive 

substances content) as parameters indicative of oxidative stress in relation to the 
tolerance to PEG drought stress in C. ovata seedlings. Total activity of antioxida-
tive enzymes SOD, APX, POD, CAT, and GR were investigated in C. ovata seedlings 
under PEG mediated drought. For induction of drought stress, the 35 days seed-
lings were subjected to PEG 6000 of osmotic potential −0.81 MPa for 14 days. 
Lipid peroxidation increased in PEG stressed seedlings as compared to non-
stressed seedlings of C. ovata during the experimental period. With regard to 
vegetative growth, PEG treatment caused decrease in shoot fresh and dry weights, 
RWC and photosynthetic efficiency but the decline in PEG-treated plants was 
more prominent on day 14; furthermore, both APX and GR activities increased 
under the drought period.

Inoculation of autochthonous drought tolerant fungal strains could be an impor-
tant strategy that assured the greatest tolerance drought stress contributing to a 
better plant growth under drought. Marulanda et al. (2007) compared the effective-
ness of four arbuscular mycorrhizal (AM) fungal isolates (two autochthonous 
drought-tolerant Glomus spp., and two allochthonous drought-sensitive strains) on 
a drought-adapted plant (Lavandula spica) growing under drought conditions. The 
autochthonous AM fungal strains produced a higher lavender biomass, specially the 
root biomass, and a more efficient N and K absorption than with the inoculation of 
similar allochthonous strains under drought conditions. The autochthonous strains 
of Glomus intraradices and Glomus mosseae increased root growth by 35% and 
100%, respectively, when compared to similar allochthonous strains. These effects 
were concomitant with an increase in water content and a decline in t-Asc, GSH 
and H

2
O

2
. The low cell accumulation of ascorbate and glutathione in plants colo-

nized by autochthonous AM fungal strains is an indication of high drought toler-
ance. Non-significant differences between antioxidant activities such as GR (GR 
activity was about 0.15–0.20 mmol NADPH oxidized g−1 fresh weight [FW] min−1), 
CAT and SOD in colonized plants were found. Thus, these results do not allow the 
generalization that GR, CAT and SOD were correlated with the symbiotic efficiency 
of these AM fungi on lavender drought tolerance.
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2.3  Cereals

Among herbacesous plants, cereals were the most studied for their use as food and 
economic importance. It seems that drought tolerance in cereals is mainly due to 
higher membrane stability, chlorophyll and carotenoid contents, lower lipid peroxi-
dation, and higher antioxidant enzyme activity (Nayyar and Gupta 2006; Qiu et al. 
2008). The degree of oxidative stress and antioxidant activity seems to be closely 
associated with the tolerance/susceptibility of a genotype to drought stress.

The role of plant antioxidant systems in drought stress tolerance was studied in 
three contrasting wheat genotypes (Triticum aestivum) (Sairam and Saxena 2000). 
Drought stress, imposed for 8 days at different stages after anthesis, resulted in an 
increase in lipid peroxidation, and a decrease in membrane stability, chlorophyll and 
carotenoid contents. The antioxidant enzymes APX, GR and non-specific peroxidase 
also increased significantly under drought stress. Genotype PBW 175, which had 
highest APX, GR and POD activity, showed low lipid peroxidation, and high chloro-
phyll and carotenoids content under drought stress, while the susceptible genotype 
WH 542 exhibited the lowest antioxidant enzyme activity, membrane stability and 
contents of chlorophyll and carotenoids and the highest lipid peroxidation.

Another experiment was conducted on five wheat (Triticum aestivum) cultivars, 
‘C 306’, ‘PBW 175’ (tolerant to drought stress), ‘DL 153–2’ (moderately tolerant 
to drought stress), ‘HD 2428’ and ‘HD 2329’ (susceptible to drought stress, and so 
recommended for well-watered conditions), under pot culture conditions. The 
effect of 7 days of drought stress, starting at 17 days after anthesis, on oxidative 
injury and antioxidant activity was evaluated (Sairam and Srivastava 2001). In this 
study, drought stress significantly decreased RWC, t-Asc content and membrane 
stability, and increased H

2
O

2
 and MDA content, a measure of lipid peroxidation, 

and activities of antioxidant enzymes in all genotypes. Drought stress tolerant 
genotypes ‘C 306’ and ‘PBW 175’, closely followed by ‘DL 153–2’, were superior 
to ‘HD 2428’ and ‘HD 2329’ in maintaining high RWC, t-Asc content and mem-
brane stability, and lower H

2
O

2
 content and lipid peroxidation (in terms of MDA) 

under drought stress. The highest activities of GR and CAT under drought stress 
were observed in ‘C 306’, ‘PBW 175’ and ‘DL 153–2’, and the lowest activities in 
‘HD 2428’ and ‘HD 2329’ at all the stages. It is apparent that drought stress induces 
an increase in H

2
O

2
 content, and consequently lipid peroxidation and membrane 

injury, that in turn indicate a reduced membrane stability.
Keleş and Öncel (2002) investigated the effects of environmental stress combi-

nations on soluble metabolic compounds in Triticum aestivum (cvs. ‘Bezostaya-1’, 
‘Seri-82’ and ‘Kıraç-66’), and Triticum durum Desf. (cvs. ‘Kiziltan-91’, ‘Kunduru 
414–44’ and ‘Ç. 1252’). The seedlings were grown at normal (24/16°C), low  
(LT, 5/−5°C) and high (HT, 40/30°C) temperature conditions, and then exposed to 
drought stress. Seedlings responses to cross interactions between temperature 
and drought stresses were investigated. Root and shoot elongation significantly 
decreased under drought and salt stresses. The content of a-toc significantly increased 
under drought stress but this increase was inhibited under HT stress, while CAT 
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activity decreased especially in T. durum genotypes, and GR activity increased 
under drought.

The metabolic reasons associated with differential sensitivity of C
3
 and C

4
 plant 

species to drought stress are not well understood. In the deep and important study 
of Nayyar and Gupta (2006), 15-day-old wheat (Triticum aestivum) and maize (Zea 
mays) plants, representatives of C

3
 and C

4
 plants, respectively, were subjected to a 

drought stress (predawn y
w
 = −1.5MPa) induced by PEG-6000 for 7 days under 

controlled conditions (Nayyar and Gupta 2006). Both the roots and leaves of these 
species were evaluated for oxidative damage and antioxidants along with stress 
injury (as electrolyte leakage), water content and abscisic acid (ABA). While at 
mild stress, both the plant species did not vary significantly from each other for 
stress injury, moderate and high stress levels caused considerably more damage to 
wheat as compared to maize. The oxidative damage in terms of MDA and H

2
O

2
 

content was markedly higher in wheat as compared to maize at moderate and high 
stress levels. Relatively, maize had significantly higher content of non-enzymatic 
(ascorbate and glutathione) and enzymatic antioxidants (APX, DHAR and GR, 
especially in its leaves). In contrast, wheat possessed more activity of CAT in roots 
as well as leaves in comparison to maize. Thus, leaves of both the species experi-
enced more damage than roots, likely because more subjected to the environmental 
stresses. These findings suggested that differential sensitivity of C

3
 and C

4
 plants to 

drought stress appear to be partially governed by their ability to counter oxidative 
stress, involving ascorbate and glutathione. The levels of t-Asc/GSH appear to have 
greater involvement in regulating this response. Manipulation of endogenous 
expression of antioxidants through genetic means might elevate the defense ability 
of these plant species, especially of C

3
 plants to drought stress. The results of 

Nayyar and Gupta (2006) showed that increased activity of antioxidants in leaves 
may be more important for stress tolerance than in roots.

In order to determine the role of laser in drought stress resistance of spring 
wheat (Triticum aestivum), Qiu et al. (2008) exposed seed embryos to CO

2
 laser 

radiation for 5 min, and treated 12-day-old seedlings with 10% (w/v) PEG-6000 
solution for 10 days. This is the first investigation reporting the use of CO

2
 laser 

pretreatment to enhance drought stress resistance of spring wheat. Changes in the 
concentration of MDA, H

2
O

2
, t-Asc, GSH, GSSG, carotenoid, zeaxanthin, the pro-

duction rate of O
2
·−, the activities of APX, POD, CAT, SOD and GR, glutathione 

peroxidase, glutathione-S-transferase, and the growth parameters of seedlings 
(plant height, leaf area and dry weight) were measured to test the effects of laser 
pretreatment. The results showed that suitable laser pretreatment of embryos 
enhanced drought stress resistance in wheat seedlings by decreasing the concentra-
tion of MDA and H

2
O

2
, GSSG, the production rate of O

2
·−, leaf area and increasing 

the activities of APX, glutathione peroxidase, glutathione-S-transferase and POD 
and t-Asc, carotenoid and zeaxanthin concentration. It is suggested that those 
changes in MDA, O

2
−, H

2
O

2
, anti-oxidative enzymes, and anti-oxidative compounds 

were responsible for the increase in drought stress resistance observed in the experi-
ments. The results also showed that the laser had a long-term positive physiological 
effect on the growth of drought stress seedlings.
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During life cycle, wheat crop may experience water deficit cycles that induce 
oxidative stress. An interesting study of Khanna-Chopra and Selote (2007) was con-
ducted to evaluate the role of oxidative stress management in the leaves of two 
wheat (Triticum aestivum) cultivars, ‘C306’ (drought-resistant) and ‘Moti’ (drought-
susceptible), when subjected directly to severe drought stress (non-acclimated 
plants) or to drought stress cycles of increasing intensity (y

w
 from control at −1.40 

MPa to −1.63/−1.67 MPa at mild stress to −1.93/−2.13 MPa at severe stress; 
instead, directly to −2.70/−1.97 MPa in severe-stressed non-acclimated plants) with 
an intermittent rewatering (drought-acclimated plants). Mild drought stress during 
vegetative growth enabled ‘C306’ to acclimatize better than ‘Moti’ during subse-
quent drought stress of severe nature during post-anthesis period. The drought-
acclimated ‘C306’ leaves maintained favorable water relations and lower membrane 
injury due to low H

2
O

2
 accumulation than non-acclimated ‘C306’ plants during 

severe drought stress. This is due to systematic increase in the activity of APX and 
POD, and maintenance of ascorbate and glutathione redox pool by efficient func-
tioning of GR enzyme in the drought-acclimated ‘C306’ plants. MDHAR and 
DHAR activities increased with increasing drought stress, but only in drought-
acclimated plants. In contrast, both acclimated as well as non-acclimated ‘Moti’ 
plants exhibited loss in turgor potential, high H

2
O

2
 levels and poor antioxidant 

enzyme response leading to enhanced membrane damage during severe drought 
stress conditions. Generally, total AsA content and AsA/DHA ratio decreased in 
both stress treatments for both the cultivars, and a similar trend was observed for 
total glutathione (t-Glu), GSH and GSH/GSSG. It is interesting to note that a dras-
tic drought stress appears to cause more changes than a slower one, and that non-
acclimated plants are more subjected to drought stress oxidative damages. Failure 
in the induction of APX and ascorbate–glutathione cycle enzymes makes the chlo-
roplast susceptible to oxidative stress in non-acclimated plants. Non-acclimated 
plants protected the leaf mitochondria from oxidative stress by up-regulating SOD, 
APX, and GR activities. Rewatering led to rapid enhancement in all the antioxidant 
defense components in non-acclimated plants, which suggested that the excess 
levels of H

2
O

2
 during severe drought stress conditions might have inhibited or 

down-regulated the antioxidant enzymes.
Aroca et al. (2003) studied the photosynthetic performance and protective 

mechanisms against oxidative stress in two maize (Zea mays) genotypes differing in 
chilling sensitivity (‘Z7’, tolerant and ‘Penjalinan’, sensitive), subjected to 5°C for 
5 days, with or without a drought pretreatment. In ‘Penjalinan’ plants, the drought 
pretreatment decreased the symptoms of chilling injury, estimated as necrotic leaf 
area and maximum quantum yield of PS II. Furthermore, drought pretreatment 
diminished the level of lipid peroxidation caused by chilling in ‘Penjalinan’ plants. 
After 1 day of recovery from chilling the ‘Z7’ and drought-pretreated ‘Penjalinan’ 
plants showed higher net photosynthesis rates than the non-drought-pretreated 
‘Penjalinan’ plants, thereby decreasing the probability of generating ROS. The 
greater net photosynthesis was correlated with the greater NADP-malate dehydro-
genase activity. No differences in either the de-epoxidation state of the xanthophyll 
cycle or the antioxidant enzyme activities (APX and GR) were found among the 
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drought and drought-chilled groups of plants. However, a drastic decrease in AsA 
content was observed in chilled ‘Penjalinan’ plants without drought pretreatment 
(from 260 to 0 mmol m−2). As the authors found an increase of H

2
O

2
 content after 

drought pretreatment, they suggested its involvement as a signal in the drought-
enhanced chilling tolerance of maize. Recently, Rapala-Kozik et al. (2008) used 
Zea mays seedlings as a model system to analyze for any relation between the plant 
response to abiotic stress, and the properties of thiamine biosynthesis and activation. 
Conditions of drought were induced by PEG-6000 at 20% for 2 days, and increases 
in the activities of APX and GR were found. In an experiment on rice (Oryza sativa, 
cv. ‘Tulsi’), Srivalli et al. (2003) subjected plants to three cycles of drought stress 
of increasing stress intensity. Each stress cycle was terminated by rewatering the 
plants for a 48-h period. The response of the antioxidant metabolites ascorbate and 
glutathione was analyzed in terms of activity and isozyme pattern for each cycle of 
stress and recovery. It was observed that drought stress caused increases in APX 
and GR activities, and there was a better management of toxic H

2
O

2
 levels. These 

increases were parallel to a lower AaA/DHA and to a decrease in AsA. Guo et al. 
(2006) investigated about the responses of antioxidative defense systems to chilling 
and drought stresses in four cultivars of rice (Oryza sativa) differing in sensitivity, 
two of them (‘Xiangnuo no. 1’ and ‘Zimanuo’) are tolerant to chilling but sensitive 
to drought, and the other two (‘Xiangzhongxian no. 2’ and ‘IR50’) are tolerant to 
drought but sensitive to chilling. The seedlings of rice were transferred into growth 
chamber for 5 days at 8°C as chilling treatment, or at 28°C as control, or at 28°C 
but cultured in 23% PEG-6000 solution as drought stress treatment. Under drought 
stress, the elevated levels of electrolyte leakage, and the contents of H

2
O

2
 and MDA 

in ‘Xiangzhongxian no. 2’ and ‘IR50’ are lower than those in ‘Xiangnuo no. 1’ and 
‘Zimanuo’. Activities of SOD, CAT, APX, and the contents t-Asc and GSH were 
measured during the stress treatments. APX activity, AsA and GHS showed a slight 
increase until 3 days after drought stress in the two drought-tolerant cultivars, or 
after chilling stress in the two chilling-tolerant cultivars. On the other hand, activi-
ties of antioxidant enzymes and contents of antioxidants were greatly decreased 
in the drought-sensitive cultivars after drought stress, and in the chilling-sensitive 
cultivars after chilling stress. The results indicated that tolerance to drought or 
chilling in rice is well associated with the enhanced capacity of antioxidative 
system under drought or chilling condition, and that the sensitivity of rice to 
drought or chilling is linear correlated to the decreased capacity of antioxidative 
system.

2.4  Other Herbaceous Species

The investigations on enzymatic and non-enzymatic antioxidants of the ascorbate–
glutathione cycle in drought-stressed herbaceous plants in the last 10 years (exclud-
ing cereals) have been mainly focused on species having a known antioxidant effect 
and with a strong degree of drought tolerance (such as Euphorbia, Vaccinium, 
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Allium, Bupleurum, Catharanthus, Anoda spp.). A good number of studies have 
also regarded grasses used as cover crops in cultivated fields (Trifolium, Medicago 
spp.) or ‘model’ plants (Arabidopsis thaliana). This studies highlight the impor-
tance of antioxidant enzymes in the plant growth in different phenological stages 
under drought conditions. In the perennial weed leafy spurge (Euphorbia esula), 
GR specific activity increased almost 60% during drought, whereas APX activity 
only showed a transient increase after 3 days of drought (Davis and Swanson 2001). 
Tahkokorpi et al. (2007) studied the influence of drought-related winter stress on 
growth, oxidative responses, and possible after-effects in bilberry (Vaccinium myr-
tillus) in field conditions favorable for desiccation in winter. Bilberry plants were 
subjected to low temperatures, drought and irradiance, grown under snow (control 
plants), under a grey plate without snow, under a transparent plate without snow, 
and under either grey or transparent plates in the absence of snow. Tissue water 
content, GR activity as well as soluble proteins decreased as frost hardening 
approached in the three treatments (from 0.8–1.3 pkat g−1 DW in June to 0.2–0.4 
pkat g−1 DW in December). Bilberry plants activate their metabolism in early spring 
due to increasing temperature, in agreement with the rising of tissue water content 
and increments in anthocyanins, photosynthetic pigments, GR activity and soluble 
proteins in March. GR activity increase was lower in the plants that wintered with-
out a snow cover, which points to delayed activation of metabolism, resulting from 
multiple stresses (low temperatures, drought, light) that acted simultaneously. In 
another study (Egert and Tevini 2002), drought caused by withholding water led to 
significant reductions in the relative water content (−17.5%) of chives (Allium 
schoenoprasum) leaves, a significant rise in the osmolarity of the leaf sap (+18.9%) 
and a loss of leaf transpiration (leaf diffusion resistance >20 s cm−1). While it did 
not affect specific POD activity, drought increased the specific activity of APX 
significantly by almost 29%, and reduced the specific lipoxygenase activity signifi-
cantly by 60%. Recently, Zhu et al. (2009) investigated on roots of Bupleurum spp., 
one of the most popular ingredients in many oriental medicinal preparations. Potted 
Bupleurum chinense DC seedlings were subjected to progressive drought stress by 
withholding irrigation for 9 days, followed by a rewatering phase, and the changes 
in antioxidant system, H

2
O

2
 and O

2
·− contents were investigated. Additionally, the 

antioxidant activity of root extracts was evaluated. The results showed that B. chin-
ense root appeared highly resistant to water deficit. Increasing levels of drought 
stress were accompanied by enhanced O

2
·− content and SOD, CAT and APX activity 

until severe drought stress.
Interference and drought are two major causes of limited productivity in plants. 

Since weeds reduce the amount of water available to the crop, drought stress can 
alter crop performance under crop-weed interference differently from that under 
weed-free conditions. Among weeds commonly found in cotton, spurred anoda is 
also a member of the Malvaceae family with a growth pattern similar to cotton. For 
this reason, the influence of plant interference and mild drought stress on gas 
exchange and oxidative stress was investigated (Ratnayaka et al. 2003) on the cot-
ton species (Gossypium hirsutum cv. ‘Delta Pine 5415’), and on spurred anoda 
(Anoda cristata). An individual cotton plant was grown alone, or three cotton plants 
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were planted per pot for intraspecific interference studies. For interspecific interference, 
a single cotton plant was grown with two plants of spurred anoda. Without interfer-
ence, cotton and spurred anoda had similar net photosynthesis but different pigment 
profiles. Stomatal conductance and transpiration rate were greater in spurred anoda 
than cotton. Net photosynthesis and biomass in cotton were reduced more by 
spurred anoda interference than by intraspecific interference. With interference, the 
xanthophyll cycle conversion state and a-toc increased in cotton, but remained 
unchanged in spurred anoda. The activities of CAT, APX and GR were not influ-
enced by plant interference. Mild drought increased APX activity both in cotton 
and spurred anoda. Upon drought recovery, drought-induced APX activity was still 
higher in cotton if compared to well-watered control (1.0 and 0.6 units mg−1 pro-
tein, respectively), and GR activity compared with well-watered plants was higher 
in previously drought-stressed cotton (430 and 300 units mg−1 protein, respec-
tively), and spurred anoda plants (540 and 480 units mg−1 protein, respectively). 
The authors concluded that the greater impact of spurred anoda interference than 
intraspecific interference on cotton biomass was due mainly to reduced carbon gain 
in cotton.

The variations in antioxidant potentials and indole alkaloid content were studied 
by Jaleel et al. (2008a, b), in two varieties (Rosea and Alba) of Catharanthus 
roseus, an important plant used in traditional as well as modern medicine, exposed 
to water deficit stress (20 days interval drought starting from 30 days after sowing). 
The antioxidant and alkaloid profiles were estimated from root, stem, leaf, flowers 
and pods. The antioxidant potentials were examined in terms of level of non-
enzymatic antioxidants and activities of antioxidant enzymes. The non-enzymatic 
antioxidant molecules studied were ascorbate (AsA), a-toc and GSH, whereas the 
estimated antioxidant enzymes were SOD, APX, CAT, POD and polyphenol oxidase 
(PPO). The antioxidant concentrations and activities of antioxidant enzymes were 
high under water deficit stress in all parts of the plants. The very high concentra-
tion of AsA in the root system is surprising and indicates the very high antioxidant 
ability in this species.

Bermejo et al. (2006) evaluated the changes in water status in two Trifolium 
repens cv. ‘Regal’ biotypes, tolerant and sensitive to ozone, subjected to a to a 
short-term drought. The evolution of both soil and plant water status along with leaf 
gas exchange parameters, leaf APX and GR enzymatic activities for an equal num-
ber of clones of each biotype under drought and control treatments was registered 
for 5 days. The results obtained show that when the short-term drought is imposed, 
symptoms of oxidative stress and a negative impact on most of the measured 
parameters are displayed at an earlier stage in the sensitive biotype, proving it to be 
more sensitive to low water availability. Therefore, it is suggested that these differ-
ences might be linked with the existing variability in ozone sensitivity between the 
biotypes and that, at the same time, they could result in a poorer performance of 
this biomonitoring system in field assays under conditions of high evapotranspira-
tory demand, such as those registered during summer time in Mediterranean areas. 
To understand the adaptability of alfalfa (Medicago sativa) to environmental 
stresses, Wang et al. (2009) have recently analyzed the activity of several antioxidant 
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enzymes, including SOD, POD, APX and CAT, in alfalfa shoots and roots 
subjected to salt and drought stresses during germination. The germination rate of 
six alfalfa cultivars was comparatively studied under a 200 mM NaCl or a 35% 
PEG treatment. ‘Alfalfa Xinmu No. 1’ and ‘Northstar’ varieties were selected as 
stress-tolerant and -sensitive cultivars, respectively, and were used for further char-
acterization. After NaCl or PEG treatment, ‘Xinmu No. 1’ showed enhanced seed-
ling growth, compared with ‘Northstar’. ‘Xinmu No. 1’ also exhibited low levels of 
H

2
O

2
 production and lipid peroxidation, compared with ‘Northstar’. In addition, 

‘Xinmu No. 1’ showed higher enzymatic activity of SOD, APX, CAT, and POD in 
its shoots and roots than ‘Northstar’. These results seem to indicate that ‘Xinmu 
No. 1’ cultivar’s tolerance to salt or drought stresses during germination is associated 
with enhanced activity of antioxidant enzymes.

In an interesting research on Arabidopsis (Jung 2004), young and mature leaves 
of 4-week-old plants were exposed to drought stress from −0.65 up to −2.54 MPa 
of y

w
 by withholding water supply for 7 days. The drought-induced increase in 

non-enzymatic antioxidants in young and mature leaves, enzymatic antioxidants 
including CAT, POD, SOD and GR substantially increased only in drought-stressed 
mature leaves. Plants recovered rapidly 24 h after resupplying water, as indicated 
by the values of y

w
, photosynthetic efficiency and pigment contents, however, the 

activities of POD, SOD and GR remained high. Young leaves were rather not 
affected in drought responses. The fact that drought-stressed mature leaves suffer 
more stress than drought-stressed young leaves suggests that developmental stages 
of leaves might contribute to the differential prevention of oxidative damage in 
plants exposed to drought.

2.5  Non-enzymatic Antioxidant Pools

The studies reported in this paragraph deal with the changes in the level of non-
enzymatic antioxidants (ascorbate and glutathione in their reduced or oxidized 
status, and a-toc) that act within the ascorbate–glutathione cycle. From a general 
analysis of the most significant studies published in the last decade on this topic, it 
emerges that there was found no incontestable and definitive indication that a par-
ticular degree of metabolic tolerance to drought is related to the absolute level of 
some non-enzymatic antioxidants. This is in contrast to the fact that the action of 
drought stress on antioxidant enzyme activities seems to be clear and direct (see the 
paragraphs above, in which the up-regulation of the enzymes appeared to be ubiq-
uitous among species).

More interestingly, the increase of the oxidized forms of ascorbate (DHA) and 
glutathione (GSSG) pools are often symptoms of the increased enzymatic activity of 
APX, DHAR, MDHAR, and GR in response to lower water content. High GSH/
GSSG ratios (10:1) are required for the metabolism of the cytosol and chloroplast, 
and the high content of GSH and GSH-synthesizing enzymes in Arabidopsis cells 
indicate a specific role in drought stress tolerance (Foyer et al 2001). Posch and 
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Bennett (2009) found that in Allocasuarina luehmannii seedlings severe drought 
stress (predawn y

w
 = –6.0 MPa) decreased stomatal conductance and CO

2
 assimila-

tion rate to 5% and 15% of the control values, respectively; while t-Asc and t-Glu 
concentrations remained unaffected by drought treatments, and ascorbate became 
more oxidized (DHA). In leaves of potato plants subjected to drought (70% RWC), 
glutathione oxidation ratio increased by about 58%, showing an increase in GSSG/ 
t-Glu ratio from 19% to 30% (Broin et al. 2000). Šircelj et al. (2005, 2007) investi-
gated the influence of gradual water deprivation on potted apple trees (Malus domes-
tica Borkh.) up to predawn y

w
 = −2.0 MPa. Mild drought (predawn y

w
 = −0.4 MPa) 

did not significantly affect the chosen stress indicators. Moderate drought (predawn 
y

w
 = −1.3 MPa) increased the concentrations of ascorbate and GSSG/t-Glu ratio, 

indicating the adaptation to oxidative stress in apple trees. Severe drought (predawn 
y

w
 = −2.0 MPa) negatively affected vitality of apple trees, and caused decreases in 

ascorbate together with the increase in GSSG concentration, indicated severe dam-
age due to oxidative stress. A mild drought is a potential oxidative stressor due to 
the production of ROS in illuminated chloroplasts which lack CO

2
 due to stomatal 

closure (Morales et al. 2006). Photoprotective pigments (e.g. xanthophyll cycle) may 
avoid this situation through light energy dissipation, and antioxidants such as ascor-
bate, tocopherols, and glutathione, may detoxify ROS (Smirnoff 2005). Tausz et al. 
(2001) subjected potted Pinus canariensis seedlings to mild drought by withholding 
irrigation for one week. This treatment induced a reduction in maximum stomatal 
conductance (50 mmol m−2 s−1) compared to irrigated controls (130 mmol m−2 s−1). 
Concentrations of ascorbate, glutathione, chlorophyll, and the xanthophyll cycle 
carotenoids were minimal in the evening (under low light) compared to light-saturated 
conditions. These short-term changes were not affected by drought but the glutathi-
one pool was more oxidized in needles of non-irrigated trees, whereas the redox 
state of ascorbate remained stable.

Although ascorbate is a high-abundance metabolite, relatively little is known 
about the factors controlling its accumulation in leaves. To address this issue, 
Bartoli et al. (2005) examined the role of l-galactono-1,4-lactone dehydrogenase 
(GalLDH), the enzyme which catalyses the last step of this pathway, in the con-
trol of ascorbate content under optimal and stress conditions (drought was 
imposed on 3-week-old plants by withholding watering until the pots reached a 
soil y

w
 of −1.5 MPa). In a range of species, no clear relationship between ascor-

bate content and leaf GalLDH protein and activity was found under optimal 
growth conditions. To explore the effect of drought stress on GalLDH activity 
and protein content, wheat (Triticum aestivum) was selected for detailed analysis, 
using two cultivars that differ in their constitutive AsA level. Neither leaf DHA 
content nor activities of AsA regenerating enzymes were modified by drought. 
Although drought caused a substantial increase in GalLDH protein and activity 
in the low AsA in cv. ‘CM’, this treatment had no effect on these parameters in 
cv. ‘BCH’. Notably, leaf AsA content was unaffected by drought. These results 
suggest that GalLDH protein and activity cannot be used as an indicator for 
changes in the capacity for ascorbate biosynthesis, and that ascorbate biosynthesis 
is constrained by other factors under stress.
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The role of a-toc in plants under drought stress is of primary importance within 
the ascorbate–glutathione cycle (see introduction). In fact, a-tocopherol plays an 
important role in protecting chloroplastic membranes from the deleterious effects 
of lipid peroxy radicals and singlet oxygen. It is usually recycled back by ascor-
bate or GSH following oxidation by lipid peroxy radicals. However, it can be 
irreversibly converted to the corresponding quinine and quinone epoxides after 
reacting with singlet oxygen. In a interesting investigation, Munné-Bosch et al. 
(2001) have studied that the endogenous a-toc levels in a drought-recovery cycle 
in leaves of sage (Salvia officinalis subs. officinalis), a drought-susceptible 
Mediterranean species. The relative leaf water content of the sage plants fell mark-
edly when exposed to drought during the summer. As the drought progressed 
(RWC from 67% in June to 32% in August), a-toc levels decreased progressively 
with drought. Therefore, the leaves contained smaller pools of antioxidant defences 
to counteract oxygen toxicity during the drought, and this explains, among other 
biochemical and structural features, the susceptibility of this species to stress. 
These results suggest that it is the complete set of antioxidants, and not a single 
mechanism, that is responsible for avoiding drought-induced damage in plants. In 
another study, Munné-Bosch and Peñuelas (2004) investigated the endogenous 
concentrations of xanthophyll cycle pigments, a-toc, and reduced and oxidized 
ascorbate in 2-year-old strawberry tree (Arbutus unedo) plants exposed to a com-
bination of water deficit, high light, and high temperatures. In the same plants 
under severe stress, a-toc levels markedly increased, zeaxanthin concentrations 
increased by 75%, ascorbate increased from 18 to 30 mmol g DW−1 and its redox 
state shifted towards its oxidized form, and chlorophylls, lutein and b-carotene 
decreased by 63%, 61% and 75%, respectively. To gain insight into the role of 
flavonoids in the antioxidant defense system of Cistus clusii Dunal, Hernández 
et al. (2004) evaluated drought-induced changes in flavonoids in leaves and com-
pared the response of these compounds with that of ascorbate, a-toc and carote-
noids. Total ascorbate (t-Asc) and a-toc concentrations increased to a similar 
extent in response to a 50-days drought period, even if the kinetics of the drought-
induced increases differed. Haberer et al. (2008) quantified ascorbate, glutathione, 
and a-toc in fine roots of mature Fagus sylvatica under free-air canopy ozone (O

3
) 

exposure (twice ambient O
3
 concentration, 2 × [O

3
]) during two growing seasons 

that differed in the extent of summer drought (exceptional drought year 2003, 
average year 2004). This design allowed authors to test whether O

3
 exposure or 

drought, or both, affected root antioxidants during the growing season. In both 
years, root ascorbate and a-toc showed a similar relationship with volumetric soil 
water content (SWC): t-Asc concentrations on a root dry mass basis increased 
when SWC dropped from 25% to 20%, whereas a-toc increased at SWC values 
below 20%. Root glutathione showed no relationship with SWC or differences 
between the dry and the average year. The results were inconclusive as to whether 
shoot–root translocation of glutathione or glutathione production in the roots was 
diminished. Phloem glutathione concentrations in the canopy remained constant, 
but reduced transport velocity in the phloem and, as a consequence, reduced mass 
flow of glutathione cannot be ruled out.
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3  Effect of Drought Stress on the Whole  
Ascorbate–Glutathione Cycle

The degree of drought stress at which the up-regulation of the ascorbate–glutathione 
cycle increases is extremely variable among several plant species, and even between 
two cultivars of the same species (Reddy et al. 2004b). The level of response 
depends on the species, the development, and the metabolic state of the plant, as 
well as the duration and intensity of the stress. The distribution and the level of 
activity of the enzymes of the ascorbate–glutathione cycle are also known to be 
differently distributed among all photosynthetic cells in higher plants. In maize 
leaves, GR and DHAR are exclusively localized in mesophyll cells, APX is mainly 
localized in mesophyll and bundle sheath cells, and MDHAR is approximately 
equally distributed between mesophyll and bundle sheath cells (Foyer et al. 2001). 
Most of the studies on C

4
 plants indicate that oxidative damage under stressful 

conditions is not uniformly distributed between mesophyll and bundle sheath cells 
of C

4
 plants, suggesting that it is restricted to bundle sheath tissue (Nayyar and 

Gupta 2006).
The whole ascorbate–glutathione system was studied during desiccation of 

recalcitrant seeds of the silver maple (Acer saccharinum) (Pukacka and Ratajczak 
2006). The desiccated seeds (seeds were dried at 21°C and 35–40% RH for 14 
days) gradually lost their germination capacity and this was strongly correlated 
with an increase in electrolyte leakage from seeds. Simultaneously the increase of 
O

2
·− and H

2
O

2
 production in seeds was observed. The results indicate that remark-

able changes in the concentrations and redox status of ascorbate and glutathione 
occur in embryo axes and cotyledons. At the first stages of desiccation, up to a level 
of 43% of moisture content, AsA and GSH content in embryo axes increased. The 
enzymes of the ascorbate–glutathione pathway: APX, MDHAR, DHAR and GR 
increased their activity during desiccation, but mainly in embryonic axes.

Lu et al. (2007) investigated the synergic effects of high temperature, low tem-
perature, and water deficiency on the activities of seven antioxidant enzymes in 
crofton weed (Eupatorium adenophorum Spreng.), an invasive weed in southwest-
ern China. The changes in activities of SOD, CAT, POD, APX, GR, MDHAR, and 
DHAR were evaluated to determine physiological aspects of the crofton weed that 
might render the plant vulnerable to environmental stress. In the drought-treated 
plants, APX activity increased to 202% of the control whereas GR activity increased 
to maximum levels and was more than 23% greater than the controls. The activity 
of MDHAR decreased significantly (P < 0.01) in the heat and drought treatments, 
whereas DHAR activity increased from day 0 to 4, reaching the highest levels 
(210% greater than the controls) on day 4.

Reddy et al. (2004a) determined foliar ascorbate content, and antioxidant 
enzyme activities in five mulberry (Morus alba) cultivars subjected to drought 
stress by withholding water until the y

w
 reached −2.50 MPa. The activities of 

antioxidant enzymes, which include SOD, CAT, APX, POD, GR and MDHAR 
were significantly high in the water-stressed leaves of all the cultivars. The contents 
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of AsA and MDHA in the leaf extracts of all the five cultivars of mulberry also 
showed variations in response to water deficit. In order to determine if the enzymes 
of the ascorbate–glutathione cycle were differently affected by drought in C

3
 and 

C
4
 plants, Zhang and Kirkkham (1996a, b)) grew Sorghum bicolor (C

3
) and 

Helianthus anuus (C
4
) under dry conditions in a growth chamber. Levels of leaf 

enzymatic antioxidants (APX, CAT, POD, DHAR, MDHAR, GR and SOD), non-
enzymatic antioxidants (ascorbate, glutathione and carotenoids) and stress param-
eters (chlorophyll and MDA) were determined under watered and drought 
conditions. Under watered conditions, inherent levels of antioxidants were not 
consistently higher or lower in sorghum than in sunflower. In response to drought, 
levels of antioxidants decrease or remained unchanged depending on crop, dura-
tion of drought and kind of antioxidants. Duration of drought was divided arbi-
trarily into three stages. At a late stage of drought (watering had stopped for 7–8 
days) when leaf RWC had markedly decreased in sorghum and sunflower, the 
parameters studied resulted affected by drought. Because of the differential effect 
of drought, levels of antioxidants were not consistently higher or lower in sorghum 
than in sunflower under drought. These results show that, under both drought and 
watered conditions, sorghum does not have consistently higher or lower antioxi-
dant levels than sunflower, and that antioxidant responses to drought differ in C

3
 

and C
4
 plants.

Sofo et al. (2005b) studied the activities of APX, MDHAR, DHAR and GR, as 
well as the levels of ascorbate pool, glutathione pool and H

2
O

2
 in plants of four 

interspecific hybrids of Prunus spp. rootstocks subjected to water deficit and shade 
conditions. The genus Prunus comprises more than 400 species adapted to temper-
ate areas and cultivated in Europe. In particular, commercial stone fruit crops, such 
as peach, plum, almond, apricot, and cherry tree are usually grafted plants with a 
lower part, the rootstock and an upper grafted part, which is the genotype of the 
commercial variety. Rootstocks have different genetic background compared to the 
commercial varieties, and can be used to confer various traits, such as drought 
stress resistance. After 70 days of water shortage, plants were subjected to a rewa-
tering treatment. During water recovery, leaves fully exposed to sunlight and leaves 
in shade conditions of about 30% of environmental irradiance were sampled. After 
70 days without irrigation, mean predawn y

w
 of all the hybrids fell from −0.34 to 

−3.30 MPa, and marked decreases in net photosynthesis and transpiration occurred. 
Generally, APX, MDHAR, DHAR and GR activities were up-regulated during the 
drought phase and successively down-regulated during the rewatering phase. 
Furthermore, enzyme activities in shaded leaves were lower than those found in 
non-shaded leaves. The levels of AsA, DHA, GSH and H

2
O

2
 were directly related 

to the increase of drought stress and subsequently decreased during rewatering. In 
the first 13 days of the drought phase, the ratios of AsA to DHA were similar to 
those of well-watered plants, whereas, at high level of water deficit, ASA/DHA 
ratio decreased and subsequently showed an increase in the last days of the drought 
period. Generally, the ratios of GSH/GSSG increased during high levels of water 
deficit. The results highlighted the capacity of Prunus hybrids to withstand drought 
conditions by regulating the ascorbate–glutathione cycle. The results obtained in 
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this investigation, underlining the important role of some antioxidant enzymes and 
compounds in protecting cellular apparatus during water deficit conditions, may be 
useful for the selection for drought resistance in Prunus rootstocks material. This 
could lead to the characterization of different genotypes with this important char-
acteristic. The same conclusions of Sofo et al. (2005b) were drawn from an unpub-
lished study on various species of almond (Prunus spp.) during drought stress and 
subsequent rewatering (K. Sorkheh et al., 2010, personal communication).

4  Transcriptional Regulation of Genes Encoding Antioxidant 
Enzymes in Drought-Stressed Plants

In drought-stressed plants, the induction of the proteins by drought stress is strictly 
regulated (Fig. 5). If compared to the studies on enzyme activities, the investiga-
tions on the regulation of the transcription of antioxidant enzymes genes under 
drought stress are very scarce. Furthermore, the most of them are only qualitative 
and not quantitative, as these researches have often been conducted by standard 
PCR-based methods. Recently, quantitative differences in transcription levels in 
plants under drought conditions or between drought-tolerant and drought-sensitive 
have been identified by Real Time-PCR-based methods and microarray techniques 
(Guo et al. 2009; Vadassery et al. 2009). The gene expression of the enzymes of 
ascorbate–glutathione cycle profile is affected by the intensity and duration of drought 
stress. For example, the levels of expression of the APX2 gene is dependent on 
drought stress degree and light intensity (Tamaoki et al. 2004).

Besides genes encoding for APX, one of the most studied enzymes is glutathi-
one reductase, that play a key role in the restoration of the post-stress redox state 
of the cytosolic glutathione pool (Foyer et al. 2005). Two isoform of GR cDNA 
have been cloned and sequenced from pea (Pisum sativum cv. ‘Birte’) (Stevens 
et al. 1997). The cytosolic GR cDNA (GOR2) is significantly different at the DNA 
level from the chloroplastidial/mitochondrial GR (GOR1). GOR2 maps to linkage 
group 6 on the pea genome map and it seems likely that this is the only locus for 
this gene. In contrast to GOR1, transcript levels of GOR2 increase in the rewatering 
(post-stress) by about ten- and threefold, respectively. Key regulators and signalling 
components involved in high light-mediated oxidative stress may lead to cross 
protection against drought, as many high light-regulated genes are also induced 
under drought conditions. Molecular analyses of Arabidopsis thaliana, ecotype 
Columbia, have revealed a number of genes whose expression changes in response 
to high light, including the H

2
O

2
 scavenger APX2, and have provided evidence for 

common steps in drought and high light stress response pathways (Rossel et al. 
2006). The authors described the drought tolerant mutant alx8, which has constitu-
tively higher APX2 expression and higher levels of foliar ABA than wild type. In 
fact, exogenous ABA increased APX2 expression and the APX2 promoter contains 
ABA response elements. The alx8 mutant exhibits improved water-use efficiency 
and the up-regulaton of a number of drought-tolerance genes, including APX2.



174 A. Sofo et al.

The study of Jin et al. (2006) suggests that the regulation of APX at the transcript 
level may be involved in the response to water deficit stress. Cut rose (Rosa hybrida) 
cv. ‘Samantha’ flowers were pretreated for 12 h with 6 mM ascorbate (AsA), 5 mM 
b-aminophenol, or water (control) prior to exposing to water deficit stress for 24 h, 
and then were placed into water for recovery and vase life. Vase life, flower develop-
ment, y

w
, MDA content, and SOD and APX activities were then determined until end 

of vase life. Water deficit stress reduced vase life and inhibited flower development. 
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Fig. 5 Functions of the proteins induced by drought stress. The induced proteins are divided in 
two groups: functional proteins involved in stress tolerance and stress cellular adaption, and regu-
latory proteins with a role in genic expression and signal transduction in response to drought
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AsA pretreatment alleviated deterioration, while b-aminophenol pretreatment 
increased the deterioration. AsA pretreatment also decreased MDA content, and 
increased SOD and APX activities, but the opposite effects were found for the 
b-aminophenol pretreatment. A cDNA encoding cytosolic APX was isolated from 
petals, and named Rh-APX1. Gene expression in control petals increased in the first 
9 h, then decreased until the end of water deficit stress; it recovered when water was 
resupplied, and peaked again on the third day after placing flowers in water. 
Compared with the control, the gene expression was enhanced substantially by AsA 
pretreatment throughout water deficit stress, water recovery, and throughout vase 
life. In contrast, the expression was inhibited by b-aminophenol. The changing 
patterns of Rh-APX1 gene expression paralleled those of APX activity.

The objective of the recent study of Bian and Jiang (2009) was to investigate 
accumulation of ROS, antioxidant enzyme activities, and gene expression patterns 
of antioxidant enzymes of Kentucky bluegrass (Poa pratensis) under drought stress 
and recovery. Grass (cv. Midnight II) was subjected to soil drying for 5 days and 
then rewatered for 1 day in growth chamber. Drought stress increased O

2
·− produc-

tion of leaves and H
2
O

2
 content of the leaves and roots. Recovery enhanced leaf 

O
2
·− production and root H

2
O

2
 content. Drought stress increased the leaf activities 

of APX, MDHAR and DHAR, and the root activities of GR and MDHAR, while 
reducing the root activities of DHAR. The increased leaf activities of APX, 
MDHAR, DHAR and GR, and the root activity of APX and MDHAR were also 
maintained after rewatering. For the leaves, the expression of DHAR was down-
regulated by drought stress but recovered to control level after rewatering, while 
the expressions of GR and MDHAR were up-regulated and maintained high tran-
script levels also after water recovery. For the roots, the expressions of cytosolic 
APX, GR, and DHAR were down-regulated under drought stress but recovered 
except for GR and DHAR, while MDHAR expression was up-regulated. 
Antioxidant enzymes and their gene expressions may be differentially or coopera-
tively involved in the defense mechanisms in the leaves and roots of Kentucky 
bluegrass exposed to drought stress and recovery. MDHAR and DHAR are the two 
main enzymes that maintain ascorbate in its reduced state. MDAR2 (At3g09940) 
and DHAR5 (At1g19570) expression is up-regulated in the roots and shoots of 
Arabidopsis seedlings co-cultivated with the root-colonizing endophytic fungus 
Piriformospora indica, or that were exposed to a cell wall extract or a culture fil-
trate from the fungus (Vadassery et al. 2009). In fact, growth and seed production 
were not promoted by Piriformospora indica in mdar2 (SALK_0776335C) and 
dhar5 (SALK_029966C) T-DNA insertion lines, while colonized wild-type plants 
were larger and produced more seeds compared to the uncolonized controls. After 
3 weeks of drought stress, growth and seed production were reduced in 
Piriformospora indica-colonized plants compared to the uncolonized controls, and 
the roots of the drought-stressed insertion lines were colonized more heavily by the 
fungus than were wild-type plants. Upregulation of the message for the antimicro-
bial PDF1.2 protein in drought-stressed insertion lines indicated that MDAR2 and 
DHAR5 are crucial for producing sufficient ascorbate to maintain the interaction 
between Piriformospora indica and Arabidopsis in a mutualistic state.
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5  Proteomic Studies on Antioxidant Enzymes  
in Drought-Stressed Plants

Proteomic analysis provides a broad view of plant responses to stress at the level of 
proteins. In recent years, this approach has increased in sensitivity and power as a 
result of improvements in two-dimensional polyacrylamide gel electrophoresis 
(2DE), protein detection and quantification, fingerprinting and partial sequencing 
of proteins by mass spectrometry (MS), bioinformatics, and methods for gene iso-
lation (Fig. 6). Salekdeh et al. (2002) detected more than 2,000 proteins from 
drought-stressed and well-watered leaves of rice (line CT9993-5-10-1-M, upland 
japonica). Among these proteins, the three most marked changes were seen with 
actin depolymerizing factor, a homologue of the S-like ribonucleases and the chlo-
roplastic glutathione-dependent DHAR. The data showed an increase of about 60% 
in the abundance of DHAR in drought-stressed plants. Desert plants are exposed to 
a combination of environmental stress conditions, including low water availability, 
extreme temperature fluctuations, high irradiance and nutrient deprivation. Studying 
desert plants within their natural habitat may therefore reveal novel mechanisms 
and strategies that enable plants to resist stressful conditions. Mittler et al. (2001) 
studied the acclimation of Retama raetam, an evergreen stem-assimilating desert 

Fig. 6 Scheme for a differential protein display utilizing 2D gel electrophoresis coupled with 
mass spectrometry
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plant, to growth within an arid dune ecosystem. Retama raetam contained two 
different populations of stems: those of the upper canopy, exposed to direct sunlight, 
and those of the lower canopy, protected from direct sunlight. During the dry sea-
son, stems of the upper canopy contained a very low level of a number of essential 
proteins, including the large and small subunits of rubisco, APX, and the D1 sub-
unit of the reaction centre of photosystem II. Upon rewatering, as well as following 
the first rainfall of the season, these ‘photosynthetically suppressed’ stems recov-
ered and accumulated essential proteins within 6 ± 24 h. In contrast, stems of the 
lower canopy contained the essential proteins throughout the dry season. The 
authors suggest that R. raetam uses an acclimation strategy of ‘partial plant dor-
mancy’ in order to survive the dry season. ‘Dormancy’, as evident by the post-
transcriptional suppression of gene expression, as well as the suppression of 
photosynthesis, was induced specifically in stems of the upper canopy which protect 
the lower canopy by shading.

In order to investigate the unique contribution of individual wine grape (Vitis 
vinifera) berry tissues and water-deficit to wine quality traits, Grimplet et al. (2009) 
carried out an investigation on tissue-specific differences in protein and selected 
metabolites, using pericarp (skin and pulp) and seeds of berries from vines grown 
under well-watered and water-deficit stress conditions. Water-deficit stress altered 
the abundance of approximately 7% of pericarp proteins, but had little effect on 
seed protein expression. About half of the 32 metabolites surveyed showed tissue-
specific differences in abundance with water-deficit stress affecting the accumula-
tion of seven of these compounds. In particular, the skin displayed a notable 
increase in the relative abundance of cytosolic APX.

6  Studies on Drought-Tolerant Transgenic Plants

In one of the first experiments on transgenic plants designed to analyze the poten-
tial of ROS scavenging system of chloroplasts during drought stress, Shikanai et al. 
(1998) introduced Escherichia coli CAT into tobacco chloroplasts. Photosynthesis 
of transgenic plants was tolerant to high irradiance (1,600 mmol m−2 s−1) under 
drought conditions, while the wild plants suffered severe damage in photosynthesis 
under the same conditions. Irrespective of responses to the stress, chloroplastic 
APX was completely inactivated both in the transgenic and wild-type plants (from 
about 60 to 0 nmol mg−1 protein min−1, and from about 70 to 0 nmol mg−1 protein 
min−1 in wild and transgenic plants, respectively). Considering the enzyme stability 
under oxidative stress conditions, however, the authors concluded that CAT is much 
superior to APX to confer stress-resistance. These preliminary findings were con-
trary to the established idea that the APX-mediated antioxidative system protects 
chloroplasts from oxidative stress but the most of the studies of the last decade 
pointed out that APX plays an important role in the metabolism of H

2
O

2
 in higher 

plants. Recently, Bhatnagar-Mathur et al. (2009) investigated on transgenic plants 
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of peanut over-expressing the AtDREB1A transgene, driven by a stress-inducible 
promoter (Atrd29A) when exposed to progressive drought stress conditions. This 
authors found APX and GR activities were higher in the transgenic plants than in 
the untransformed counterparts without the promoter. Moreover, in the transgenic 
plants, the antioxidative machinery in plants over-expressing the AtDREB1A tran-
scription factor under water-limiting conditions indirectly caused improved gas 
exchange and water use efficiency. Li et al. (2009) studied the effect of over-
expressing a Populus peroxisomal APX (PpAPX) gene under the control of the 
cauliflower mosaic virus 35S promoter or the rd29 promoter in transgenic tobacco. 
High levels of PpAPX expression were observed in 35S-PpAPX transgenic plants, 
with a 50% increase in APX activity. The constitutive expression of PpAPX in the 
tobacco exhibited no morphological abnormalities, while significantly increased 
root growth was observed in transgenic plants, when compared to control plants. 
APX activity was nearly 80% higher in the leaves of transgenic plants in response 
to drought or salt stresses. Moreover, the transgenic tobacco also showed signifi-
cantly improved drought resistance and salt tolerance at the vegetative stage. RNA 
blot analysis indicated that the PpAPX transcript level was very low under normal 
growing conditions in rd29Ap–PpAPX plants, but significantly increased under 
drought stress. The authors concluded that that PpAPX does not play a significant 
role under normal growing conditions, but did ameliorate oxidative injury under 
abiotic stress. Bhatnagar-Mathur et al. (2009) recently investigated on transgenic 
plants of peanut over-expressing the AtDREB1A transgene, driven by a stress-
inducible promoter (Atrd29A) when exposed to progressive drought stress condi-
tions. These authors found APX and GR activities were higher in the transgenic 
plants than in the untransformed counterparts without the promoter. Moreover, in 
the transgenic plants, the antioxidative machinery in plants over-expressing the 
AtDREB1A transcription factor under water-limiting conditions indirectly caused 
improved gas exchange and water use efficiency.

The effects of re-watering after drought stress and the capacity of plants to 
resume well after a mild drought have rarely been studied in experiments on trans-
genic plants. In two interesting works, two cDNAs of the enzyme GR encoding a 
dual-targeted isoform (dtGR) and a cytosolic isoform (cGR), were cloned from 
leaves of common bean (Phaseolus vulgaris) (accession DQ459505 for dtGR and 
DQ459504 for cGR) (Contour-Ansel et al. 2006; Torres-Franklin et al. 2008). 
Moderate drought stress (y

w
 measured at 10 a.m. = −1.5 MPa) followed by re-

watering was applied to common bean cultivars, one tolerant to drought (‘IPA’), the 
other susceptible (‘Carioca’) and to cowpea (Vigna unguiculata Walp) cultivars, 
one tolerant to drought (EPACE-1), and the other susceptible (1183). The results 
showed that mRNA levels were much higher for cGR than for dtGR in all cases. 
Moderate drought stress induced an up-regulation of the expression of cGR in the 
susceptible cultivars. On the contrary, dtGR expression decreased. In the tolerant 
cowpea EPACE-1, GR gene expression remained stable under drought. Total GR 
activity in bean leaves was 18, 15 and 32 nmol min−1 mg−1 protein in control, 
drought-stressed and re-hydrated ‘IPA’ plants; and 21, 13 and 17 nmol min−1 mg−1 
protein in control, drought-stressed and re-hydrated ‘Carioca’ plants. The higher 
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GR activity can be so associated to the higher tolerance of Carioca plants against 
drought. It is important to note that during recovery from drought, an up-regulation 
of the two GR isoforms expression occurred, with a peak at 6–10 h after re-hydra-
tion. Plant response to re-watering was very rapid: except for dtGR in IPA, expres-
sion of both GR isoforms was enhanced as soon as 6 h re-hydration for all cultivars. 
This suggests that moderate drought stress may lead to a hardening process and 
acclimation tolerance to a subsequent more severe drought. Glutathione has a primary 
importance for acting also as a substrate of enzymes that take no part in the ascor-
bate–glutathione cycle. For example, glutathione peroxidase (GPX)-like proteins 
(GPX-1 and GPX-2) of Synechocystis PCC 6803 (S. PCC 6803) reduce unsaturated 
fatty acid hydroperoxides using NADPH. Gaber et al. (2006) used transgenic 
Arabidopsis plants overexpressing S. PCC 6803 GPX-2 in the cytosol (AcGPX2) 
or chloroplasts (ApGPX2). Both the transgenic lines showed enhanced tolerance to 
oxidative damage caused by treatment with H

2
O

2
 (10 mM), Fe ions (200 mM) or 

methylviologen (50 mM) and drought for 12 days. The data reported by the authors 
indicated that the expression of S. PCC 6803 GPX-2 contributes to the reduction in 
unsaturated fatty acid hydroperoxides using NADPH in situ under stress conditions 
in the transgenic plants.

Sometimes, a transgenic approach on genes that indirectly affect the expression 
of enzymatic antioxidant system can be successful, as in the case of the work of 
Synková and Valcke (2001). The fact that Pssu-ipt tobacco, despite a permanent 
water deficit, can maintain almost unaffected photosynthesis suggested to the 
authors that some efficient protecting mechanisms exist. The response of antioxi-
dant enzymes to cyclic drought was studied in control non-transformed tobacco 
(Nicotiana tabacum cv. ‘Petit Havana SRI’) and two types of transgenic Pssu-ipt 
tobacco (grafted on wild rootstock and poorly rooted progeny of Fl generation) 
grown under different conditions of irradiation (greenhouse, referred as high light, 
versus growth chamber, referred as low light). Transgenic Pssu-ipt tobacco contains 
the ipt gene, encoding for the isopentenyl transferase, a key enzyme of the citoki-
nins biosynthesis. Drought stress cycles (a period of 4 weeks of a water-deficit 
cycle, i.e., 3 days withholding irrigation followed by re-watering) started with 
plants at two contrasting developmental stages, i.e., at the stage of vegetative 
growth (young), and at the onset of flowering (old). Drought reduced the growth of 
‘SRI’ plants compared with transgenic ones, particularly, when treatment started in 
earlier stage of plant development. Relative leaf water content was significantly 
lower (below 70%) in all transgenic grafts and plants compared with the wild type, 
irrespective of age, drought, and growth conditions. The response of antioxidant 
enzymes was significantly dependent on plant type and plant age; nevertheless, 
growth conditions and drought stress also affected enzyme activities. Contrary to 
non-transgenic tobacco, where significant changes of GR activity were found 
between control and drought-stressed plants grown in a greenhouse, both trans-
genic types exhibited unchanged activities throughout plant stress treatment. In 
contrast to non-transgenic and Pssu-ipt rooted plants, peroxidase activities (APX, 
POD and syringaldazine peroxidase) in older Pssu-ipt grafts were up to four times 
higher, irrespective of growth and stress, nevertheless, the effect seemed to be 
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age-dependent. The differences observed in activities of enzymes of intermediary 
metabolism (i.e., malic enzyme and glucose-6-phosphate dehydrogenase) revealed 
that transgenic grafts probably compensated differently for a decrease of ATP and 
NADPH than control and transgenic rooted plants under stress.

In a recent research, Zhang et al. (2009) demonstrated that the adaptive responses 
of plants to drought stress is due to a better antioxidant response. For the experiment, 
they used a transgenic tobacco line Over-expressing the 9-cis-epoxycarotenoid 
dioxygenase gene (SgNCED1), with increased ABA content, and tolerance to drought 
and salt stresses. H

2
O

2
 and nitric oxide (NO) contents were enhanced in guard cells 

and mesophyll cells of the transgenic plants, accompanied with increased transcripts 
and activities of antioxidant enzymes including SOD, CAT, APX and GR. The abun-
dance of H

2
O

2
 and NO levels, and of the transcripts and activities of antioxidant 

enzymes in the transgenic plants was blocked by pre-treatments with inhibitor of 
ABA biosynthesis, scavengers of H

2
O

2
 and NO, and inhibitors of NADPH oxidase 

and NO synthase. The elevated production of NO in the transgenic plants was 
blocked by scavenger of H

2
O

2
 and inhibitors of NADPH oxidase, whereas H

2
O

2
 

level was not affected by scavenger of NO and inhibitor of NOS-like, indicating that 
H

2
O

2
 is essential for the elevated production of NO. The results demonstrate that the 

increased drought and salt tolerance in the transgenic plants is associated with ABA-
induced production of H

2
O

2
 via NADPH oxidase and NO via NOS-like, which 

sequentially induce transcripts and activities of SOD, CAT, APX and GR.

7  Some External Applications on Plants for a Better Drought 
Tolerance

The positive effects of pesticides, exogenous ascorbate, sodium nitroprusside, salicylic 
acid, silicon or UV-B radiation on drought tolerance of plants were often associated 
with the increase of antioxidant defense abilities, therefore alleviating oxidative 
damage of cellular functional molecules induced by over produced ROS under 
drought and maintaining many physiological processes of stressed plants (Gong 
et al. 2005).

In order to examine whether paraquat modifies the functioning of antioxidants 
and oxidative stress levels in drought-stressed plants, Liu et al. (2009) carried out 
an experiment with Cucumis sativus (cv. ‘Yuexiu no. 3’) grown hydroponically. 
Drought stress, increased the contents of O

2
·− and H

2
O

2
 in cucumber leaves, while 

pretreatment of paraquat combined with drought increased them in a lower extent. 
Drought stress and paraquat application both increased the activities of antioxidants 
such as SOD, CAT, POD, APX, DHAR, MDHAR, GR, GSH and AsA. Furthermore, 
the combined effect of paraquat application and drought stress resulted in the high-
est activities of enzymatic and non-enzymatic antioxidants. In conclusion, paraquat 
is able to moderate the activities of scavenging system enzymes, and to influence 
oxidative stress intensity under drought stress induced by PEG. Jaleel et al. (2007) 
conducted a pot culture experiment to estimate the drought stress mitigating effect 
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of ketoconazole (KCZ), a fungicide cum plant growth regulator, in Catharanthus 
roseus plants. The plants under pot culture were subjected to drought stress (10, 15 
and 20 days) and drought stress with KCZ from 30 days after sowing and regular 
irrigation was kept as control. Antioxidant contents and activities of antioxidant 
enzymes were estimated from roots and leaves of both control and treated plants. 
Individual and combined drought stress and KCZ treatments increased ascorbate 
and a-toc contents, SOD, APX, CAT and PPO activities when compared to control. 
Unfortunately, the authors did not report the values of the control plants, so it is 
impossible to do a precise comparison. Another investigation was carried out to 
find out the extent of changes occurred in groundnut (Arachis hypogaea cv. ‘ICG 
221’) in response to paclobutrazol (PBZ) treatment under water deficit (Sankar 
et al. 2007). Individual treatment with PBZ (10 mg l−1) and drought stress showed 
an increase in foliar t-Asc and a-toc contents, and GSH, SOD, APX and CAT 
activities. PBZ with drought stressed plants determined higher levels of antioxidant 
and scavenging enzymes than drought alone. In the study of Manivannan et al. 
(2007), a pot culture experiment was conducted to estimate the ameliorating effect 
of propiconazole (PCZ) on drought stress in cowpea (Vigna unguiculata) plants. 
From 30 days after sowing, the plants were subjected to 9 days of drought stress, 
and to drought stress with 15 mg l−1 PCZ. The plants were separated into root, stem 
and leaf for estimating the antioxidant contents and activities of antioxidant 
enzymes. Individual and combined drought stress and PCZ treatments increased 
t-Asc and a-toc contents, SOD, APX, CAT and PPO activities when compared to 
control. The PCZ treatment mitigated the adverse effects of drought stress by 
increasing the antioxidant potentials and thereby paved the way for overcoming 
drought stress in V. unguiculata plants. A pot-culture experiment was conducted to 
estimate the ameliorating effect of triadimefon (TDM) on drought stress in sun-
flower plants (Helianthus annuus) (Manivannan et al. 2008). Triazole compounds 
such as TDM, hexaconazole, uniconazole and paclobutrazol, etc., are widely used 
as fungicides, and they also possess varying degrees of plant-growth regulating 
properties, mediated by their interference with the isoprenoid pathway and subse-
quent shift in the balance of important plant hormones, including GA, ABA and 
cytokinins. The plants were subjected to 3, 6, and 9 days of drought stress and 
drought stress with TDM at 15 mg l−1. The plant samples were collected and 
separated into root, stem and leaf for estimating the activities of antioxidant 
enzymes. Individual and combined drought stress, and TDM treatments increased 
APX activity when compared to control plants. From the results of this investiga-
tion, it can be concluded that the application of TDM caused a partial amelioration 
of the adverse effects of drought stress by its influence on antioxidant potentials of 
H. annuus plants.

Although ascorbate has been firmly associated with antioxidant response, 
recent studies have suggested that the functions of ascorbate are related primarily 
to developmental processes (Smirnoff 2005). Nitrogen fixation in legumes is 
dramatically inhibited by drought stresses, and this reduction is often associated 
with oxidative damage. Zabalza et al. (2008) examined the hypothesis that ascor-
bate is involved in alleviating the oxidative damage to nodules caused by an 
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increase in ROS under drought stress. The hypothesis was tested by supplying 5 
mM ascorbate to pea plants (Pisum sativum) experiencing moderate drought 
stress (predawn y

w
 = −1.0 MPa). A supply of exogenous ascorbate increased the 

nodule t-Asc, whereas the levels of AsA, DHA, GSH, GSSG, GSH + GSSG were 
not affected. AsA application did not significantly modulate the response to 
drought stress of APX, whereas modulated that of GR. The effects of water-deficit 
stress and foliar application of ascorbate were also studied in leaves of Zea mays 
(Dolatabadian et al. 2009). Foliar application was performed by backpack sprayer 
and four concentrations of AsA (0, 50, 100 and 150 ppm) were applied. The activ-
ity of some antioxidant enzymes was clearly increased by water-deficit stress 
(soil y

w
 of −1.3 MPa). Foliar application of ascorbate reduced stress-induced and 

antioxidative enzymes activities. It seems that, ascorbate application helps the 
plants for better resistance under the stress by inactivation and scavenging of free 
radicals. The authors concluded that ascorbate treatment reduced the damaging 
action of drought and decreased enzyme activity due to ROS scavenging; there-
upon it may be effective for the improvement of stressed plants in arid and semi-
arid regions.

In a recent research of Nasibi and Kalantari (2009) on tomato, sodium nitroprus-
side (SNP) was used as NO donor in control and drought-stressed plants, and 
the role of NO in reduction of oxidative damages was investigated. The authors 
observed that SNP pretreatment (plants were sprayed with SNP 100 mM) prevented 
drought-induced decrease in RWC, membrane stability index, increase in lipid 
peroxidation and lipoxygenase activity, and increase in H

2
O

2
 content. However, 

pretreatment of plants with SNP and phenyl 4,4,5,5-tetramethylimidazoline-1-oxyl-
3-oxide (a NO scavenger) (plants were sprayed with PTIO 200 mM) reversed the 
protective effects of SNP suggesting that protective effect by SNP is attributable to 
NO release. In addition, the relationship between these defense mechanisms and 
activity of antioxidant enzymes were checked. Results showed that in drought-
stressed plants APX and CAT activities were elevated over the well-watered controls, 
while GR decreased under drought condition. The activity of APX and GR 
increased under SNP pretreatment and it seems that under this condition APX had 
a key role of detoxification of ROS in tomato plants. This result corresponded well 
with AsA, DHA and total acid-soluble thiols content. Therefore, reduction of 
drought-induced oxidative damages by NO in tomato leaves is most likely mediated 
through either NO ability to scavenge active oxygen species or stimulation of anti-
oxidant enzyme such as APX. Exogenous salicylic acid has been also shown to 
confer tolerance against biotic and abiotic stresses. In the work of Horváth et al. 
(2007), the ability of salicylic acid to increase abiotic stress tolerance was demon-
strated: it improved the drought tolerance of the winter wheat (Triticum aestivum) 
cv. ‘Cheyenne’. The induction of drought tolerance in Cheyenne was correlated 
with an increase in APX activity (from 0.04 DA mg−1 protein in non-treated plants 
to almost 0.06 DA mg−1 protein in treated plants).

Drought-induced changes in oxidative damage to photosynthetic pigments, 
proteins and lipids, some enzyme activities and photosynthesis were investigated in 
wheat (Triticum aestivum) plants grown in pots applied with or without silicon 
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under drought stress (Gong et al. 2005). Three treatments were prepared: well-watered 
plants, drought-stressed plants and drought-stressed plants + silicon (2.11 mmol of 
sodium silicate kg−1 soil). The results showed that application of silicon improved 
the water status of drought stressed plants. Compared with the non-silicon treat-
ment, application of silicon increased the foliar activities of SOD, CAT, and GR, 
the fatty acid unsaturation of lipids, and the contents of photosynthetic pigments 
and soluble proteins as well as total thiols under drought, whereas the content of 
H

2
O

2
 and oxidative stress of proteins were decreased by applying silicon compared 

with those of non-silicon treatments under drought. The activities of POD and APX 
showed no significant difference between silicon treated and untreated plants. In 
addition, application of silicon also increased the net CO

2
 assimilation rate of wheat 

leaves under drought. Physiological and biochemical responses of wheat seedlings 
to drought, UV-B radiation, and combined stress were investigated by Tian and Lei 
(2007). Oxidative damage caused by mild drought (y

w
 of −0.5 MPa), UV-B (3.5 kJ 

m−2 UV-B radiation), and combined stresses retarded seedling growth by 26.5%, 
29.1%, and 55.9%, respectively. The activities of SOD, POD, and APX increased 
under drought, UV-B, and the combination of stresses, while CAT activity decreased 
under the combined stress as compared to the control. The combination of drought 
and UV-B caused more severe damage to wheat seedlings than stress factors 
applied separately. Thus, the combined application of drought and UV-B had more 
strong adverse effects on wheat seedlings. The addition of 0.2 mM sodium nitrop-
russide (SNP) enhanced wheat seedling growth under drought, UV-B, and combined 
stress, likely, due to decreasing the accumulation of H

2
O

2
 and lipid peroxidation as 

well as activating the antioxidant enzymes.

8  Conclusions and Perspectives

The last decade of research on enzymatic and non-enzymatic antioxidants within 
the ascorbate–glutathione cycle have revealed that photoprotection against drought-
mediated oxidative stress is as complex and intricately regulated. A conspicuous 
increase in the studies on antioxidant enzymes and their trasnscripts, and on trans-
genic plants with enhanced antioxidant defenses is expected in the next years. It is 
not easy to predict if this new knowledge will lead to the creation of varieties with 
enhanced drought tolerance, as antioxidation does not readily lend itself to improve-
ment via single-gene transgenic up-regulation (Logan 2005).

One of the most studied antioxidant enzyme will probably be ascorbate peroxi-
dase, as it is a unique class I peroxidase found mainly in photosynthetic algae and 
plants, with a high structural homology to yeast cytochrome c peroxidase (Mittler 
and Poulos 2005), and uses ascorbic acid as its preferred reducing substrate. Most 
of the studies herein reported have demonstrated that APX, due to its presence in 
every compartment of the plant cell and its highly regulated expression (transcrip-
tional and posttranscriptional) is a key defense enzyme involved in the removal 
of H

2
O

2
 in plants. In addition, the studies discussed show that ascorbate and 
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 glutathione are highly abundant metabolites in plants and that they have many 
diverse and important functions, such as the H

2
O

2
-mediated signal transduction 

cascades. Finally, the intra-cellular distribution of the enzymes of the ascorbate–
glutathione cycle is still not completely clear, and more experimentation is required 
to determine whether the chloroplast and cytosol enzymes fulfill different roles. 
Further studies are required to elucidate how the function of the different genes/
enzymes of the ascorbate–glutathione cycle are coordinated and whether or not 
they have additional functions in plants.
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Abstract Pesticide use is inseparable part of food production. The efficacy of 
modern agriculture is quite dependent on the chemicals used to fight with pests, 
including weeds, fungi and insects. Herbicides are chemicals which destroy weeds. 
According to their mode of action herbicides are divided on 24 groups (Herbicide 
Resistance Action Committee). The balance between toxicity on weeds and 
resistance of crops defines herbicide selectivity. Herbicide tolerance depends on the 
plants variety, development phase, climate, mode of action, dose and the way plants 
were treated with herbicides. Glutathione is one of the major defense substances 
of plants. It takes part in many detoxifying mechanisms, like active oxygen species 
reducing, and also regulates cell defense systems. Glutathione has key role in 
detoxifying of toxic xenobiotics, including herbicides. In some crops the resistance 
against herbicides is due to its direct detoxification by forming conjugates with 
glutathione. The process can be catalyzed by the enzyme glutathione S-transferase. 
After their forming, conjugates can be metabolized and excreted or can be stored 
in vacuoles and dead tissues. Many herbicides, such as atrazine, paraquat, etc., 
induce oxidative events in plant cell. Glutathione takes part in detoxifying active 
oxygen species and this is a way for indirect enhancement of plant resistance 
against herbicides. In the current review the mode of action of herbicides inducing 
oxidative stress will be discussed. Examples of plant antioxidant system response 
against herbicide action will be presented. The role of glutathione in direct and 
indirect detoxification of herbicides and increase of plants sustainability will be 
deeply reviewed.
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1  Herbicides as Stress Factors

The natural metabolism of plants might be violated by natural and anthropogenic 
phenomena (pathogen attack, wounding or other mechanical effect, UV irradia-
tion, drought, water shortage, salinity, xenobiotics, etc.). Animals can escape the 
harmful agent but because of their sedentary life plants do not have such possibil-
ity. Plants are constantly exposed to various chemical compounds. For example, 
xenobiotics (such as heavy metals, pesticides, herbicides etc.) which can be 
absorbed and accumulated in plants are neither source of energy or nutrients and 
could have strong toxic influence. Herbicides are xenobiotics and belong to the 
group of anthropogenic abiotic factors. They are applied for growing of impor-
tant cultures like wheat, maize, soybean, etc. in order to protect them from 
weeds. Herbicides have been used less than a century: the first widely used her-
bicide was 2,4-dichlorophenoxyacetic acid (2,4-D), which was commercialized 
and has been in use since the late 1940s (Grabińska-Sota et al. 2003). Growing 
flux of chemical compounds as herbicides, implicated by humans impact all 
organisms, including plants. The noxious effect of these factors provoked stress 
condition in plants. Many herbicides induce oxidative events in plant cells addi-
tional to their main mode of action, such as glyphosate, 2,4-D, etc. (Miteva et al. 
2003, 2005; Sergiev et al. 2006). Plants have built up mechanisms to detoxify 
detrimental substances and to cope with oxidative events. These mechanisms in 
plants are associated mainly with transformation of the toxic component (either 
the xenobiotic itself or oxygen radical) to harmless molecules and glutathione 
plays main role in these processes. The level of chemical transformation depends 
on plants, which determines different tolerance to herbicides or other pollutants. 
Important consequence of the chemical transformation of toxic molecules is 
decreasing their biological half-life, therefore the time for plants exposure to the 
noxious impact of the given molecule.

1.1  Herbicide Classifications

The compounds operating like herbicides (over 500) possess different modes of 
action and are classified accordingly in 24 groups (Acetyl coenzyme A carboxylase – 
ACCase inhibitors; acetolactate synthase – ALS inhibitors; enolpyruvylshiki-
mate 3-phosphate synthase – EPSPS inhibitors; synthetic auxins; photosystem II 
inhibitors, etc.). However, these groups could be divided in four general groups: 
herbicides that block photosynthesis (atrazine), auxine-like type (2,4-D), inhibitors 
of amino-acid biosynthesis (glyphosate) and inhibitors of lipid and fatty acid 
biosynthesis.

The herbicide classification could be done on the base of their selectivity to 
certain or broad types of plants (selective as chlorsulfuron, 2,4-D and non-selective 
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or total as glyphosate), by herbicide translocation in plant (contact – acts only at 
the place of the application, and systemic – translocates from the sites of contact 
to other parts of the plant). Some plants produce natural herbicides, such as the 
genus Juglans (walnuts), or the tree of heaven producing hydroquinone, which is 
oxidised in the environment to juglone, the compound responsible for the toxic 
effects on other plants (Vyvyan 2002). Organic herbicides such as spices and 
d-limonene (citrus oil) are less effective and more expensive than synthetic ones 
(Dayan et al. 2009).

1.2  Herbicide Resistance

Herbicide resistance is the inherited ability of a plant to survive and reproduce 
following exposure to a dose of herbicide that would normally be lethal to the wild 
type. In a plant, resistance may occur naturally due to selection or it may be induced 
through genetic engineering techniques.

Herbicides destroy weed but they could have toxic effect towards culture plants 
as well, for example wheat and pea cultures are sensitive to glyphosate, pea plants 
are sensitive to 2,4-D, etc. Moreover, there are weeds that acquire herbicide-
resistance and more than 300 weed biotypes (both dicotyledons and monocotyledons) 
have evolved resistance to one or more of all the main groups of herbicides 
(Tharayil-Santhakumar 2003; Yuan et al. 2007, http://www.weedscience.org). Yuan 
et al. (2007) reported that herbicide-resistant weed biotypes have been found in 
more than 270,000 fields between 56 different countries all around the world 
(http://www.weedscience.org). Such herbicide-resistant weeds have become an 
increasing global menace to agriculture (Preston 2004; Owen and Zelaya 2005). 
Understanding the basis of resistance, mainly that associated with non-target meta-
bolic and transport mechanisms, is essential for the development of modern agri-
culture. The mechanisms for deactivation of toxic compounds in plants and 
knowledge of the defense plants systems are also very important. Good knowledge 
of cell defense systems suggests effective approach to improve present-day 
horticulture.

In general, mechanisms of herbicide resistance in weeds could be divided as: 
(a) target-site resistance or resistance caused by mutations in target sites of the herbi-
cide (photosystem II, acetolactate synthase, 5-enolpyruvyl-shikimate-3-phosphate 
synthase and acetyl coenzyme-A carboxylase) and (b) non-target site resistance or 
resistance caused by mutations in non-target sites (Yuan et al. 2007). For example 
glutathione S-transferases (GSTs, EC. 2.5.1.18) are among the gene families that par-
ticipate in non-target herbicide resistance. There are two mechanisms that account 
for the non-target site herbicide resistance: (1) enhanced metabolism and (2) com-
partmentalization of the herbicide (Nemat Alla and Hassan 2008). The enzymatic 
conjugation of herbicide with GSH, catalyzed by GSTs, is the main detoxification 
pathway and belongs to the first mechanism for herbicide resistance.

http://www.weedscience.org
http://www.weedscience.org
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2  Glutathione

2.1  Glutathione – Short Historical Survey and Evolution

In plants glutathione pool represents most of the non-protein reduced sulphur and it 
is the basic plant cell reservoir of such sulphur (Crawford et al 2000; Foyer and 
Noctor 2001). GSH was discovered in 1888. Working with yeasts and plant cells De 
Rey-Pailhade discovered component that spontaneously react with elementary sul-
phur and produce hydrogen sulphide (Rennenberg 2001). De Rey-Pailhade found 
one of the most spread sulphur-containing compounds in the nature and called it 
philothion (from the Greek words fίloV – friend and qeίo – sulphur). In 1924, the 
same compound was rediscovered from Hopkins who chose the name “glutathione” 
(Meister 1988). The earliest experiments clarifying the significance of GSH were 
made by Rapkin (1930), who suppose its role in cellular division (Barron 1951). 
These suggestions were confirmed by May et al. (1998). Lalova (1967) reported one 
of the first scientific studies made in order to clarify the role of glutathione in plants 
subjected to triazine herbicides. The author found that all of the triazine herbicides 
used in the study decreased the number of the sulfhydril groups in Fabaceae plants 
and this corresponded in a direct ratio to the degree of the plants damage.

Numbers of biochemical processes were described in due to Arabidopsis 
mutants (Todorova 2003; Ohkama-Ohtsu et al. 2008). The essential role of GSH for 
plants, living in oxygen atmosphere was also proved by the use of Arabidopsis 
mutants. The rml1 mutant contains minimal (below the detection limit of the meth-
ods) quantities of GSH, because of the lack of enzyme g-glutamilcysteinsynthetase. 
This mutant strain survives only in vitro as tissue culture, supplied with exogenic 
GSH and has typical phenotype: undeveloped root and small shoots (May et al. 
1998). E. coli mutants which do not express enzymes, necessary for the GSH syn-
thesis are extremely vulnerable to oxygen and to vast number of chemical reagents. 
In the lack of oxygen and chemical substances the same mutants develop as the 
genuine strain (Rennenberg 2001).

As GSH is found in prokaryotes, it could be concluded that it has developed in 
anaerobic environment but it became extremely necessary for the life at the oxygen 
environment. In evolutionary aspect GSH was prerequisite not only for the survival 
in oxygen atmosphere but also as defense factor against multiple stress factors 
(Rennenberg 2001).

High thiol concentrations are detected into the most primitive organisms. Some 
of them, in particular anaerobic bacteria, contain very low GSH concentrations 
and instead the basic low-molecular thiol is the GSH precursor (g-glutamilcystein 
or co-enzyme A) (Rennenberg 2001). In some plants homologue forms of GSH are 
discovered, where the carboxyl residue is replaced with other amino acids. For 
example, in some legume species including Glycine max L. homoglutathione 
(hGSH or g-glutamyl-l-cysteinyl-b-alanine) is the dominant thiol (Klapheck 
1988), in cereals of the Poaceae family as Triticum aestivum – hydrohymethylglu-
tathione (hmGSH or g-glutamyl-l-cysteinyl-serine) co-accumulates with GSH 



1956 Glutathione and Herbicide Resistance in Plants

(Klapheck et al. 1992) and in Zea mais g-ECE (g-glutamyl-l-cysteinyl-glutamic 
acid) might be accumulated (Meuwly et al. 1993). Plants that synthesize the ana-
logues contain GSH as well (Crawford et al. 2000). A number of experiments 
prove that homologues possess similar physiological functions as those of GSH 
(Wonisch and Schaur 2001). The homologues are evolutionary newer metabolites 
but up to now their advantage over GSH is unknown (Rennenberg 2001).

2.2  Precursors, Biosynthesis and Degradation of Glutathione

Glutathione is not DNA-coded molecule – it is synthesized by two enzyme-catalyzed 
steps in ATP-dependent process (Fig. 1), however, both enzymes are encoded in the 
nuclear genome (Meyer 2008). Studies on subcellular compartmentalization of 
GSH showed its biosynthesis is possible in the cytosol and in the chloroplasts 
(Leustek et al. 2000, reviewed by Meyer 2008, Szalai et al. 2009). At the first 

Fig. 1 General scheme of glutathione metabolism (According to Foyer and Noctor 2001, with 
modifications). gECS – g-glutamylcysteine synthetase, GS – glutathione synthetase, GST – gluta-
thione S-transferase, GR – glutathione reductase
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stage the enzyme glutamate cysteine ligase or g-glutamylcysteine synthetase 
(gECS, EC 6.3.2.2), encoded by GSH1 in Arabidopsis (May and Leaver 1994), 
catalyze formation of peptide bond between l-glutamate and l-cysteine and produce 
g-l-glutamyl-l-cysteine (gEC). At the next stage glycine is added to the dipeptide 
(l-glutamyl-l-cysteine) with the participation of glutathione synthetase enzyme 
(GS, EC 6.3.2.3), which is encoded by GSH2 in Arabidopsis thaliana (Wang and 
Oliver 1996). The first-stage enzyme, gECS, is the regulatory enzyme of GSH syn-
thesis (Rüegsegger and Brunold 1992; Rennenberg et al. 2007). It is localized 
entirely in the cytosol (Pasternak et al. 2008), however, for Arabidopsis gECS is 
localized exclusively in the plastids (Wachter et al. 2005). The activity of gECS 
is regulated by GSH in feedback mechanism (Jez et al. 2004).

While glutathione synthesis is executed in the chloroplast and cytosol, the 
degradation of GSH and its conjugates is limited to the vacuole and probably to the 
apoplast (Foyer et al. 2001; Ohkama-Ohtsu et al. 2007). Two possibilities exist to 
start GSH degradation. One of them is from the N-terminus through breaking the 
g-glutamyl bond and generating glutamate and cysteine-glycine. g-Glutamyl trans-
peptidases (GGT, EC 2.3.2.2) are responsible for this reaction. GGTs are essential 
for GSH hydrolysis (Martin et al. 2007). The second possibility is to start a reaction 
from the C-terminus, catalyzed by carboxypeptidase or phytochelatin synthase to 
produce g-EC and glycine (Beck et al. 2003).

Four GGT genes were identified in Arabidopsis plants and their temporal and 
spatial pattern of GSH and its metabolite degradation were determined (Martin 
et al. 2007). Ohkama-Ohtsu et al. (2007) studied the Arabidopsis thaliana knock-
out mutant ggt3. The authors found that GGT3 catalyses the first step in catabolism 
of GSH conjugates in the vacuole and GGT3 activity complements GGT1 and 
GGT2 activities, implicated in GSH catabolism in the apoplast. It was reported that 
in either roots or leaves, the apoplastic GST enzymes have limited capacity in GSH 
conjugate catabolism.

Glutathione degradation is performed by series of steps, where GGT transfer the 
g-glutamyl part of GSH to aminoacid acceptor. A GGT-independent pathway of 
GSH degradation was also found in Arabidopsis where GSH is converted to 
5-oxoproline and then to glutamate by the combined action of g-glutamyl cyclotrans-
ferase and 5-oxoprolinase (Ohkama-Ohtsu et al. 2008).

In plants, GSH conjugation with lipid hydroperoxides, toxic metabolite products 
or xenobiotics influence GSH concentration as well (Dixon et al. 2002; Anderson 
and Davis 2004). GST, induced by abiotic stresses may catalyze this reaction.

3  The Role of Glutathione and Glutathione S-Transferases  
in Herbicide Resistance

Glutathione functions in plant metabolism can be generalized as two main functions: 
it participates in the exchange of sulphur and it functions as endogenous defense 
constituent against biotic and abiotic stress (Noctor and Foyer 1998). As defence 
factor glutathione has multiple roles: against oxidative stress caused by different 



1976 Glutathione and Herbicide Resistance in Plants

stress factors, including herbicides, as regulator of redox state of the cells and in 
direct detoxification of xenobiotics, including herbicides. In general the functions 
of GSH in plants are summarized in Fig. 2 (Miteva 2005).

Glutathione is main ingredient of the system that reduces toxic compounds. The 
GSH role in defense system is the direct detoxification of xenobiotics also antioxi-
dant against oxidative stress, provoked from herbicides like atrazin, paraquat etc. 
The detoxification of xenobiotics is made through conjugation process of GSH 
with the hazardous chemical molecule. The process can involve the enzyme GST 
or can be spontaneous and it has three stages: activation (preparation), conjugation 
and metabolism of conjugates (Fig. 3). This process will be reviewed more deeply 
in next section.

3.1  Oxidative Stress and the Role of Glutathione  
in Herbicide Defense System

GSH role as antioxidant is associated with direct detoxification of the active oxygen 
forms (AOS: hydrogen peroxide, singlet oxygen, superoxide and hydroxil radical) as 
well as with participation in glutathione–ascorbate shuttle (Haliwell–Asada cycle). At 
the process of AOS deactivation the GSH is oxidized to its dimer form or GSSG. An 
important component of antioxidant system is the enzyme glutathione reductase (GR, 
EC 1.6.4.2). It might restore the reduced form of glutathione. The process is impor-
tant when homeostasis is supported as the accumulation of oxidized glutathione 
inhibits protein synthesis on the level of translation. For example after paraquat treat-
ment, leading to strong oxidative stress a GR inhibition was observed (Ananieva et al. 
2004). Sergiev et al. (2006) observed that glyphosate application in maize plants also 
caused oxidative stress, exhibited by amplified biomembrane lipid peroxidation 
(malondialdehyde), leaf tissue ion fluxes and the activities of catalase, peroxidase and 

Detoxification of
xenobiotics

(GST)

Storage and long
distance transport
of reduced sulfur

Antioxidant
(GPX, APX)

Signal molecule

Enzyme regulation

GSH

Sustains redox
buffer

Fig. 2 Functions of glutathione in plants. GPX – guaiacol peroxidase, APX – ascorbate peroxidase, 
GSH – glutathione
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GST. The results of Miteva et al. (2005) also showed development of oxidative events 
in pea and wheat plants treated with glyphosate. Application of atrazine at low con-
centrations imitating residual concentrations increased the susceptibility of Arabidopsis 
thaliana to further treatments with the same herbicide applied at the recommended 
field amount, mainly through oxidative damages (Ivanov et al. 2005).

3.2  The Role of Reduced Glutathione and GSH/GSSG  
Ratio in Herbicide Resistance

GSH participates not only in the direct detoxification of AOS but it could protect 
cells against unfavorable effects of stress trough the activation of different defense 
mechanisms because of its involvement in redox signalling (Foyer et al. 1997; Apel 
and Hirt 2004; Foyer and Noctor 2005; Szalai et al. 2009). Overgeneration of AOS 
in the cells is known as “oxidative stress”. The main mechanism of action of her-
bicides like atrazine and paraquat is generation of AOS and that led to the death of 
treated plant. GSH has important role in antioxidant system as part of the glutathi-
one–ascorbate shuttle (Halliwell–Asada cycle). Its function there is to provide 
electrons for reduction of ascorbate, which also takes part in AOS detoxification. 
Reduced glutathione form could be restored by the enzyme GR. Culture plants with 
enhanced levels of GSH were found more resistant to similar herbicides.

Phase III
Transport/Metabolising

Phase II
Detoxification

Conjugation with:
glutathione, sugars,

amino acids

Phase I
Activation

Xenobiotic

OxidationReductionHydrolysis

Transportation
Degradation

Fig. 3 Main phases of the process of detoxification of xenobiotics in plants (According to 
Schröder 2001, with modifications)
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The cysteine thiol-group is a functional group that is very sensitive to oxidation, 
making cysteine remarkably useful for structural functions (Meyer 2008). The 
redox characteristics of cysteine permit formation of intra- and inter-molecular 
disulfide bridges that allow appropriate protein folding and formation of stable 
multiprotein complexes. The oxidation of thiol-group frequently changes structural 
and catalytic protein features and finally activates downstream processes. Protein 
thiols are also vulnerable to oxidative damage due to their high sensitivity to oxidation. 
To evade permanent loss of proteins caused by oxidation, complicated mechanisms 
allowing recovery of such proteins via reduction of thiol residues have been devel-
oped in cells. The millimolar concentrations of GSH in metabolically active tissues, 
act as a key redox buffer, forming a blockage between protein cysteine groups and 
AOS (Foyer and Noctor 2005). Glutathione may endure reversible oxidation and 
reduction thanks to the central cysteine, and could exist in either the reduced form 
(GSH) or oxidized glutathione disulfide (GSSG).

Two GSH molecules form one molecule of GSSG through oxidation, and the 
concentration of GSH consequently enters the Nernst equation as a squared term. 
Therefore, the glutathione redox potential depends on the total glutathione concen-
tration and the degree of oxidation (Meyer and Hell 2005). Changes in GSH redox 
state are responsible for the protective and regulatory roles of GSH. The redox state 
of GSH is defined by its reducing capacity (GSH concentration) and the half-cell 
reduction potential of the GSH/GSSG couple (or E

GSSG/2GSH
) and differs in different 

organs, tissues, cells, and compartments, changing during plant growth and devel-
opment. The value of E

GSSG/2GSH
 can be calculated from the concentrations of GSH 

and GSSG using the Nernst equation (Schafer and Buettner 2001).
The synthesis, degradation, oxidation and transport of GSH as well as its conju-

gation with other sulfhydryl groups or other substances should be regarded when 
characterizing GSH/GSSG couple. A high GSH/GSSG ratio, maintained by increased 
GSH synthesis or/and GSSG reduction might be necessary for efficient protection 
against AOS accumulation, induced by abiotic stress and was shown by studies on 
several plants, subjected to different abiotic stresses (Szalai et al. 2009). The half-
cell reduction potential of GSH/GSSG couple or E

GSSG/2GSH
 value, calculated from 

the concentration of GSH and GSSG is more closely related with the biological cell 
status, than the GSH/GSSG ratio (Schafer and Buettner 2001). The value of 
E

GSSG/2GSH
 can be calculated using the Nernst equation. The same parameter was 

found to be a universal marker of cell viability and could be used to monitor stress-
induced damage (Kranner et al. 2006).

3.3  The Role of GST and the Process of Herbicide Conjugation 
for Plants Resistance to Herbicide Stress

A number of authors emphasize the significance of conjugation with GSH for herbicide 
selectivity as the cereal cultures. Using two herbicides, pretilachlor and metribuzin, 
the less and the most phytotoxic to maize, it was shown that the herbicide tolerance 
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in Zea mays is related to the increased levels of GSH and GSH-associated enzymes 
(GSTs, g-glutamyl-cysteine synthetase, GSH-synthetase and GR) (Nemat Alla et al. 
2008). Using the transgenic rice plant over-expressing OsGSTL1, a GST gene from 
rice, Hu et al. (2009) demonstrated the detoxification role of OsGSTL1 for the 
growth and development. Something more, the accumulation of the OsGSTL1 
protein in the vegetative tissues of transgenic rice plants enhanced their tolerance 
to chlorsulfuron and glyphosate. In addition, OsGSTL1 over-expression may enhance 
the resistance to chlorsulfuron and glyphosate in rice plants.The results of Miteva 
et al. (2003, 2004) also showed that atrazine and 2,4-D increase GST enzyme activity 
in wheat, however, opposite tendency was observed in more sensitive pea plants. It 
was reported that in the more sensitive to 2,4-D plant, pea, the activity of protective 
enzyme systems GST and GR decreased but the content of the oxidized glutathione 
form was elevated (Miteva et al. 2003). In opposite, in wheat, which is more toler-
ant to 2,4-D treatment, normally functioning GR and GST enzymes were observed 
with increasing or constant enzyme activity levels. The total glutathione content 
was constant during the stress programme and GSSG/TG ratio was under the con-
trol values. The lack of accumulation of oxidized form of glutathione led to the 
assumption that the wheat plant subjected to 2,4-D treatment manage to keep its 
red-ox status and therefore its homeostasis.

3.4  Phases of the Process of Xenobitic Detoxification

The cellular detoxification system for xenobiotics, including herbicides, consists 
of three consecutive sequential processes (Coleman et al. 1997). Phase I and II – 
chemical modification (transformation) of the xenobiotic; Phase III – compartmen-
talization and metabolism of conjugates (Fig. 3).

Activation (Phase I). The chemical transformation at phase I includes one or 
more enzyme-catalyzed reactions, which aim is to prepare the given molecule. 
Reactive functional groups develop at the molecule of xenobiotic and facilitate the 
following process of conjugation in result of oxidation, reduction or hydrolysis 
reactions, catalyzed by esterases, amidases, peroxidases, reductases, dehydroge-
nases, by the cytohrom P-450 system or by mixed function oxidases (Coleman 
et al. 1997; Doran 2005; Yuan et al. 2007). Phase I is not obligatory and can be 
passed if the necessary functional groups are available in the initial substance. This 
phase is very important for lipophilic xenobiotics. As a result molecule different 
than the starting one is yielded. This molecule might be with higher toxicity 
because the designation of phase I is to prepare the compound for phase II reactions 
through development of reactive sites in the pollutant by addition or exposure of the 
functional groups (Coleman et al. 1997).

Conjugation (Phase II). This phase includes reactions, where the xenobiotic or 
the activated Phase I-product is deactivated through covalent bonding with endoge-
nous hydrophilic molecule, as glucose, malonate, aminoacids or glutathiоne. However, 
GSH is the main substrate at the conjugation process. The resulted water-soluble 
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conjugates are hydrophilic and less-toxic molecule than the initial compound. 
Hydrophility is an important molecular property as it facilitates metabolite trans-
port through cellular membranes as well as their compartmentalization. Conjugation 
reactions could be spontaneous or catalyzed by enzymes as glucosyl-, malonyl- and 
glutathione S-transferases. Enzymes that detoxify xenobiotics exist in prokariotic 
and eukariotic organisms more than 2.5 milliard years and GSTs has the main 
numerical superiority (Sheehan et al. 2001).

Phase III. In Phase III, conjugated metabolites are removed from the cytoplasm 
and deposited in vacuoles or cell walls (Coleman et al. 1997; Hatzioz 1997). It has 
been classified in two independent phases (Abhilash 2009). The first one is restricted 
to transport and storage of the conjugates in the vacuole and/or the extracellular 
space by active transport, where ABC transporters are the most commonly involved 
(Rea 1999; Yuan et al. 2007; Schröder 2007; Abhilash 2009). The second one 
involves further degradation of the conjugation molecule in the vacuole or extracel-
lular spaces taking final reactions like cell wall bindings or excretion.

3.5  The Significance of GST for Herbicide Resistance

In the 1970s, a relationship was clarified between a GSH conjugate and atrazine 
resistance in some grasses and GSTs were the first implicated in herbicide resistance 
in weeds (Jensen et al. 1977). Supplementary evidence that GSTs are associated 
in non-target-site herbicide resistance came from the assays of GST activity in 
herbicide-resistant weeds. In the resistant biotype of velvetleaf (Abutilon theophrasti) 
increased glutathione conjugation with atrazine was observed through amplified 
GST activity, which correlates with herbicide resistance in the weed (Anderson and 
Gronwald 1991). Moreover, Marcacci et al. (2006) showed that conjugation to GSH 
is a major metabolic pathway that detoxifies atrazine in Chrysopogon zizanioides 
Nash, which is species resistant to this herbicide. Atrazine tolerance can be due to 
the high intensity of one metabolic pathway or by involvement of several metabolic 
pathways, for example in Zea mays (Cherifi et al. 2001). On the contrary, lack of 
atrazine metabolism can be observed in the sensitive species (wheat and soybean), 
while dealkylation only confers moderate tolerance of atrazine in pea.

GST-mediated herbicide resistance sometimes can target multiple herbicides 
(Hall et al. 1997; Hatton et al. 1999; Cummins et al. 1999; Cocker et al. 2001; 
Letouze and Gasquez 2003). An increase in GST activity could be accompanied by 
enhanced GST gene expression (Cummins et al. 1997b, 1999). Safener application 
data gives complementary evidence for GST-mediated non-target herbicide resis-
tance through induced GST gene expression (Hatzios and Burgos 2004; Smith et al. 
2004; Zhang and Riechers 2004; Nutricati et al. 2006; DeRidder and Goldsbrough 
2006). The supposed sequences of steps necessary for herbicide safeners to induce 
plant tolerance towards xenobiotics also include increased transcription of GSH 
synthesis and GST genes (Verkleij et al. 2009). In crops, functional characteriza-
tions of GST genes also showed that GSTs have a substantial role in herbicide 
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metabolism (Cho and Kong 2005; Yang et al. 2009). Many GST enzymes were 
purified and characterized for their activity on diverse herbicides in different crop 
and non-crop (eg. perennial grasses) cultures as soybean, wheat, maize, rice, tall 
fescue etc. (Cummins et al. 1997a; Dixon et al. 1997; Andrews et al. 2005; Del 
Buono et al. 2007; Yang et al. 2009). A number of GSTs seem to be involved in 
herbicide metabolism in plants and their role is very important in protecting plants 
against herbicide stress (Kawahigashi 2009). In order to study the overexpression 
of GST genes a transgenic approach has been useful and herbicide-resistant trans-
genic plants were obtained (Milligan et al. 2001; Karavangeli et al. 2005; Skipsey 
et al. 2005). It is known that maize GSTs detoxify triazine and chloroacetanilide 
herbicides and transgenic tobacco plants expressing maize GST I have been shown 
to remediate alachlor (Karavangeli et al. 2005). The potential for phytoremediation 
of herbicides seems to be enhanced through overexpression of GST genes. Not only 
GST genes but these connected with gluthatione are also involved. Noctor and 
Foyer (1998) showed that a rate-limiting step in the biosynthesis of glutathione is 
catalyzed by g-glutathione synthetase. In poplar plants introduction of g-glutathione 
synthetase gene leads to higher concentrations of glutathione, and the plants 
became tolerant toward two chloroacetanilide herbicides, acetochlor, and metolachlor 
(Gullner et al. 2001). Brassica juncea expressing the gene of g-glutathione syn-
thetase also increased its tolerance to atrazine, 1-chloro-2,4-dinitrobenzene (CDNB), 
metolachlor, and phenanthrene (Flocco et al. 2004). It should be noted that the 
combined importance of specific GSTs and their preferred thiol co-substrates in 
conferring herbicide selectivity traits in plants was shown to be of great necessity 
(Skipsey et al. 2005). The same authors found that increased resistance resulted 
from coordinated overexpression of both GST and homoglutathione synthase genes 
because the particular GST activity requires available homoglutathione thiol.

However, several environmental problems are associated with application of 
genetically engineered plants for phytoremediation purposes (Nemat Alla and 
Hassan 2008; Abhilash et al. 2009). For example, the escape of the foreign gene/s 
from transgenic plants, via pollen dispersal to their weed relatives might create 
super-weeds. To resolve the invasiveness and interbreeding problem the uses of 
sterile clones have been suggested. Another problem is the small biomass and 
growth rates of some of the engineered plants, which makes them ineffective for 
application in polluted field. Up to now, greater part of the transgenic plants never 
has been used in real contaminated conditions (Abhilash et al. 2009).
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Abstract Reactive oxygen species (ROS) are produced naturally in plants during 
normal growth conditions. However, their production is accelerated manifold 
during various abiotic and biotic stresses. Rapid and efficient detoxification of 
ROS is vital to avoid any damage at cellular level. This is done by a well defined 
antioxidative system which comprises of various enzymes (superoxide dismutase, 
catalases and peroxidases) and low molecular weight compounds such as; praline, 
betaine, ascorbate and glutathione. Among these, ascorbate and glutathione are 
directly involved in scavenging of ROS. The present article will emphasize on the 
biosynthesis and role of ascorbate and glutathione during oxidative stress.

Keywords Abiotic stress • Detoxification • Reactive Oxygen species • Oxidative 
stress
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Abbreviations

AsA ascorbic acid
APX ascorbate peroxidase
CAT catalase
DHAR dehydroascorbate, reductase
EBR 2,4-epibrassinosteroid
FTS ferredoxin thioredoxin system
GR glutathione reductase
Grx glutaredoxin
GSH reduced glutathione
GSSG oxidized glutathione
GPX guaiacol peroxidase
LOX lipoxygenase
MDA malondialdehyde
NGS NADPH glutaredoxin system
NTS NADPH thioredoxin system
NTR Trx reductase
PAPS phosphoadenylyl sulfate
RNR ribonucleotide reductase
SOD superoxide dismutase
Trx thioredoxin

1  Antioxidant Defense System of Plants

This antioxidant defense system mainly includes the antioxidative enzymes such as 
superoxide dismutase (SOD), catalase (CAT), guaiacol peroxidase (GPX), ascorbate 
peroxidase (APX) and glutathione reductase (GR) and non-enzymatic antioxidant 
compounds such as glutathione (GSH), ascorbic acid (AsA), carotenoids, cysteine, etc. 
SOD is the key enzyme responsible for catalyzing the dismutation of highly reactive 
O

2
·− to O

2
 and H

2
O

2
. The resulting H

2
O

2
 is further decomposed to water and oxygen 

either by APX of the ascorbate–glutathione cycle or by GPX and CAT localized in the 
cytoplasm and other cellular compartments. GR is the complementary enzyme of the 
ascorbate–glutathione cycle, maintaining a high GSH/oxidized glutathione (GSSG) 
ratio for protection against oxidative damage (May et al. 1998a; Noctor and Foyer 1998; 
Aravind and Prasad 2005). GSH (g-glutamylcysteinyl glycine) is a major non-
enzymatic scavenger of reactive oxygen species (ROS) due to its unique structural 
properties, broader redox potential, abundance and wide distribution in plants.

Reversible dithiol disulfide exchange is now well acknowledged as an important 
biological mechanism regulating various aspects of the metabolism, development, and 
adaptation to changing environmental situations. Several reductases, including ribo-
nucleotide reductases (RNR), peroxiredoxins, and methionine sulfoxide reductases, 
gain their reduction power via a pair of cysteines switching from the disulfide to the 
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dithiol state. In numerous proteins that do not need a redox flux for activity, including 
transcription factors, the disulfide to dithiol switch results in a conformational modifi-
cation allowing or restricting activity. The reduction of disulfide bridges is performed 
by Trxs or Grxs, two phylogenetically unrelated proteins but which present a similar 
three-dimensional conformation, including at their surface a redox-active site CxxC 
with two cysteines separated by two amino acids. Almost all organisms encode several 
Trxs and Grxs. Trx and Grx have they own reduction system: in most organisms and 
in the cytosol and mitochondria of plants the Trx pathway comprises a redox cascade 
including NADPH, Trx reductase (NTR), and Trx, while the Grx pathway is composed 
of NADPH, glutathione reductase (GR), glutathione (GSH), and Grx. These two 
systems act in parallel and have several common target proteins as shown by biochemi-
cal and genetic studies. Two important redoxin targets are the subject of an abundant 
literature: (i) there are several types of RNR, which provide cells with the deoxyribo-
nucleotides necessary for DNA. All organisms growing aerobically use Trx- or 
Grx-dependent RNR. (ii) Sulfate assimilation features a reduction step performed by 
a phosphoadenylyl sulfate (PAPS) reductase in bacteria and yeast and by an adenylyl 
sulfate (APS) reductase in plants, and these enzymes are also Trx dependent.

Recent genetic experiments in Arabidopsis show that the cytosolic Trx and Grx have 
certain common target proteins as is the case in most organisms, but, in addition, their 
reduction systems are in fact more complex. The reduction of cytosolic Trx and Grx can 
occur via alternative pathways. In the absence of NTR, cytosolic Trxs are reduced by a 
GSH-dependent pathway, while in the absence of cytosolic GR oxidized glutathione 
(GSSG) is reduced by the NTR Trx pathway. By contrast, sulfate reduction, which in 
plants is carried out in chloroplasts, is performed by a two-domain APS reductase with 
the APS domain associated to a Trx homolog reduced by glutathione. Sulfate reduction 
in plants is thus independent from external Trx and Grx and their reductases.

Plants are distinguishable from other eukaryotes by the presence of the chloroplast. 
In addition, they have a complex redoxin system as revealed by sequencing the 
Arabidopsis thaliana genome (Alonso et al. 2000). About 40 genes coding for Trx 
and Trx-related proteins have been identified (Meyer et al. 2006). Among them, at 
least eleven belong to the cytosolic Trxh group, but additional Trx-like proteins are 
predicted to have a cytosolic localization. A functional mitochondrial NTS system 
has been identified in Arabidopsis (Laloi et al. 2001). Moreover, the chloroplast Trx 
system has been extensively studied in plants (Schürmann and Jacquot 2000; 
Buchanan et al. 2002; Schürmann and Buchanan 2008). The genome of A. thaliana 
encodes 40 genes of Grx and Grx-like proteins.

2  Glutathione Synthesis and Reduction in Plants

Glutathione is a tripeptide (a-glutamyl cysteinylglycine), which has been detected 
virtually in all cell compartments such as cytosol, chloroplasts, endoplasmic reticu-
lum, vacuoles, and mitochondria (Foyer and Noctor 2003). Glutathione is the major 
source of non-protein thiols in most plant cells. The chemical reactivity of the thiol 
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group of glutathione makes it particularly suitable to serve a broad range of biochemi-
cal functions in all organisms. The nucleophilic nature of the thiol group is also 
important in the formation of mercaptide bonds with metals and for reacting with 
selected electrophiles. This reactivity along with the relative stability and high water 
solubility of GSH makes it an ideal biochemical to protect plants against stress includ-
ing oxidative stress, heavy metals and certain exogenous and endogenous organic 
chemicals (Foyer and Noctor 2005a, b). Glutathione takes part in the control of H

2
O

2
 

levels (Shao et al. 2005c, 2007a). The change in the ratio of its reduced (GSH) to 
oxidized (GSSG) form during the degradation of H

2
O

2
 is important in certain redox 

signaling pathways (Li and Jin 2007). It has been suggested that the GSH/GSSG ratio, 
indicative of the cellular redox balance, may be involved in ROS perception (Shao 
et al. 2005c; Li and Jin 2007). Reduced glutathione (GSH) acts as an antioxidant and 
is involved directly in the reduction of most active oxygen radicals generated due to 
stress. There was a study reporting that glutathione, an antioxidant, helped to with-
stand oxidative stress in transgenic lines of tobacco (Shao et al. 2005c).

The metabolism of glutathione has been extensively characterized in plants as in 
other organisms. Glutathione is synthesized in two steps catalyzed by the gamma-
glutamyl cysteine synthase (GSH1) and the glutathione synthase (GSH2) (Fig. 1). In 
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Fig. 1 Glutathione synthesis and reduction in plants. The GSH synthesis enzymes GSH1 and 
GSH2 are indicated in grey (brown in the web version). The GSSG reduction enzymes GR1 and 
GR2 are indicated in dark grey (blue in the web version). The alternative reduction pathway is 
represented by the grey arrow (red in the web version). The dotted arrows indicate putative GSH 
fluxes (Adapted from Reichheld et al. 2009)
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higher plants, GSH1 is exclusively located in plastids, while GSH2 is dually targeted 
to plastids and cytosol (Wachter et al. 2005; Pasternak et al. 2008). As in other 
eukaryotes, GSH is required for plant development as shown by the embryo lethality 
of gsh1 knockout lines (Tzafrir et al. 2004; Cairns et al. 2006). In Arabidopsis, 
 forward genetic screens allowed the isolation of several mutants which after cloning 
and sequencing of the mutated genes appears to be weak alleles of GSH1. The first 
discovered mutant allele was rml1 (rootmeristemless1) (Cheng et al. 1995) which 
encodes an inefficient GSH1, allowing approximately only 5% GSH in comparison 
to the wild type (Vernoux et al. 2000). Homozygote seeds are formed with a normal 
embryo, but the root meristem fails to grow during germination. In contrast the shoot 
meristem develops at least in the initial stage. Two other GSH1 alleles are available: 
pad2-1 with about 16% GSH and cad2 with about 20% GSH present a normal devel-
opment under standard conditions and are fertile (Cobbett et al. 1998). The pad2-1 
(Phytoalexin-deficient2-1) mutant was isolated on the basis of its sensitivity to sev-
eral pathogens, possibly due to inefficient production of phytoalexins and glucosino-
lates (Parisy et al. 2007). Cad2 (cadmiumsensitive2) is hypersensitive to Cd possibly 
due to a limited synthesis of phytochelatins (Howden et al. 1995).

In contrast to the gsh1 KO mutant, a null mutant in GSH2 shows normal embryo-
genesis, but the seeds do not germinate. The gsh2 mutant accumulates high levels of 
the substrate of GSH2, gamma-GC, suggesting that this low molecular weight thiol 
only very partially compensates GSH in the early stage of plant development 
(Pasternak et al. 2008). This contrasts with E. coli and yeast in which elevated 
gamma-GC in the gsh2 mutant was shown to compensate the absence of GSH 
(Faulkner et al. 2008; Grant et al. 1996). Interestingly, Pasternak et al. (2008) have 
shown by complementation of a gsh2 mutant that the cytosolic GSH2 is sufficient 
for GSH synthesis, showing that gamma-GC is exported from the plastids to supply 
the cytosol with the precursor of GSH biosynthesis and that GSH is efficiently reim-
ported into the plastids and mitochondria (Fig. 1). As in most organisms, oxidized 
glutathione is reduced by GRs which are present in distinct cellular compartments.

In Arabidopsis and other higher plants, two genes encode GRs. GR2 was found 
to encode a dual-targeted chloroplast and mitochondrial GR, while GR1 encodes a 
cytosolic protein. Although both GRs have similar reduction activities with GSSG, 
only GR2 is essential for plant development (Tzafrir et al. 2004). It is still unknown 
whether the embryo lethality of the gr2 mutant is due to inactivation of the chloro-
plast and/or mitochondrial isoform of GR2. Nevertheless, it clearly indicates that 
cytosolicGR1 is not able to compensate for the lack of organellar glutathione reduction. 
As previously stated, GSH synthesis takes place both in the chloroplast and the 
cytosol, but engineered Arabidopsiswith only a cytosolic GSH2 are fully viable. 
Thus GSH import from the cytosol to organelles is sufficient, but GSSG reduction 
should take place in the organelles. Biochemical characterization of gr1 mutant 
plants has established that GR1 shows 65% of total GR activity of leaf extracts. 
Mutant gr1 accumulates high levels of GSSG. However, in contrast to gr2 mutants, 
insertion mutants in gr1 are aphenotypic even under stress conditions, indicating 
that cytosolic GR is dispensable for plant development (Marty et al. 2009). This 
finding suggests that accumulation of GSSG in the cytosol is either not toxic for 
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plants or that it is exported out of the cytosol. Export to the organelles seems 
unlikely because chloroplast and mitochondrial redox state of glutathione was 
shown to be unchanged in the gr1 mutant (Marty et al. 2009). However, vacuolar 
or apoplastic export cannot be excluded.

3  Glutathione and Oxidative Stress

Oxidative stress from environmental sources and plant developmental processes 
generates various oxidants, such as reactive oxygen, sulfur, and nitrogen, which can 
cause serious damage to biological macromolecules. In higher plants, chloroplasts 
and mitochondria are two major organelles that contribute to the production of ROS 
during photosynthesis and carbon metabolism. To prevent oxidative damage, plants 
have evolved effective mechanisms comprising nonenzymatic antioxidant mole-
cules and enzymes (Michelet et al. 2006). Oxidants have been traditionally considered 
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to occur via different mechanisms. Deglutathionylation can be catalyzed by GRX. Reversible 
formation of intra- and intermolecular disulfide bridges is mediated by XRX. Direct H
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2
-

dependent oxidation of cysteines to intra- and intermolecular disulfides and peroxidase (POX)-
catalyzed H
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2
 sensing can be reversed by XRX. In addition, protein cysteines also undergo 

nitrosylation in the presence of reactive nitrogen species (RNS), a reversible process that could be 
catalyzed by TRX (Adapted from Li and Zachgo 2009)
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as poisonous molecules with deleterious effects on plant cells. However, recent 
studies suggest that these reactive species, particularly ROS and reactive nitrogen 
species (RNS), are involved in redox signaling through reversible posttranslational 
modifications of protein thiols (Foyer and Noctor 2005a; Michelet et al. 2006). Free 
protein thiols can be oxidized into different reversible states, such as 
S-glutathionylation, S-nitrosylation, sulfenic (SOH) or sulfinic acids (SO2H), 
and intra- or interprotein disulfide bonds (Fig. 2). S-Glutathionylation of protein 
sulfhydryl groups protects cysteinyl residues from irreversible oxidation to sulfonic 
acids. Apart from sulfinic acids that are reduced by sulfiredoxins (SRXs), these 
oxidized cysteines can be efficiently reduced by GRXs, providing evidence that 
GRXs play an important role in oxidative stress signaling (Foyer and Noctor 2005a; 
Michelet et al. 2006). Antioxidant defense involves the activation of redox-responsive 
transcription factors in E. coli, yeast, and mammals (Delaunay et al. 2000; Rahman 
and MacNee 2000). In apoptosis signaling of mammalian cells, TRXs are known 
to catalyze denitrosylation of cysteine residues of caspase-3, a process required for 
caspase-3 activation (Benhar et al. 2008). Higher plants are also thought to accli-
mate to oxidative stress through coordinate modulation of a battery of antioxidant 
genes. Tsukamoto et al. (2005) identified a novel conserved 28-bp long cis-element 
on the promoter regions of three antioxidant rice genes, one of which codes for a 
rice GRX. This short regulatory sequence is responsive to oxidative stress induced 
by methyl viologen treatment and regulates expression of these antioxidant genes. 
In Arabidopsis, a network of at least 152 genes is involved in producing and scav-
enging ROS, among which 27 encode GRXs functioning as ROS-scavenging 
enzymes (Mittler et al. 2004a). As mentioned earlier, overexpression of ROXY1 
and rice OsROXY1/2 in Arabidopsis leads to accumulation of H

2
O

2
 and increased 

susceptibility of transgenic plants to pathogen infection, indicating a link between 
oxidative stress, plant development, and pathogen responses (Wang et al. 2009). 
The use of ROS as signaling molecules by plant cells suggests that plants are able 
to achieve a high degree of control over ROS toxicity during the course of evolu-
tion. The first piece of biochemical evidence indicating the possible involvement of 
plant GRXs in oxidative stress responses was obtained from a poplar CPYC GRX 
that is able to reduce a type II peroxiredoxin (PRX; Rouhier et al. 2001, 2002). 
Further independent observations have shown that GRXs and PRXs are abundantly 
colocalized in the phloem sap, allowing in planta reduction reactions to occur and 
preventing oxidative damage of sieve-tube proteins (Balachandran et al. 1997; 
Ishiwatari et al. 1995; Szederkenyi et al. 1997). A redox-sensitive green fluorescent 
protein (roGFP) has been constructed and is now available for nondestructive, real-time 
measurement of the redox potential in both animal and plant cells (Hanson et al. 
2004; Jiang et al. 2006). The CPYC GRXC1 from Arabidopsis is able to reduce 
disulfide bonds of roGFPs (Meyer et al. 2007), demonstrating the potential of this 
novel tool to monitor plant redox changes and indicating a role for GRXC1 in 
maintaining the cellular redox homeostasis.

GSH is a key component of plant antioxidant networks and is required for both 
the dithiol and monothiol reduction mechanism mediated by GRXs. In the dithiol 
mechanism, GSH is necessary for the regeneration of GRX. In contrast, in the 
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monothiol mechanism, GSH is directly attached to a cysteine and thereby reversibly 
modifies target proteins posttranslationally. GSH is synthesized in two ATP-
dependent steps that are sequentially catalyzed by g-glutamylcysteine synthase 
(g-GCS) and glutathione synthase. GSH is present at millimolar concentrations in 
plant cells and participates in stress resistance and adaptation, such as detoxification 
of heavy metals and scavenging of reactive oxygen species (ROS) generated during 
normal cell metabolism and induced by abiotic factors such as UV light, drought, 
and chilling as well as by biotic factors such as pathogens (Noctor and Foyer 1998; 
Cobbett 2000). However, besides playing critical roles in stress responses, evi-
dence is currently emerging that GSH is also crucial for many plant developmental 
processes (Fig. 3c).

Recent data indicate that GSH plays an important role in determining flowering 
time. Ogawa et al. (2001, 2004) examined the relationship between GSH levels, 
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photosynthesis, and flowering in Arabidopsis and found that flowering is regulated 
by the key reaction of GSH biosynthesis catalyzed by g-GCS. Arabidopsis mutants, 
defective in glutathione biosynthesis or possessing nonfunctional light-harvesting 
antenna of photosystem II, produce reduced GSH levels and hence develop a late 
flowering phenotype (Cobbett et al. 1998; Ogawa et al. 2001, 2004).

Embedded within root meristems is a population of slowly dividing cells col-
lectively designated as the quiescent center (QC). Postembryonic root development 
entails activation of cell division in this center. Analysis of Arabidopsis plants 
homozygous for a mutation in ROOT MERISTEMLESS1 (RML1)/CADMIUM 
SENSITIVE2 (CAD2), which encodes the g-GCS, identified a GSH-dependent 
pathway involved in establishing the postembryonic root meristem (Cobbett et al. 
1998; Vernoux et al. 2000). The rml1/cad2 mutant is almost devoid of GSH due to 
strongly reduced GSH synthesis, thereby causing an arrest in root development due 
to abolished cell division after germination in the root but not in the shoot (Vernoux 
et al. 2000). In maize roots, quiescent center formation is associated with an auxin-
regulated oxidizing environment. High levels of auxin and oxidized GSH occur in 
the QC, contrasting with reduced GSH and low levels of auxin favored in adjacent, 
rapidly dividing cells in the root meristem. Decreasing auxin levels in the QC by 
perturbing polar auxin transport leads to a reduced environment and thereby acti-
vates the QC (Jiang et al. 2003). These experiments corroborate earlier observations 
that GSH participates in the regulation of cell division in the apical meristem of 
Arabidopsis roots (Sánchez-Fernández et al. 1997).

NADPH thioredoxin reductases (NTRs) are key regulatory enzymes determining 
the redox state of the TRX system. The Arabidopsis genome contains two genes 
encoding NTRs (NTRA and NTRB) and one gene coding NTRC, a chloroplastic 
hybrid enzyme containing both an NTR and a TRX modules. The ntra ntrb double 
mutant is viable and fertile, and the cytosolic TRXh3 in this mutant is only partially 
oxidized. Crossing ntra ntrb with rml1/cad2 leads to complete inhibition of both 
shoot and root growth, indicating that a GSH-dependent pathway is implicated in 
the alternative reduction of TRXh3 and is indispensable for postembryonic activity 
in the shoot and root apical meristems (Reichheld et al. 2007). However, a direct 
reduction of type-h TRXs by GSH is excluded by biochemical data, suggesting that 
GRXs may be responsible for the alternative reduction of TRXs in the ntra ntrb 
double mutant (Reichheld et al. 2007), as observed in vitro for poplar TRX h4 
(Gelhaye et al. 2003; Koh et al. 2008).

Complexation of As(III) with PCs or GSH is an efficient way to detoxify arse-
nic, probably because the complexes are pumped and sequestered in the vacuole 
catalyzed by the homologs of multidrug resistance proteins (MRPs), members of 
the ABC superfamily (Lu et al. 1997; Tommasini et al. 1998). Targeting increased 
accumulation or synthesis of PCs and/or GSH may be one way to develop arsenic 
phytoremediation. Increased expression of phytochelatin synthase (PCS), the 
rate-limiting step in PC biosynthesis, has been attempted to increase plant toler-
ance to and accumulation of arsenic. Gasic and Korban (2007) found that the 
overexpression of PCS in Indian mustard increased its tolerance to arsenic but 
did not enhance arsenic accumulation significantly. The lack of response in 
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accumulation could be due to the fact that PC synthesis is also limited by the 
production of GSH. A more recent study by Guo et al. (2008) showed that over-
expressing AtPCS1 and GSH1, which encodes g-glutamylcysteine synthetase 
(g-ECS), the rate-limiting step in GSH biosynthesis, individually in Arabidopsis 
thaliana increased arsenic tolerance and accumulation. Although these studies 
indicated the feasibility of overexpressing PCS and/or g-ECS for increasing arse-
nic accumulation and concomitantly tolerance, there are no direct data on the site 
of  arsenic storage in these transgenic lines; thus it remains unclear whether the 
complexed As(III) is primarily vacuolar or remains in the cytoplasm. It is possible 
that transport of complexed As(III) or even free As(III) across the tonoplast 
membrane is potentially the rate-limiting step in overall arsenic tolerance and 
accumulation. Yet, to date, there are no reports of genetic engineering of tonoplast 
transport.

4  Coordinated Role of Ascorbate and Glutathione During 
Oxidative Stress

Ascorbate is one of the most extensively studied antioxidants and has been detected 
in the majority of plant cell types, organelles and apoplast (Aro and Ohad 2003; 
Borland et al. 2006). Ascorbate is synthesized in the mitochondria and is trans-
ported to the other cell components through a proton-electrochemical gradient or 
through facilitated diffusion. Further, ascorbic acid also has been implicated in 
regulation of cell elongation (Noctor 2006; Yabuta et al. 2004). In the ascorbate–
glutathione cycle, two molecules of ascorbic acid are utilized by APX to reduce 
H

2
O

2
 to water with concomitant generation of monodehydroascorbate. Monodehydro-

ascorbate is a radical with a short life time and can disproportionate into dehy-
droascorbate and ascorbic acid. The electron donor is usually NADPH and 
catalyzed by monodehydroascorbate reductase or ferredoxin in water–water cycle 
in the chloroplasts (Gapper and Dolan 2006). In plant cells, the most important 
reducing substrate for H

2
O

2
 removal is ascorbic acid (Foyer et al. 1994, 1997; 

Biehler and Fock 1996; Shao and Chu 2005; Shao et al. 2005a, b, 2006, 2007a, b, c; 
Sagi and Fluhr 2006; Wu et al. 2007). A direct protective role for ascorbic acid has 
also been demonstrated in rice.

Ascorbate (vitamin C) occurs in all plant tissues, usually being higher in photo-
synthetic cells and meristems (and some fruits). About 30–40% of the total ascorbate 
is in the chloroplast and stromal concentrations as high as 50 mM have been 
reported (Shao et al. 2005b). It is highest in the mature leaf, where the chloroplasts 
are fully developed and the chlorophyll levels are highest. Although it has been 
determined that d-glucose is the precursor of l-ascorbic acid, the synthetic pathway 
has not been totally understood (Shao et al. 2005a, c). Ascorbic acid has effects on 
many physiological processes, including the regulation of growth, differentiation 
and metabolism of plants. A fundamental role of AsA in the plant defense system 
is to protect metabolic processes against H

2
O

2
 and other toxic derivatives of oxygen. 



2197 Ascorbate and Glutathione: Protectors of Plants in Oxidative Stress

Acting essentially as a reductant and reacting with and scavenging many types of 
free radicals, AsA reacts nonenzymatically with superoxide, hydrogen peroxide, 
and singlet oxygen. It can react indirectly by regenerating a-tocopherol or in the 
synthesis of zeaxanthin in the xanthophyll cycle. Therefore, AsA influences many 
enzyme activities, and minimizes the damage caused by oxidative process through 
synergic function with other antioxidants (Li and Jin 2007; Shao et al. 2005a, b, c, 
2006, 2008).

A continuous oxidative assault on plants during drought stress has led to the 
presence of an arsenal of enzymatic and non-enzymatic plant antioxidant defenses 
to counter the phenomenon of oxidative stress in plants (Shao and Chu 2005). 
Ascorbic acid (AsA) is an important antioxidant, which reacts not only with H

2
O

2
, 

but also with O2−, OH and lipid hydroperoxidases (Igamberdiev and Hill 2004; 
Shao et al. 2005). AsA is water soluble and also has an additional role in protecting 
or regenerating oxidized carotenoids or tocopherols (Shao et al. 2007a; Wu et al. 
2007). Water stress resulted in a significant increase in antioxidant AsA concentra-
tion in turf grass (Shao et al. 2006). Ascorbic acid showed a reduction under 
drought stress in maize and wheat, suggesting its vital involvement in deciding the 
oxidative response (Shao et al. 2007b). Some studies reported a decrease in the 
level of antioxidants, including ascorbic acid, with an increase in stress intensity in 
wheat. Ascorbic acid can also directly scavenge 1O

2
, O

2
− and ·OH and regenerate 

tocopherol from tocopheroxyl radicals, thus providing membrane protection (Shao 
et al. 2007b, c). Ascorbic acid also acts as a co-factor of violaxanthin de-epoxidase, 
thus sustaining dissipation of excess excitation energy (Shao et al. 2006, 2007c). 
Antioxidants such as ascorbic acid and glutathione are involved in the neutraliza-
tion of secondary products of ROS reactions (Hare et al. 1998; Shao et al. 2005b, c; 
Li and Jin 2007).

Two key metabolites of this pathway, ascorbate and glutathione, are major 
water-soluble antioxidants and redox buffers in plant cells but also have crucial 
functions in stress responses and organ development (Arrigoni and De Tullio 2002; 
Noctor et al. 2002). Ascorbate can be oxidized to monodehydroascorbate by ascor-
bate oxidase (AO) in the apoplast. This enzyme can therefore modulate the redox 
state of the apoplastic ascorbate pool, which is important for controlling cell elon-
gation and triggering signal transduction cascades in response to external stimuli 
(Kato and Esaka 2000; Pignocchi et al. 2003). Glutathione participates in the induction 
of defense genes, sulphur transport and storage, and heavy metal detoxification, and 
its concentration needs to be tightly controlled at several levels. Major mechanisms 
are the transcriptional, translational, and post-translational regulation of the enzyme 
δ-glutamylcysteine synthetase (g-ECS), which catalyses the first step of glutathione 
biosynthesis in all organisms (May et al. 1998b; Xiang and Oliver 1998; Noctor et al. 
2002; Hicks et al. 2007).

The antioxidants of legume leaves and nodules have been examined in consider-
able detail (Matamoros et al. 2003; Palma et al. 2006). The most extensive studies 
on the role of ROS and antioxidants in fruit development and maturation (ripening) 
have been conducted on climacteric fruits such as pear (Pyrus communis; Brennan 
and Frenkel 1977), saskatoon fruit (Amelanchier alnifolia; Rogiers et al. 1998), and 
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tomato (Lycopersicon esculentum; Jiménez et al. 2002a). The involvement of ROS 
and antioxidants during fruit ripening has been also investigated in the chloroplasts 
(Bouvier et al. 1998) and mitochondria (Jiménez et al. 2002b) of pepper (Capsicum 
annuum) fruit, which exhibits non-climacteric physiology. The study of antioxi-
dants in fruits is important for several reasons. First, antioxidants may protect fruit 
tissues from potentially toxic ROS and thereby contribute to the stress tolerance of 
crops (Mittler et al. 2004b; Van Breusegem et al. 2008). Second, fruits may have 
nutritional value for animal and/or human consumption. Third, in many cases fruits 
have a relatively short shelf-life following harvest, during which they undergo 
changes in texture, colour, and flavour, which may be accompanied by a decline in 
antioxidants (Davey and Keulemans 2004; Malacrida et al. 2006; Stevens et al. 
2008). The function of antioxidant enzymes and metabolites during maturation of 
pea fruits was investigated by Matamoros et al. (2010). It is concluded that symbi-
otic nitrogen fixation is as effective as nitrogen fertilization in maintaining the 
antioxidant capacity of pea fruits and that, contrary to climacteric fruits; a general 
decrease in antioxidants during maturation does not involve oxidative stress. 
Results underscore the importance of the antioxidant system in reproductive organs 
and point to ascorbate–glutathione metabolism and cytosolic peroxiredoxin as key 
players in pea fruit development (Matamoros et al. 2010).

The coordinated role of glutathione–ascorbate to alleviate metal stress has been 
demonstrated in many plant species. Being a major contributor to the cellular redox 
state, AsA is involved in oxidative defense in plants (Noctor and Foyer 1998).  
In common bean, genotypic Mn tolerance may be associated with the maintenance 
of higher ASC concentrations in leaf tissue under Mn stress (González et al. 1998). 
Moreover, it is an effective scavenger for phenoxy radicals, which may lead to 
oxidation of phenols, thus forming necrosis in plants (Hai-hua et al. 2009). The 
oxidative stress caused by excess Mn, as reflected by the increase in malondialdehyde 
(MDA) content and lipoxygenase (LOX, EC 1.13.11.12) activity, accumulation of 
superoxide radical and H

2
O

2
, was greatly decreased by EBR treatment. Further 

investigations revealed that EBR application enhanced the activities of superoxide 
dismutase (SOD, EC 1.15.1.1), peroxidase (POD, EC 1.11.1.7), catalase (EC 
1.11.1.6), ascorbate peroxidase (APX, EC 1.11.1.11), dehydroascorbate reductase 
(DHAR, EC 1.8.5.1), and glutathione reductase (GR, EC 1.6.4.2), and the contents 
of reduced ascorbate and glutathione, compared with the plants without EBR treat-
ment. It was concluded that the ameliorative effects of EBR on Mn toxicity were 
due to the upregulation of antioxidative capacity in maize under Mn stress (Hai-hua 
et al. 2009).

The predominantly accepted model for plant detoxification of arsenic in plants 
is complexation of As(III) with glutathione(GSH) and/or phytochelatins(PCs) 
through –SH coordination. PCs have a general structure [(g-Glu–Cys)n–Gly) 
(n = 2–11)] and are synthesized non-translationally by PC synthase using glutathi-
one as a substrate (Schmöger et al. 2000). Reported the effect of arsenic exposure 
on maize (Zea mays) root proteome and concluded that the induction of oxidative 
stress was the main process underlying arsenic toxicity in plants. The accumulation 
of H

2
O

2
 was prevented in cells by the ascorbate–glutathione cycle where APX 
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reduced it to H
2
O (Shri et al. 2009). Significant increase in APX activity was 

observed in As(III) treatment in roots. One APX isoenzyme was detected markedly, 
especially in roots of 100 mM As(III) treated seedlings. However, in shoots maxi-
mum APX activity was observed at 50 mM As(III), which decreased at higher 
concentration. At higher As(III) concentration, roots experienced high ROS buildup 
and detoxification by increased antioxidant systems before As(III) was transported 
to shoots. According to POD isozyme chart, with the increase of the concentration 
of As, POD-2 isozyme band increased gradually, which coincided with the measured 
results of POD activity in roots of As(III) treatment. It was also observed that new 
isoforms of GR induced during As(III) stress. It was possible that As(III) signi-
ficantly decreased the GSH content in rice roots, due to its conversion to phytochelatins. 
The enhanced demand for GSH in response to arsenic-induced oxidative stress might 
be met by the increased GR activity and elevated GSH turn-over. The results sug-
gested that the anti oxidative enzymes were highly up regulated in As(III) stress 
than As(V) (Shri et al. 2009).

Hydrilla verticillata plants were exposed to arsenate (AsV;50 mM) and arsenite 
(AsIII;5 mM) under variable S supply: deficient (2 mM S,–S), normal (1 mMS, +S) 
and excess (2 mMS, +HS) (Srivastava and D’Souza 2010). Arsenic accumulation 
(mg g−1 DW) in +HS plants was about twofold higher upon exposure to both AsV 
(30) and AsIII (50) than that observed in +S (12 and 24) and –S (14 and 26) plants. 
Despite lower As accumulation, –S plants experienced the maximum oxidative 
stress owing to an inadequate response of enzymatic and molecular antioxidants 
and significant decline in total thiols and the ratio of reduced glutathione (GSH) to 
oxidized glutathione (GSSG). By contrast +HS plants had significant increase in 
total thiols and an improved redox status, did not demonstrate any negative impact 
to antioxidants except catalase and hence experienced the least increase in oxidative 
stress parameters. In conclusion, an increase in S supply to plants may improve 
their accumulation capacity for As through enhanced tolerance caused by a positive 
effect on thiol metabolism and antioxidant status of the plants (Srivastava and 
D’Souza 2010).

Plant growth, ultrastructural and antioxidant adaptations and glutathione biosyn-
thesis in Cd-hyperaccumulating ecotype Sedum alfredii Hance (HE) countering 
high Cd environment were investigated and compared with its non 
Cd-hyperaccumulating ecotype (NHE) by Jin et al. (2008a). Cadmium stress dam-
aged chloroplasts causing imbalanced lamellae formation coupled with early leaf 
senescence. Histochemical results revealed that glutathione (GSH) biosynthesis 
inhibition led to overproduction of hydrogen peroxide (H

2
O

2
) and superoxide radical 

(O
2
·−) in HE but not in NHE. Differences were noted in both HE and NHE for 

catalase (CAT), guaiacol peroxidase (GPX), ascorbate peroxidase (APX) and 
glutathione reductase (GR) activities under various Cd stress levels. No relationship 
was found between antioxidative defense capacity including activities of superoxide 
dismutase (SOD), CAT, GPX, APX and GR as well as ascorbic acid (AsA) contents 
and Cd tolerance in the two ecotypes of S. alfredii. The GSH biosynthesis induction 
in root and shoot exposed to elevated Cd conditions may be involved in Cd toler-
ance and hyperaccumulation in HE of S. alfredii H (Jin et al. 2008a).
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Ultrastructural changes, zinc hyperaccumulation and its relation with antioxi-
dants in two ecotypes of Sedum alfredii Hance were investigated by Jin et al. 
(2008b). Zn stress may have involved NADPH oxidase, protein phosphatases and 
intracellular Ca2Þ  to activate the reactive oxygen species production. Inhibition of 
glutathione synthesis may have led to increased H

2
O

2
 and O

2
·− accumulations in 

leaves of HE. In response to higher Zn concentrations, ascorbic acid significantly 
increased in both ecotypes and levels of glutathione increased in both leaves and 
roots of HE and in roots of NHE without any change in the leaves of NHE. The 
enzymatic activities like those of superoxide dismutase (SOD, EC 1.15.1.1), cata-
lase (CAT, EC 1.11.1.6), guaiacol peroxidase (GPX, EC 1.11.1.7), ascorbate per-
oxidase (APX, EC 1.11.1.11), dehydroascorbate reductase (DHAR, EC 1.8.5.1), 
and glutathione reductase (GR, EC 1.6.4.2) in leaves of HE were all enhanced at 
supplied Zn concentration of 500 mM, which may account for its better growth (Jin 
et al. 2008b).

Effects of zinc on root morphology and antioxidant adaptations of cadmium-
treated Sedum alfredii H were investigated by Jin et al. (2009). The study demon-
strated S. alfredii is an excellent cadmium (Cd)/zinc (Zn) hyperaccumulator as Cd 
and Zn concentrations in leaves reached 2,183 and 13,799 mg kg−1 DW, respectively. 
There was a significant increase in root morphological parameters induced by 50 
and 500 mM Zn supplement; however, a sharp decrease in these parameters 
occurred when treated with 100 mM Cd + 1,000 mM Zn. The inhibited root dehy-
drogenase activity in 100 mMCd treated plants was restored to control levels when 
supplemented with 500 mM Zn. Moderate Zn supplement did not produce significant 
changes in (malondialdehyde)MDA concentrations as compared with those treated 
with Cd alone. Variations of the antioxidative enzymes proved an ineffective role in 
coping with metal-stress in S. alfredii. Combined Cd and Zn treatment significantly 
enhanced ascorbic acid (AsA) and glutathione (GSH) contents in leaves of S. alfredii, 
as compared with those treated with Cd alone. Thus, Zn may rely on the involve-
ment of GSH in detoxification and tolerance (Jin et al. 2009).

Salinity stress-induced decrease in photosynthetic potential and dry mass of plants 
also results from imbalance between ROS and antioxidant defense (Vital et al. 2008). 
The protection against oxidative stress by scavenging ROS is mediated by compo-
nents of enzymatic and non-enzymatic antioxidant system of ascorbate–glutathione 
pathway. The first step of sulfur assimilation in plants is the activation of sulfur by the 
enzyme ATP-sulfurylase, and in a cascade of enzymatic reactions inorganic sulfur is 
converted to non-protein thiol glutathione (Tausz et al. 2004). The increased content 
of glutathione with sulfur application has been found to protect dry mass and photo-
synthesis of cadmium-treated mustard (Brassica campestris) (Anjum et al. 2008). 
Khan et al. (2009) studied the effect of increasing salinity levels (0, 50, 100 mM 
NaCl) on growth, photosynthetic traits, leaf water potential, oxidative stress, enzymatic 
and non-enzymatic antioxidants was studied in Pusa Jai Kisan and SS2 cultivars of 
mustard (Brassica juncea) differing in ATP-sulfurylase activity at 30 days after sow-
ing (DAS). The cultivar SS2 (low ATP-sulfurylase activity) accumulated higher 
content of Na+ and Cl− in leaf than root. SS2 also showed greater content of thiobar-
bituric acid reactive substances (TBARS) and H

2
O

2
 and higher decrease in growth, 

photosynthetic traits and leaf water potential than Pusa Jai Kisan with increasing 
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salinity levels. Contrarily, Pusa Jai Kisan (high ATP-sulfurylase activity) exhibited 
higher Na+ and Cl− content in root than leaf, lower TBARS and H

2
O

2
 content and 

higher activity of catalase, ascorbate peroxidase and glutathione reductase. However, 
the activity of superoxide dismutase was greater in SS2 than Pusa Jai Kisan. Higher 
activity of ATP-sulfurylase in Pusa Jai Kisan resulted in an increased content of glu-
tathione, a reduced form of inorganic sulfur and an essential component of cellular 
antioxidant defense system. The lesser decrease in growth and photosynthesis in Pusa 
Jai Kisan was the result of lesser Na+ and Cl− in leaf, higher turgidity and increased 
activity of antioxidant enzymes and glutathione content (Khan et al. 2009).

Piotrowska et al. (2009) tested the influence of exogenously applied jasmonic 
acid (JA) upon the growth and metabolism of Wolffia arrhiza (Lemnaceae), the 
smallest vessel aquatic plant exposed to lead (Pb) stress. The presence of exogenous 
Pb resulted in non-enzymatic antioxidant response in W. arrhiza fronds expressed 
as the increase in ascorbate and glutathione level in relation to the control culture. 
Application of both 100 µM Pb and JA at the most stimulating concentration  
0.1 µM showed an additive effect on the content of antioxidants in fronds. The 
threefold higher increase in Ascorbate and glutathione accumulation was observed 
after 100 µM Pb and 0.1µM JA supply during 2 weeks of cultivation. The results 
revealed that JA at 0.1 µM may be involved in inhibition of lipid peroxides forma-
tion which was obvious from lower MDA content in W. arrhiza exposed to Pb. JA 
diminishes lipid peroxidation through the stimulation of non-enzymatic (ascorbate, 
glutathione) antioxidant machinery responsible for a tight regulation of ROS 
homeostasis during heavy metal stress. Ascorbate derives its role from its sensitivity 
to ROS and from the fact that its oxidation affects the redox balances of other 
metabolites, such as glutathione which being themselves involved in the perception 
of the cellular redox unbalance contributed to signal amplification (Apel and Hirt 
2004). The glutathione level has been shown to correlate with the plant adaptation 
to extreme heavy metal stress and reduced glutathione pool shows marked altera-
tions in response to heavy metal stress (Jin et al. 2008a; Singh et al. 2006). Moreover, 
glutathione is also a precursor of phytochelatins, low molecular mass peptides pro-
duced by plants to immobilize heavy metals. Xiang and Oliver (1998) indicated that 
JA stimulated the expression of enzymes of the glutathione biosynthetic pathways 
leading to an increase in phytochelatin biosynthesis and heavy metal tolerance in A. 
thaliana. Therefore, the results ruled out the possibility that JA-induced increase in 
ascorbate and glutathione content plays a key role in W. arrhiza tolerance to Pb 
providing the protection against oxidative stress and that glutathione accumulation 
may precede the phytochelatin synthesis (Piotrowska et al. 2009).

5  Conclusions

The coordinated role of glutathione–ascorbate to alleviate metal stress has been 
demonstrated in many plant species. Ascorbate and glutathione play an essential 
role in chloroplastic protection against the potentially deleterious effects of ROS, 
acting as direct antioxidants and fulfilling other functions related to redox sensing 
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and signaling. Glutathione is also a precursor of phytochelatins, low molecular 
mass peptides produced by plants to immobilize heavy metals. Salinity stress-
induced decrease in photosynthetic potential and dry mass of plants also results 
from imbalance between ROS and antioxidant defense. The protection against 
oxidative stress by scavenging ROS is mediated by components of enzymatic and 
non-enzymatic antioxidant system of ascorbate–glutathione pathway.
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Abstract In vitro embryogenesis via androgenesis and somatic embryogenesis rep-
resents an efficient propagation tool as well as a suitable model system for investigat-
ing structural, physiological, and molecular events governing embryo development. 
One of the major problems encountered by tissue culturists is the poor efficiency 
of embryos produced in vitro and their inability to regenerate viable plants, which 
denote sub-optimal culture conditions. Judicious alterations of the glutathione 
(GSH) and ascorbate (AsA) redox state have a profound effect on morphogenesis 
and improve the quality of the embryos by promoting a zygotic-like histodifferentia-
tion pattern and producing well organized meristems. This approach has been inves-
tigated successfully during the development and germination of both Brassica napus 
(canola, an angiosperm) microspore-derived embryos (MDEs) and Picea glauca 
(white spruce, a conifer) somatic embryos. The imposition of a reduced glutathione 
environment during the early embryonic phases induces cellular proliferation and 
increases the number of immature embryos, possibly by promoting the synthesis 
of nucleotides required for energetic processes and mitotic activity. Continuation 
of embryo development is best conducted if the glutathione pool is experimentally 
switched towards an oxidized state; a condition favoring histodifferentiation and 
post-embryonic growth in both canola and spruce. Structural analyses showed that 
the oxidized glutathione environment favors the proper formation of the shoot apical 
meristem (SAM), which acquires a “zygotic-like” appearance. The apical poles of 
glutathione-treated embryos are well organized and display a proper expression and 
localization of meristem marker genes. These conditions are not found in control 
embryos which develop abnormal SAMs characterized by the presence of intercellu-
lar spaces and differentiation of meristematic cells. Such meristems fail to reactivate 
at germination resulting in embryo abortion. Physiological and molecular studies 
have further demonstrated that the oxidized glutathione environment induces several 
responses, including changes in ascorbate metabolism, abscisic acid and ethylene 
synthesis, as well as alterations in storage product deposition patterns. If an oxidized 
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glutathione environment favors embryo formation, a reduced ascorbate redox state 
is required to promote germination and conversion, i.e. the emergence of functional 
shoots and roots. Specifically, a highly reduced ascorbate environment induces cell 
proliferation and de-novo meristem formation within those SAMs with an abnormal 
architecture. Overall it appears that precise changes in glutathione and ascorbate 
metabolism are required to ensure proper embryo formation and regeneration.

Keywords Ascorbate • Glutathione • Meristem • Microspore-derived and somatic 

embryos • Germination

1  Introduction

Over the past few years the cellular redox state has emerged as an important determi-
nant for plant growth and development. Despite this realization, however, not many 
studies have emerged on the topic due to the inability to define changes in redox 
environment and most importantly to assess their effect on specific cellular and meta-
bolic processes. One of the first acceptable definitions of redox environment is attrib-
uted to Shafer and Buettner (2001) who defined the concept as the resulting action of 
several redox couples which are able to interconvert between oxidized and reduced 
forms. Examples of these couples include glutharedoxins, thioredoxins, and a variety 
of thiol/disulfide-containing proteins. The importance of these compounds is further 
confirmed by the observation that their interconversion is carefully modulated within 
the cellular environment and unexpected offsets of this equilibrium, which are usually 
caused by external stimuli, may result in severe cell damage or death. Alterations of 
the cellular redox environment usually occur during growth and development, and are 
perceived by unique sensors which trigger specific metabolic pathways leading to 
short and long term responses. Examples of responses modulated by the redox envi-
ronment include changes in photosynthetic rate, defense mechanisms following 
biotic and abiotic stresses, and cell death (Buchanan 1980; Grant and Loake 2001; 
Schutzendubel and Polle 2002; Mahalingam and Fedoroff 2003). A key factor affect-
ing the cellular redox environment is the synergistic interaction of two sets of redox 
couples: the glutathione disulfide–glutathione (GSH/GSSG) couple and the reduced-
oxidized ascorbate couple. The GSH/GSSG couple, defined as the best indicator of 
the overall cellular environment (Shafer and Buettner 2001) is closely linked to the 
ascorbate system via the well characterized Halliwell–Asada cycle (see Potters et al. 
2002). It is therefore not surprising that both glutathione and ascorbate have been the 
subject of many studies leading to exciting insights into the general function of these 
two molecules in relation to cell behavior.

Studies on the cellular redox state during in vivo growth and development are not 
easy to perform due to the fact that environmental factors, difficult to predict and/or 
control, may cause metabolic disturbances which directly or indirectly alter the redox 
environment. An alternative model used by many labs is represented by in vitro 
systems in which cells, tissues, and organs can grow and develop in a highly controlled 
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environment in which physical and chemical conditions can be carefully manipulated. 
Specifically, addenda in the culture medium that alter the redox state can be used to 
investigate the role of glutathione and ascorbate metabolism during tissue patterning 
and morphogenesis. This approach has been employed successfully in my lab to elu-
cidate the role played by the cellular redox state during in-vitro embryogenesis and 
germination. The following sections will address this topic and will demonstrate how 
specific and controlled alterations of the glutathione and ascorbate pools can be used 
to improve embryo yield and quality in both angiosperm and gymnosperm species.

2  A Description of the In vitro Systems: Brassica napus  
and Picea glauca

Over the past years several protocols have been developed for inducing embryo 
formation in culture and two fundamental processes are used routinely. The first is 
gametophytic androgenesis in which embryos can be generated from cells of either 
the male or female gametophyte. Production of embryos from the male gameto-
phyte, i.e. androgenesis, has been applied to many species and uses immature pollen 
grains, or microspores, as a starting material for generating microspore-derived 
embryos (MDEs). Through this system the endogenous genetic variation can 
indeed be captured through the recovery of diploid homozygous plants after dou-
bling the chromosome number with colchicine treatments (Yao et al. 1997). The 
second process for generating embryos is somatic embryogenesis in which embryos 
arise from somatic cells, that is cells other than gametes. Somatic embryos are very 
similar in morphology and physiology to their zygotic counterparts and therefore 
represent a very suitable system for embryogenic studies. This technique was 
developed more than 60 years ago (Levine 1947) and since then there have been 
tremendous advancements in the design of optimized media and culture conditions 
(reviewed by Thorpe and Stasolla 2001).

Studies on the role played by glutathione and ascorbate during in vitro embryo-
genesis have mainly been conducted in two systems: Brassica napus (canola), an 
angiosperm species propagated via androgenesis, and Picea glauca (white spruce) 
a conifer able to produce somatic embryos. Protocols for generating MDEs in 
canola require the isolation of microspores from young buds and a heat shock treat-
ment needed for re-routing their gametophytic pathway into an embryogenic fate. 
Embryo growth is achieved in a medium devoid of plant growth regulators and 
many fully developed cotyledonary embryos can be generated after 4 weeks in 
culture (Fig. 1a). Such embryos can then be transferred onto germination medium 
for conversion, i.e. formation of a fully functional shoot and root system. A detailed 
description of the process with the structural events associated to the different 
phases of MDE development can be found in Yeung (2002).

Somatic embryogenesis in spruce is executed using specific media and unique 
culture conditions. The process, summarized in Fig. 1b can be divided into five 
steps; namely induction, maintenance, development, desiccation, and conversion. 
During the induction phase immature zygotic embryos are cultured with high levels 
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of auxins and cytokinins to produce embryogenic tissue which is a translucent mass 
of cells including immature filamentous-shaped somatic embryos. Embryogenic 
tissue is then proliferated on a maintenance medium which also contains auxins and 
cytokinins (albeit at lower concentrations than those used in the induction step) and 
sub-cultured every 7–10 days. Development of somatic embryos is achieved in the 
presence of abscisic acid (ABA) and lasts 3–4 weeks. At the end of the develop-
ment period fully grown embryos characterized by a ring of cotyledons surrounding 
the apical pole are produced. Such embryos must experience desiccation prior to 
germination. In spruce the desiccation process is performed by incubating the 
embryos for 14 days in a relatively high humidity environment where they undergo 
a moderate water loss (about 20%). In this step embryos are placed in the central 
wells of a 12-multi well plate in which the outer wells are filled with sterile water. 
Following the drying period the somatic embryos are transferred onto a hormone-
free germination medium where post-embryonic growth is encouraged. The per-
centage of embryos able to generate viable plants is strictly genotype dependent. A 
complete description of the process is available in Stasolla et al. (2003).

Fig. 1 Schematic representation of the Brassica napus microspore-derived embryogenesis system 
(a) and the spruce (Picea glauca) somatic embryogenic system (b). Production of Brassica napus 
microspore-derived embryos (MDEs) is initiated from immature microspores collected from 
developing buds. Under appropriate culture conditions (see text for details) the microspores divide 
and form embryos similar in morphology to their zygotic counterparts. At the end of the process, 
which lasts 30 days, fully developed MDEs, characterized by two extended cotyledons are pro-
duced. These embryos can germinate and convert into viable plants without a desiccation period 
(a) In spruce, embryogenic tissue is induced from zygotic embryos and proliferated in a mainte-
nance medium. Proliferation of the tissue is perpetuated by replacing fresh maintenance medium 
every 7 days. Embryonic development is carried out on solid medium and culminates with the 
production of cotyledonary embryos after 35 days in culture. Fully developed somatic embryos 
are partially dried for 14 days and then placed on germination medium where conversion occurs 
(see text for further details). Hormonal requirements for each step are also illustrated (b)
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3  The Glutathione Redox State: Metabolism  
and Modulation of Growth and Development

Glutathione is a ubiquitous thiol which is commonly found in a large variety of 
organisms, including plants, animals and fungi. Its de novo synthesis occurs through 
two well characterized steps. The first, involving the formation of g-glutamylcysteine 
from glutamate and cysteine, is catalyzed by the enzyme g-glutamylcysteine syn-
thatase. In the second step g-glutamylcysteine is further converted to glutathione 
with glutathione synthase catalyzing the reaction (Noctor and Foyer 1998). Given 
the importance of glutathione for many cellular processes it is not surprising that 
the de novo synthesis is regulated by feedback mechanisms preventing its overpro-
duction (May et al. 1998). As reviewed by Potters et al. (2002), glutathione concen-
tration in chloroplasts is estimated around 1–4.5 mM with no information available 
for the other cellular compartments. Many studies on the enzymes involved in glu-
tathione biosynthesis can be found in bacteria, whereas little information is cur-
rently available in plants (May and Leaver 1993, 1994; Rawlins et al. 1995). The 
glutathione pool consists of a reduced (GSH) and an oxidized (GSSG) form, and 
their respective proportions can be modulated by the enzyme glutathione reductase 
which reduces GSSG to GSH. Besides having a direct effect on several metabolic 
processes, this inter-conversion is also responsible for affecting the ascorbate pool 
since GSH is the substrate of a reaction reducing dehydroascorbate to ascorbate. In 
view of this intimate relationship, glutathione metabolism is tightly linked to the 
recycling of ascorbate in several fundamental processes (reviewed by Potters et al. 
2002). Other enzymes, including thioltransferase and protein disulphide isomerases 
are also affected by a change in the relative amount of GSH and GSSG within the 
glutathione pool (Noctor et al. 1998). Fluctuations in glutathione metabolism are 
common during plant development and in response to stress conditions. Several 
studies have documented an increase in the overall glutathione pool in response to 
heavy metals and exposure to high levels of ozone (May and Leaver 1993; Chen 
and Goldsborough 1994; Luwe 1996). Besides an increase in the total glutathione 
pool, changes in the GSH/GSSG ratio also occur under sub-optimal growth condi-
tions. Based on this observation, Noctor et al. (1998) proposed that alterations in 
the GSH/GSSG ratio are more important than the changes in the overall glutathione 
pool during stress responses.

In pea tissue, there is a very close relationship between cellular proliferation and 
glutathione levels with high GSH concentrations found in meristematic tissue char-
acterized by rapid growth (Bielawski and Joy 1986). The involvement of GSH in 
cell division processes was further explored by Sanchez-Fernandez et al. (1997) 
who showed that while applications of exogenous GSH stimulated Arabidopsis root 
growth, a depletion of this metabolite, affected by applications of l-buthione sul-
foximine (BSO) a specific inhibitor of GSH synthesis, prevented cell proliferation. 
The effects of glutathione on root development, especially in relation to the formation 
and maintenance of the quiescent center were further investigated by Jiang et al. 
(2004) and Jiang and Feldman (2005)). These studies showed that quiescent cells 



236 C. Stasolla

are kept in a non-proliferative state (they are arrested in the G1 phase of the cell 
cycle) by the presence of an oxidized glutathione and ascorbate environment cre-
ated by the basipetal flow of auxin. Experimental perturbations of this oxidized 
environment affect cell division and ultimately tissue patterning within the root.

In a simplistic view it appears that while GSH favors cell division and prolifera-
tion through a direct involvement with the cell cycle machinery, GSSG levels might 
be related to differentiation processes. Using one of the best characterized experi-
mental systems to study cell differentiation Henmi et al. (2001) showed that when 
applied early in culture GSSG promotes the trans-differentiation of Zinnia elegans 
mesophyll cells into tracheary elements. The authors further speculated that this 
effect was primarily due to a change in the GSH/GSSG ratio rather than to an abso-
lute increase in GSSG levels. Studies on glutathione metabolism have been extended 
to many systems and several developmental phases of plant development, from 
seed maturation to flowering. The importance of high GSSG levels and an oxidized 
glutathione environment during seed development was outlined by De Gara et al. 
(2003). The authors showed that kernel maturation is characterized by a slow, but 
steady increment in GSSG concentration which slows down the overall seed 
metabolism and ensures normal cell differentiation and tissue patterning. Flowering 
is also regulated by glutathione. By conducting comparative studies between wild 
type plants and the late flowering mutant fca-1, Ogawa et al. (2001) reported a 
correlation between flowering and biosynthesis of GSH generated from the stress-
induced activation of g-glutamylcysteine synthetase. These studies suggest that 
manipulations of cellular glutathione can be exploited in vitro to affect morphogen-
esis and ultimately improve plant propagation. The next sections will provide exam-
ples on how changes in glutathione metabolism modulate growth and development 
in culture.

4  Glutathione Affects In vitro Embryogenesis  
and Plant Regeneration

The notion that morphogenetic events in culture can be related to alterations in 
glutathione metabolism was proposed more than half a century ago by Marre and 
Arrigoni (1957) who demonstrated that the effect of auxin on tissue growth is 
modulated by glutathione. The auxin-promotive effect on proliferation in different 
tissue types correlated to high levels of GSH relative to GSSG (high GSH/GSSG 
ratio). An opposite change in this ratio, due to increasing levels of GSSG, was 
observed when growth was experimentally inhibited. A similar relationship was 
also reported during carrot somatic embryogenesis by Earnshaw and Johnson 
(1985, 1987). In this system the 2,4-D induced proliferation of the embryogenic 
tissue was associated to a high GSH concentration. During the following phases of 
embryo development, achieved on a medium devoid of auxins, GSSG slowly 
increased resulting in a low GSH/GSSG ratio. The notion that a removal of GSH 
acts as a trigger to promote embryo development was further explored by the 
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authors who demonstrated that applications of BSO, which inhibits GSH synthesis, 
improves embryonic yield. Using Norway spruce (Picea abies) as a model, Jain 
et al. (1988) showed that a depletion of GSH, affected by BSO, promoted the for-
mation of “embryogenic calli”. From this study, however, several questions 
remained unanswered. Since this experiment was only conducted during the induc-
tion phase of the embryogenic process there was no indication on whether BSO can 
improve the embryogenic potential of individual cell lines. In addition no informa-
tion was available on the effect of BSO on embryo quality, which is the ability to 
generate embryos which are morphologically and physiologically ready to convert 
at germination. Further work on a different species of spruce, white spruce (Picea 
glauca), demonstrated that early embryogeny is favored by a reduced glutathione 
environment (high GSH/GSSG ratio) whereas embryo development requires an 
oxidized glutathione environment (low GSH/GSSG ratio) (Belmonte et al. 2005a). 
Based on these observations a new protocol was developed whereby embryogenic 
tissue was initially exposed to GSH, which increased the number of immature 
embryos protruding from the tissue, and then to GSSG to promote the proper devel-
opment of the embryos. Using this approach, Belmonte et al. (2005a) were able to 
double the number of white spruce somatic embryos produced and increase their 
conversion frequency from 22% to almost 70%. This enhanced conversion fre-
quency reflects an improvement in embryo quality. Physiological studies revealed 
that a threshold of endogenous GSH is required to sustain the proliferation of the 
embryogenic tissue in spruce. As reported by Belmonte et al. (2003), applications 
of GSH in the maintenance medium (Fig. 1b) promoted mitotic activity and 
increased the growth of spruce embryogenic tissue by 25%. Furthermore, in control 
cultures the progression from the exponential growth to the stationary phase was 
accompanied by a decrease in endogenous GSH. The requirement of GSH in sup-
port of cell proliferation is not a novel concept since it was documented in a variety 
of plant and animal systems (reviewed by Potters et al. 2002).

In spruce, the imposition of an oxidized environment, effected by either applica-
tions of GSSG or BSO is needed to promote proper embryo development. Belmonte 
et al. (2005a) showed that when GSSG is applied to the development medium 
(Fig. 1b) the GSH/GSSG ratio declined from 17 to 8 and this resulted in an 
increased number of “good quality” embryos produced in culture. Such embryos 
had four or more cotyledons and displayed an improved post-embryonic perfor-
mance. The beneficial effect of an oxidized glutathione environment is not unique 
to spruce as it was also demonstrated during microspore-derived embryogenesis in 
Brassica napus (Fig. 1a). The conversion and post-embryonic performance of 
MDEs treated with BSO increased more than three times (Belmonte et al. 2006). 
These improvements were only due to the imposed oxidized environment as they 
were abolished if GSH was added together with BSO. Several reasons can be 
accountable for the beneficial role of the oxidized glutathione environment during 
spruce embryogenesis. Firstly, as reported in other systems (Henmi et al. 2001) 
GSSG is involved in programmed cell death, which is an important obligatory event 
occurring during spruce embryo development. It is through marked changes in 
structure involving the dismantling and the elimination of specific cell types that 
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immature somatic embryos develop from the embryogenic tissue (Filonova et al. 
2000). The requirement of programmed cell death for embryo development was 
further demonstrated by Bozhkov et al. (2002) who induced an arrest in the embry-
onic developmental program when cell death was experimentally eliminated. 
Another effect of GSSG might be that to inhibit the cell cycle progression (de Pinto 
et al. 1999) thereby reducing the proliferation of the embryogenic tissue in prepa-
ration for embryo growth and differentiation. Based on the above observations 
it is predicted that the imposed oxidized environment results in profound struc-
tural, physiological, and molecular changes, which all contribute to the improved 
embryonic performance.

5  Structural, Physiological and Molecular Changes  
Induced by Glutathione

Structural studies documenting the ontogeny and development of spruce embryos 
are currently available (reviewed by Stasolla et al. 2003). Unlike non-embryogenic 
tissue, which is dark and compact, spruce embryogenic tissue is recognizable by 
its translucent mass of immature, filament-shaped embryos. Such embryos are 
composed by two different types of cells: small cytoplasmic cells composing the 
embryo proper and long, vacuolated cells forming the suspensor region (Fig. 1b). 
Cleavage polyembryony, the proliferation and separation of the immature embryos, 
is the mechanism responsible for the growth and perpetuation of the embryogenic 
tissue (see Stasolla et al. 2003). This process is accelerated in the presence of 
exogenous GSH, possibly by the ability of this metabolite to promote the synthesis 
of purine and pyrimidine nucleotides (Belmonte et al. 2003, 2005b), which are 
important building blocks of nucleic acids and key intermediates of bio-energetic 
reactions (Stasolla and Thorpe 2004). A large nucleotide pool is required to sus-
tain rapid cell proliferation and tissue growth. In situ tracer experiments revealed 
that GSH increased the rate of pyrimidine nucleotide synthesis and reduced their 
catabolism. When GSH was added to the maintenance medium (Fig. 1b), the activ-
ity of orotate phoshoribosyltransferase, the enzyme responsible for the conversion 
of orotic acid (a precursor of the de novo pathway) into UMP increased rapidly 
during the first 4 days. This resulted in increasing levels of UMP in the embryo-
genic tissue. These changes were also accompanied by a reduction in pyrimidine 
nucleotide degradation, as estimated by the decreased rate of uracil catabolism 
(Belmonte et al. 2005b). The metabolism of purine nucleotides was also affected 
by GSH applications. Inclusions of GSH in the maintenance medium resulted in 
an increased uptake of adenine and adenosine, intermediates of the salvage path-
way, and increased conversion of inosine to ATP (Belmonte et al. 2003). Based on 
these observations it was suggested that the imposition of a reduced glutathione 
environment (high GSH/GSSG ratio) accelerates tissue proliferation in spruce by 
promoting the synthesis of pyrimidine and purine nucleotides via de novo and 
salvage pathways.
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If GSH is required to improve the number of immature embryos formed, the 
imposition of an oxidized environment, effected by either GSSG or BSO applica-
tions in the development medium (Fig. 1b) is crucial for proper development. One 
of the major problems encountered by tissue culturists is the formation of embryos 
with abnormal shoot apical meristems (SAMs). Control spruce embryos often 
develop poorly organized SAMs which are disrupted by the presence of intercellular 
spaces. The meristematic cells within these meristems show signs of differentiation, 
as estimated by the formation of large vacuoles and the accumulation of storage 
products (Stasolla and Yeung 2003; Thair and Stasolla 2005). Abnormal meristems 
fail to reactivate at germination resulting in poor regeneration and in many instances 
embryo abortion. Similar problems were also encountered in Brassica napus MDEs 
suggesting that meristem formation in vitro occurs under sub-optimal conditions. 
The observation that SAMs can deteriorate in culture suggests that their fate is not 
“determined” but it can be altered by changing the culture conditions (reviewed by 
Thair and Stasolla 2005). This is in contrast to SAMs produced in vivo which are 
stable entities. Independent in vivo and in vitro experiments confirm this notion 
(Raghavan 1976; Ramesar-Fortner and Yeung 2001). A significant improvement in 
SAM architecture can be achieved in the presence of an oxidized glutathione envi-
ronment. In Brassica, MDEs cultured in the presence of GSSG or BSO (both 
compounds lower the GSH/GSSG ratio) exhibit meristems with a “zygotic-like” 
architecture. These meristems are devoid of intercellular spaces, have a characteris-
tic dome-shaped appearance, and are composed of small meristematic cells (Belmonte 
et al. 2005a). Culture experiments have further demonstrated that these improve-
ments are only the result of the imposed oxidized environment since applications 
of GSH produce an opposite effect (Belmonte et al. 2005a).

In light of the structural and morphological improvements described above it is 
therefore suggested that the imposition of an oxidized glutathione environment 
elicits major responses at a molecular levels. This concept was tested by conducting 
cDNA microarray analyses during Brassica MDE development. These experiments 
revealed that out of a total of 15,000 elements (clones) analyzed, only 18 were dif-
ferentially expressed during the progression from globular to heart-shaped embryos 
(Stasolla et al. 2008). In particular, the transcription of two genes, ARGONAUTE 
1 and CLAVATA 3 ESR-related 27 (CLE 27) were induced in the presence of BSO. 
Several studies in Arabidopsis have characterized ARGONAUTE 1, which is a 
member of the ARGONAUTE family containing by two conserved domains: the 
PAZ and PIWI which are involved in protein–protein interaction (Cerrutti et al. 
2000). Genetic analyses revealed the involvement of ARGONAUTE 1 in SAM 
formation and maintenance, since a mutation of this gene produces in pin-shaped 
SAMs (Lynn et al. 1999). An important role of ARGONAUTE 1 is that to ensure 
the proper accumulation and localization of SHOOTMERISTEMLESS and the 
specification of CUPSHAPED COTYLEDONS 1 and 2 boundaries. The key role 
played by these genes during SAM formation has been reviewed by Thair and 
Stasolla (2005)). The other gene, i.e. CLE 27, up-regulated by applications of BSO 
belongs to a large gene family which in Arabidopsis is involved in the regulation of 
meristem size (Fiers et al. 2005; Ito et al. 2006).
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During the middle and late phases of Brassica MDE development, two 
additional meristem-specific genes are induced by BSO: ZWILLE and 
SHOOOTMERISTEMLESS. Studies conducted in Arabidopsis showed that 
ZWILLE is responsible for maintaining the central cluster of cells within the mer-
istem in an undifferentiated state (Moussian et al. 1998). Embryos with abnormal 
SAMs in which the meristematic cells differentiate precociously were produced by 
zwille mutant plants. As revealed by Stasolla et al. (2008) a similar phenotype was 
observed in control Brassica napus MDEs which developed in a reduced glutathi-
one environment. This observation reinforces the notion that the cellular redox state 
affects the expression of this gene. An additional role for ZWILLE is that to specify 
the expression pattern of SHOOTMERISTEMLESS, which is also induced by BSO 
(Stasolla et al. 2008). SHOOTMERISTEMLESS plays a key role during SAM 
maintenance as it regulates cellular homeostasis ensuring a balance between cell 
division and differentiation (reviewed by Thair and Stasolla 2005). Localization 
studies during Brassica MDE development have further confirmed that in the pres-
ence of BSO both ZWILLE and SHOOTMERISTEMLESS have zygotic-like 
expression patterns. This is in contrast to control embryos and embryos grown in a 
reduced environment (created by exogenous applications of GSH) (M. Elhiti and C. 
Stasolla, unpublished data).

Molecular work conducted during spruce somatic embryogenesis also reveals 
the existence of genes induced by the imposition of an oxidized glutathione envi-
ronment. The expression pattern of HBK1, a homeobox of the KNOTTED class 
which might exercise functions similar to those ascribed to SHOOTMERISTEMLESS 
(Sundås-Larsson et al. 1998), increased in embryos treated with GSSG where it 
encompassed the whole apical region. This was in contrast to control embryos 
where HBK1 localization was restricted to a few cells (Belmonte et al. 2005a). 
Unfortunately molecular studies on conifers, include spruce, are very scarce due to 
the lack of genetic information available for these species. However from our lim-
ited evidence it appears that similar mechanisms induced by an oxidized glutathi-
one environment and related to SAM function might exist across species. In 
particular a switch of the glutathione pool towards an oxidized state might be 
required for the proper localization of meristem-marker genes leading to normal 
SAM formation and reactivation at germination. These conditions are not met in 
control embryos with deleterious consequences on embryo quality.

From the microarray experiments conducted during Brassica MDE development 
it emerges that the overall antioxidant machinery is also affected by the imposed 
oxidized glutathione environment. This is not surprising given the involvement of 
GSH with AsA metabolism (Potters et al. 2002). The expression and activity of 
ascorbate peroxidase, a key enzyme participating in detoxification processes, 
increased in BSO-treated MDEs. Besides its role in scavenging hydrogen peroxide 
produced during period of intense growth, such as embryo development, ascorbate 
peroxidase is require to maintain cell wall plasticity through the inhibition of 
peroxidases which crosslink wall components (De Gara et al. 1996). A reduction in 
cell wall cross-linkage was related to a better ability of SAMs to reactivate at  
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germination (Stasolla and Yeung 2007). Based on the above it appears that altera-
tions in cell wall plasticity, affected by a switch of the glutathione pool towards an 
oxidized state, might create favorable conditions for optimal meristem function. 
Another key enzyme induced by BSO treatments during the late stages of MDE 
development is monodehydroascorbate, which is responsible for the reduction of 
monodehydroascorbate to ascorbate. The increased activity of this enzyme corre-
lated to high levels of its substrate, monodehydroascorbate (Stasolla et al. 2008). 
As suggested by the authors these metabolic alterations would ensure a prompt 
reduction of monodehydroascorbate to ascorbate at the onset of germination, prior 
to the reactivation of the ascorbate de novo machinery. This strategy, documented 
in both angiosperm and gymnosperm species (De Gara et al. 1997; Stasolla and 
Yeung 2003) would ensure available ascorbate in support of cell division and mer-
istem reactivation at germination (discussed above). Therefore it is predicted that 
compared to their control counterparts, embryos cultured in an oxidized glutathione 
environment have higher ascorbate levels at the onset of germination.

The activity of four different glutathione S-transferase also increased during the 
early cotyledonary stage of Brassica MDEs cultured with BSO (Stasolla et al. 
2008). Several studies have shown the presence of these proteins in cells and tissues 
undergoing rapid growth where they participate in detoxification processes by con-
jugating glutathione to a variety of substrates, such as reactive oxygen species. 
During embryonic and fetal growth in animal systems, for examples, high glutathione 
S-transferase activity is required to lower the content of toxic organic hydroperox-
ides, thereby ensuring proper development. An increase of several glutathione 
S-transferase transcripts was also reported in several culture systems, such as barely 
androgenesis (Maraschin et al. 2006).

Synthesis and degradation of plant growth regulators in culture affect morpho-
genesis, including embryogenesis. As shown in Fig. 1b, applications of abscisic 
acid (ABA) are required in the production of spruce somatic embryos. The function 
of this phytohormone during embryogenesis is multifaceted, ranging from the 
acquisition of desiccation tolerance and inhibition of precocious germination to the 
accumulation of storage products and the execution of several histodifferentiation 
events (reviewed by Stasolla et al. 2003). Hays (1996) showed that inhibition of 
ABA biosynthesis compromises embryo production and results in several morpho-
logical abnormalities. When Brassica napus MDEs were cultured in the presence 
of an oxidized glutathione environment, effected by BSO applications, the bio-
synthesis of ABA, its degradation to phaseic and dehydrophaseic acid via the 
8’hydroxylation pathway, as well as its conjugation to sugars increased (Belmonte 
et al. 2006). These changes were the result of a faster ABA turnover suggesting a 
better utilization of this phytohormone in the presence of BSO. In the same study 
it was also shown that applications of ABA induced the same structural and mor-
phological changes observed in embryos cultured with BSO and improved the 
overall embryo quality and conversion frequency. This observation, together with 
the BSO-induced up-regulation of several ABA-responsive proteins confirms the 
intimate relationship between glutathione redox state and ABA metabolism.
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Ethylene is another growth regulator involved in stress responses which, due to its 
gaseous nature, tends to accumulate in culture affecting morphogenesis (Gaspar et al. 
1996). Experimental systems altering the synthesis of this hormone have shown that 
over-production of ethylene results in the separation of the meristematic cells within 
the S-adenosylmethionine (SAM), thereby compromising the reactivation of the 
meristems at germination. It is suggested that the improved SAM architecture 
observed in embryos cultured in an oxidized glutathione environment is the result of 
a reduced synthesis of ethylene. Using white spruce somatic embryos Belmonte et al. 
(2005a) showed that compared to control conditions, where ethylene biosynthesis 
increased more than six times between day 10 and 20 in culture, no increase in eth-
ylene level was observed when the glutathione pool was switched towards an oxi-
dized state by the addition of exogenous GSSG. Regulation of ethylene production 
by glutathione might occur through the transcriptional regulation of the two biosyn-
thetic enzymes: S-adenosylmethionine synthase, which converts S-adenosylmethionine 
to 1-aminocyclopropane-1-carboxylase (ACC) , and ACC oxidase, which generates 
ethylene from ACC. Molecular studies showed that the ACC oxidase transcripts 
increased in spruce somatic embryos grown in a reduced (GSH) environment 
(Stasolla et al. 2004) whereas S-adenosylmethionine synthase was repressed in 
Brassica napus MDEs cultured in an oxidized environment (Stasolla et al. 2008). 
These studies confirm the notion that a switch of the glutathione pool towards an 
oxidized state prevents the deterioration of the meristems by down-regulating the 
biosynthesis of ethylene and preventing its accumulation in the culture vessels.

Another important aspect associated to the imposition of an oxidized glutathione 
environment is the increased deposition of storage products. Accumulation of pro-
teins, including late embryogenesis abundant (LEA) proteins is an important event 
occurring during the late phases of embryo development. In general the accumula-
tion of storage products in vitro differs significantly from that in vivo (Stasolla et al. 
2003). Histological analyses conducted by Belmonte et al. (2005a) revealed that 
during spruce somatic embryogenesis there are remarkable differences in the accu-
mulation pattern of storage products between control embryos and embryos cul-
tured in an oxidized glutathione environment. Compared to control embryos, where 
starch was the main storage product, spruce embryos treated with GSSG accumu-
lated starch first, followed by proteins and lipid bodies. The authors showed that 
this pattern is similar to that occurring in zygotic embryos and suggested that 
GSSG-treated embryos undergo a “normal” maturation process which ensures suc-
cessful regeneration. Similar improvements in storage deposition patterns to those 
described for spruce where also observed in Brassica MDEs cultured in the pres-
ence of BSO, which also switches the glutathione pool towards an oxidized state 
(Stasolla et al. 2008). The promotive effect of the oxidized glutathione environment 
on the accumulation of storage products might be both direct and/or indirect. A direct 
effect was proposed by De Gara et al. (2003) who showed that the creation of an 
oxidized environment stimulates the execution of post-translational mechanisms 
involved in the assembling of newly synthesized proteins. An indirect effect might 
be exercised through the stimulation of the synthesis of ABA (discussed above), 
since ABA has been shown to promote the accumulation of storage products during 
embryogenesis (Kermode 1995). The limited accumulation of storage products 
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observed under control conditions, indicates that control embryos are morphologically 
competent to germinate and convert, but are not physiologically ready to carry on 
the process. Both morphological and physiological maturation is achieved with the 
imposition of an oxidized environment.

6  The Ascorbate Redox State: Metabolism and Modulation  
of Embryo Conversion

As indicated in the Section 5, ascorbate metabolism is tightly linked to glutathione 
metabolism through the Halliwell–Asada cycle which involves the common utiliza-
tion of basic enzymes (see Potters et al. 2002). All plant cells so far investigated have 
the ability to produce ascorbate using a pathway proceeding from fructose 6-phosphate 
to l-galactono-1,4-lactone, which is the last precursor of ascorbate. Several enzymes 
in this pathway have been cloned and the respective proteins purified (see De Tullio 
and Arrigoni 2006 for a comprehensive review on ascorbate biosynthesis and utiliza-
tion). As for the glutathione system, the reduced form of ascorbate (AsA) can be 
oxidized to form ascorbic acid free radical (AFR), also known as monodehy-
droascorbate, and dehydroascorbate (DHA). Enzymes responsible for this oxidation 
are ascorbate oxidase, ascorbate peroxidase, and ascorbate-dependent dioxygenases. 
The oxidized forms, AFR and DHA can be converted back to AsA by the respective 
NAD(P)H-dependent AFR reductase and the glutathione-dependent DHA reductase. 
DHA can also be catabolized to diketogulonic acid which is unable to produce AsA 
(Arrigoni and De Tullio 2002). Besides providing an efficient mechanism to increase 
the endogenous AsA pool, reduction of AFR and DHA to AsA might have the alter-
native function of depleting DHA which has been shown to inhibit the activity of 
several important enzymes (Fiorani et al. 2000).

Since AsA is a key metabolite required for critical processes of plant growth, it 
is not surprising that cells are able to regulate its endogenous content according to 
their metabolic requirements. It has been demonstrated for example, that AsA con-
centration varies during cell division and differentiation, with high levels required 
to support mitotic activity. In animal systems cancerous tissues of lung and larynx 
accumulate large quantity of AsA (Piyathilake et al. 2000). Supplementations of 
AsA have been found to amplify growth in chemically induced bladder (Fukushima 
et al. 1988), and forestomach tumors (Shibata et al. 1992). In plants, high levels of 
endogenous AsA correlate to period of intense growth, including embryo develop-
ment (Arrigoni et al. 1992) and germination (De Gara et al. 1997; Stasolla and 
Yeung 2001). De Gara and Tommasi (1999) further demonstrated that in pea stems 
the highest levels of endogenous AsA were measured in the shoot apex, character-
ized by rapid cell division. The importance of ASC during growth has also been 
emphasized by other studies. Experimental alterations of the cellular AsA content, 
in fact, have been found to affect the rate of cell division in many systems, including 
tobacco cultured cells (de Pinto et al. 1999), corn and onion root cells (Kerk and 
Feldman 1995). In onion roots, for example, a decrease in the AsA level caused by 
addition of lycorine, an inhibitor of the AsA biosynthetic pathway, resulted in a 
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profound inhibition of cell division. This effect was however reversed after the 
concentration of AsA in the tissue was increased (Kerk and Feldman 1995). 
Possible mechanisms relating AsA to cell cycle mechanisms are reviewed by 
Potters et al. (2002). During the cell cycle cells must cross two important check-
points: one at the G1-S phase and the other at the G2-S phase. These transitions 
might be facilitated by AsA through two different events. The enzyme prolyl 
hydroxylase is required for the posttranslational hydroxylation of proline residues. 
Hydroxyproline-reach proteins are needed in the progression of the cell cycle as under-
hydroxylation of prolines causes a block during metaphase of onion cells (De Tullio 
et al. 1999). Of interest AsA is a cofactor of prolyl hydroxylase and therefore its 
availability is associated to the execution of these events. A second hypothesis 
argues for the involvement of AsA in releasing iron from ferritin to be used for the 
synthesis of ribonucleotide reductase, the enzyme responsible for the production of 
ribonucleotides. A high activity of this enzyme would be required for the entry into 
the S phase of the cell cycle (see Potters et al 2002 for a comprehensive review).

Given the involvement of AsA in cell division processes several in vitro studies 
have investigated its requirement for inducing meristem reactivation during the 
early phases of germination. Using the spruce somatic embryogenesis system 
(Fig. 1b), Stasolla and Yeung (2006a) demonstrated that a shift of the ascorbate 
pool towards a reduced state (high AsA/DHA + AFR ratio) can rescue poorly orga-
nized SAMs , characterized by the presence of intercellular spaces. Applications of 
exogenous AsA in the germination medium stimulated cell division and meriste-
moid formation within the disrupted SAMs. Continual cell division and differentia-
tion of the meristemoids resulted in the generation of new shoots through a pattern 
similar to shoot organogenesis described in coniferous species (Yeung et al. 1981; 
Stasolla et al. 2007). The effects of AsA applications on SAM reactivation may be 
the result of different processes involving cellular peroxidases and nucleotide 
metabolism.

At the onset of germination, with the resumption of mitotic activity in the SAM, 
a switch of cellular ascorbate pool towards its reduced form (AsA) reduced the 
activity of major cellular peroxidases, i.e. guaiacol and ferulic acid, which are 
implicated in the cross-linkage of cell wall polymers (Stasolla and Yeung 2007). 
A reduction in the activity of these enzymes induced the relaxation of wall compo-
nents in the meristematic cells thereby promoting their reactivation. This would 
eventually lead to the formation of a functional shoot. In the same study it was also 
demonstrated that treatments which reduce the endogenous AsA level have oppo-
site effects resulting in high peroxidase activity and reduced SAM conversion. The 
requirement for high AsA levels during meristematic cell reactivation is not a novel 
concept and it was indeed documented by others. Corn cells in the quiescent center 
of root apical meristems contain low levels of AsA compared to their mitotically 
active derivatives (Kerk and Feldman, 1995).

Besides altering wall-bound peroxidase activity, cellular ascorbate is also 
required for increasing the production of pyrimidine nucleotides in the meristematic 
cells of SAM. Pyrimidine nucleotides, required during period of intense cell prolif-
eration, can be produced via a salvage mechanism which utilizes bases, including 
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thymidine and uridine as precursors (Stasolla and Thorpe 2004). Metabolic studies 
conducted on dissected apical segments of germinating spruce somatic embryos 
show that utilization of thymidine and uridine for nucleotides (TMP + TDP + TTP 
and UMP + UDP + UTP), as well as for nucleic acid synthesis, is under the control 
of cellular AsA. High levels of endogenous AsA increased the salvage activity of 
both thymidine and uridine which are readily converted to nucleotides and nucleic 
acids. An opposite tendency was observed when the endogenous AsA levels were 
experimentally reduced with lycorine, which inhibits the de-novo AsA synthesis. 
Apical cells of lycorine-treated embryos were not able to anabolize pryrimidine 
precursors which were either non-metabolized or degraded. The increased utiliza-
tion of thymidine and uridine for nucleic acids and nucleotides in the apical poles 
of the embryos is possibly due to the activities of their respective salvage enzymes, 
thymidine kinase and uridine kinase, which also increased in the presence of high 
AsA levels. In-situ autoradiographic studies performed with 3H-labeled thymidine 
further corroborated the notion that DNA synthesis in the cells of SAM is under the 
control of cellular ascorbate (Stasolla and Yeung 2006b).

Based on the above information it is therefore clear that the imposition of a 
reduced ascorbate environment (high AsA/DHA + AFR) ratio is a requirement at 
the onset of germination where it ensures the reactivation of meristematic cells and 
guarantees proper SAM conversion. This strategy can indeed be used to reactivate 
and convert those abnormal meristems developed under sub-optimal conditions.

7  Concluding Remarks

The cellular redox state plays an important role during plant growth and develop-
ment by modulating several cellular and metabolic processes. A key factor affecting 
the cellular redox environment is the interaction of two sets of redox couples: the 
glutathione disulfide–glutathione (GSH/GSSG) couple and the reduced (AsA)-
oxidized (DHA + AFR) ascorbate couple. In vitro studies have revealed that 
manipulations of glutathione and ascorbate affect morphogenesis including embry-
onic and post-embryonic development. During embryogenesis a slow switch of the 
glutathione pool towards an oxidized state (low GSH/GSSG ratio) improves the 
quality of the embryos by promoting a zygotic-like histodifferentiation pattern and 
producing well organized meristems. These structural features, which are induced 
by a variety of molecular and metabolic changes would improve the quality of the 
embryos and ensure post-embryonic growth. The imposition of a reduced ascorbate 
environment (high AsA/DHA + AFR ratio) can help the reactivation of meristems 
at germination. This approach can be used to promote meristematic activity and 
meristemoid organization in those abnormal meristems developed under sub-opti-
mal conditions. Taken together this strategy, i.e. imposition of an oxidized glutathi-
one redox state during development and a reduced ascorbate redox state at germination, 
can be used to improve propagation of recalcitrant species thereby enhancing 
embryo yield and quality in culture. The improvement in embryo production and 
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conversion documented in Brassica napus (an angiosperm) and Picea glauca  
(a conifer) indicates the presence of a similar ascorbate/glutathione regulation on 
embryogenesis operating across species.
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Abstract For a few decades after its identification, the AsA/GSH (Halliwell–
Asada) cycle has been almost exclusively considered as a scavenging system, more 
or less efficiently removing reactive oxygen species (ROS). The whole issue was 
simplistically viewed as a fight between “bad” ROS and “good” antioxidants until 
recently, when ROS (and reactive nitrogen species, RNS) were identified as impor-
tant signalling molecules, inducing an array of defensive responses in both animal 
and plant systems. In this framework, antioxidants take a completely different role, 
becoming part of complex signalling modules. AsA and GSH are connected in 
many ways, forming a functional entity. Still they have their own specificity and 
control different aspects of plant metabolism and growth. It is increasingly clear 
that AsA and GSH, together with their oxidized forms, have a pivotal, multi-level 
regulatory role in protein function and gene expression. Remarkable progress has 
been recently achieved in the identification of transcription factors and other pro-
teins, whose activity is regulated by changes in the relative amount of redox com-
ponents. Additionally, participation of AsA as a co-substrate of reactions catalysed 
by dioxygenases (a large class of enzymes involved in hormone synthesis and post-
translational protein modification), also has a relevant regulatory role.

Keywords Ascorbic acid • Glutathione • Redox regulation • Evolution of metabolism

1  Ascorbic Acid and Glutathione: Just Antioxidants?

In the last few decades we have been accustomed to think of ascorbic acid (AsA) 
and glutathione (GSH) mainly as antioxidants. However, this definition only high-
lights one of the many facets of these interesting molecules. GSH was first observed 
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as an organic sulphur-hydrogenating substance by de Rey Pailhade (1888)), and its 
structure was eventually identified, not without controversies, by Hopkins in the 
late 1920s (Hopkins 1929). In retrospective, the ironical title of a review published 
by the Kosowers in 1969 (“Lest I forget thee, glutathione…”, Kosower and 
Kosower 1969) induce to think that in those days, before the widespread of the free 
radical theory of ageing and disease (Marx 1985), GSH was much less popular than 
it is now. The same applies to AsA. The name “ascorbic”, given by Szent Györgyi 
and Haworth to the molecule previously known as “hexuronic acid” (Szent-Giörgyi 
1963), literally means “against scurvy”, the pathological condition of humans and 
other organisms unable to synthesize AsA due to the inactivation of some important 
AsA-dependent enzymes belonging to a subclass of dioxygenases, which catalyse 
the synthesis of several key molecules including different collagen forms, some 
neurotransmitters, and carnitine (De Tullio 2004). This has very little to do with the 
antioxidant role of AsA.

Identification of the actual biochemical role of AsA, GSH, tocopherols, xan-
thophylls, flavonoids, and many other molecules should of course take into consid-
eration not only the fact that they are all capable of reducing reactive oxygen species 
(ROS), but also their specificity. Antioxidants are definitely not interchangeable. For 
example, AsA and GSH can affect different aspects of root development in different 
and sometimes even contrasting ways (Sanchez-Fernandez et al. 1997).

A special connection between AsA and GSH was discovered long time ago 
(Borsook and Jeffreys 1936; Hopkins and Morgan 1936), and has been further 
explored ever since (Mårtensson and Meister 1991). When the AsA–GSH cycle 
was discovered in plant chloroplasts, it seemed the perfect system to get rid of ROS 
unavoidably produced as by products of excess photosynthetic excitation energy 
(Foyer and Halliwell 1976; Groden and Beck 1979; Nakano and Asada 1980). Of 
course this view still holds true, but this is probably not the only function of the 
AsA–GSH cycle (De Tullio 2010).

The increasing complexity of living organisms induced the necessity of coordi-
nating a huge number of different activities. This resulted in the establishment of 
signalling networks connecting all aspects of development and metabolism. In 
older days it was assumed that signalling in biological systems was restricted to 
specialized molecules, such as hormones or neurotransmitters, but we now know 
that virtually all cellular components contribute to efficient molecular communica-
tion at different levels (systemic, intercellular, intracellular). We tentatively intro-
duce the concept of “informational content” as an intrinsic property of a given 
molecule, defined as the capability of directing specific responses by interacting 
with one or more molecules able to “sense” it. In this context, “specific responses” 
also means that no other molecule can take over, and produce the same effect. 
Informational content would be therefore directly proportional to specificity, 
“uniqueness” being the highest possible score (Fig. 1). In terms of molecular com-
munication, little information is associated to the generic antioxidant function, 
since this activity is shared among many diverse and unrelated compounds. On the 
other hand, AsA and GSH individually have some informational content, in that 
they can direct specific responses.
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In the next sections we will discuss separately the signalling-related implications 
of the single AsA and GSH “modules”, defined as the sequence of events spanning 
from biosynthesis to utilization in biochemical reactions. In our view, the AsA and 
GSH “vertical” modules have distinct modes of operation. However, the two mod-
ules are not isolated. They are “horizontally” connected by the AsA–GSH cycle, 
which ensures communication and coordination of the “vertical” modules. We sug-
gest a “fence-like” mechanism (Fig. 2), in which information flows at different 
levels of molecular interaction. As it will be discussed below, the specificity of the 
AsA module resides in its involvement in the reactions catalyzed by 2-oxoglutarate-
dependent dioxygenases (2-ODDs), resulting in hormone synthesis and gene 
expression, whereas GSH acts, among other non-antioxidant roles, as a specific 
activator/repressor of several proteins via glutathionylation (gtt), and as a substrate 
of S-transferases (GST). The “horizontal” cycle also provides connection with the 
NAD(P)H system, since this cofactor is required for the activity of GSH reductase 
which is an important component of the AsA–GSH cycle.

2  The Ascorbate Signalling Module

Ascorbic acid synthesis takes place in almost all higher eukaryotes, although with 
different biosynthetic pathways. Surprisingly, a comprehensive model of the main 
AsA biosynthetic pathway in plants was proposed not much more than a decade 
ago (Wheeler et al. 1998; Smirnoff et al. 2001). All genes of the Smirnoff–Wheeler 
pathway have been eventually identified and cloned (Conklin et al. 2006), but not 
much is known about the regulation of AsA biosynthesis. Available evidence shows 
that all steps of the plant pathway are cytosolic, excepting for the final one, catalysed 
by the mitochondrial enzyme l-galactono-1,4-lactone dehydrogenase (GalLDH). 
The peculiar location of GalLDH poses an interesting question concerning the 
regulation of AsA biosynthesis and its connection with energy metabolism. In fact, 

Fig. 1 The relationship between speci-
ficity and informational content of a 
molecule
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it has been demonstrated that oxidised cytochrome c is the electron acceptor in the 
reaction catalysed by GalLDH (Bartoli et al. 2000, 2006), and therefore AsA 
synthesis is at the same time regulated and regulator of respiratory electron trans-
port (Millar et al. 2003).

As mentioned above, the actual function of AsA can be understood by observ-
ing the effects of AsA deprivation in organisms unable to synthesize it. All plants 
studied so far can produce their own ASC supply. In addition, recent studies 
showed the existence of alternative pathways of ASC biosynthesis (Agius et al. 
2003; Lorence et al. 2004). It is therefore quite difficult to obtain “scurvy” plants 
to study AsA functions. Lycorine, an alkaloid described more than 3 decades ago 
by Arrigoni and co-workers (Arrigoni et al. 1975) was used in our and other labs 
as a tool to decrease AsA content in vivo (Liso et al. 1984; Cordoba-Pedregosa 
et al. 1996; Arrigoni et al. 1997a; De Tullio et al. 1998) and to inhibit the activity 
of GalLDH in vitro (Arrigoni et al. 1997b; Imai et al. 1998). Indeed, plants 
treated with lycorine showed reduced growth (Cordoba-Pedregosa et al. 1996; 
Arrigoni et al. 1997a).

Fig. 2 The “fence model” of the ascorbate–glutathione cycle. The ascorbate (AsA) and the 
glutathione (GSH) modules are represented as single “vertical” axes of the fence, connected by 
the horizontal AsA–GSH pathway. Outputs of the AsA module are the activities of 2-oxoglutarate-
dependent dioxygenases (2-ODDs), some of which result in the production of plant hormones 
(ethylene, gibberellins). Specific outputs of the GSH module are the activity of GSH-S-transferases 
(GST) and glutathyolation (gtt) of selected proteins. Both AsA and GSH affect gene expression. 
The cycle also connects AsA and GSH with the NAD(P)H system
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The search for ozone-sensitive mutants led to the identification of some 
Arabidopsis mutants (called vtc for vitamin C) characterized by relatively low AsA 
content (Conklin et al. 2000). It has been demonstrated that the vtc-1 mutant is 
defective in the gene coding for GDP-mannose pyrophosphorylase (mannose-1-
phosphate guanylyltransferase), an enzyme catalysing an early step in AsA synthesis 
(Smirnoff et al. 2001), and other mutants have recently been characterized (Conklin 
et al. 2006). None of viable vtc mutants is completely devoid of AsA, whereas a 
null mutation in the VTC1 locus causes death of embryos before or during desic-
cation (Lukowitz et al. 2001), clearly indicating that at least a small amount of AsA 
is necessary for plant life.

Ascorbic acid is specifically required by many 2-oxoacid-dependent dioxygenases 
(2-ODDs) (Prescott and John 1996). This group of enzymes include the well-
known peptidyl-prolyl-4-hydroxylase (P4H), which is responsible for the post-
translational hydroxylation of proline residues incorporated in polypeptide chains 
in both animals (for the synthesis of collagen) and plants (for the synthesis of 
hydroxyproline rich glycoproteins, HRGPs) (Sommer-Knudsen et al. 1998). The 
inhibition of P4H in humans and consequent production of misfolded collagen is 
responsible for the scurvy syndrome (De Tullio 2004). In plants, P4H is especially 
important for the synthesis of extensin and other structural proteins of the extracel-
lular matrix, but also of the interesting class of arabinogalactan proteins (AGPs), 
which are involved in cell proliferation (Serpe and Nothnagel 1994) and signalling 
(Schultz et al. 1998).

Although probably the best characterized for specific AsA requirement, P4H is 
not the only important plant 2-ODD requiring AsA as a co-substrate (Table 1). 
Indeed, this group includes enzymes involved in flavonoid biosynthesis and, very 
interestingly, enzymes acting in the synthesis of gibberellins, such as GA 
13-hydroxylase, GA 20-oxidase, GA 3-b-hydroxylase and GA 2-b-hydroxylase 
(Hedden and Kamiya 1997). One very special 2-ODD is 1-aminocyclopropane-
1-carboxylate oxidase (ACCO), the enzyme catalysing the last step of ethylene 
biosynthesis using ascorbic acid as a substrate instead of 2-oxoglutarate (Kende 1993; 
Rocklin et al. 1999). An effect of AsA on gene expression and selective mRNA 
stability is known since more than a decade. In animal systems, AsA was observed 
to stabilize collagen transcript and destabilize elastin transcript in smooth muscle 

Table 1 Partial list of AsA-requiring enzymes

Enzyme Function References

Prolyl-4-hydroxylase HRGP synthesis (AGP) De Tullio (2004)
GA 20-oxidase Gibberellin synthesis Hedden and Kamiya (1997)
GA 13-hydroxylase Gibberellin synthesis Hedden and Kamiya (1997)
GA 3b-hydroxylase Gibberellin synthesis Hedden and Kamiya (1997)
GA 2b-hydroxylase Gibberellin synthesis Hedden and Kamiya (1997)
ACC oxidase Ethylene synthesis Rocklin et al. (1999)

2-oxoglutarate; GA, gibberellic acid; ACC, aminocyclopropane-1-carboxylate
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cells and skin fibroblasts (Davidson et al. 1997). The transcription of the 72-kDa 
type IV collagenase (matrix metalloproteinase-2) was down-regulated by AsA in 
cultured human amnion-derived cells (Pfeffer et al. 1998). Tyrosine hydroxylase 
transcription was enhanced by AsA treatment (Seitz et al. 1998), and the mRNA 
encoding for various forms of cytochrome P450 in liver microsomes from guinea 
pigs were also induced (Mori et al. 1997). In plants, the transcription of the maize 
Hrgp gene is induced by AsA (Garcia-Muniz et al. 1998), and microarray experi-
ments showed changes in the expression of several defense-related genes in the 
AsA-deficient mutant vtc-1 of Arabidopsis (Pastori et al. 2003; Kiddle et al. 2003).

Ascorbic acid utilization by 2-ODDS (and of course other forms of utilization in 
the reactions with ROS) results in one-electron AsA oxidation yielding the free 
radical monodehydroascorbate (MDH). In turn, MDH rapidly dismutates produc-
ing AsA and the double-oxidized form dehydroascorbate (DHA). A relatively high 
DHA amount has been observed only in the apoplastic space of plant cells, whereas 
the reduced form AsA is predominant in all other cellular compartments (Pignocchi 
and Foyer 2003). There is increasing evidence that DHA could have a key role in 
signalling since it is able to directly interact not only with GSH, but also with thiol-
containing proteins with vicinal cysteine residues (Cys–X–X–Cys) (Fig. 3). This 
peculiar reactivity of DHA can change protein conformation and stability, thus 
regulating the activity of many signal-related and regulative proteins, including 
thioredoxins and transcription factors (Morell et al. 1997). For example, the 
involvement of DHA signalling in stomatal dynamics has been demonstrated 
(Fotopoulos et al. 2008), with a mechanism apparently requiring the involvement 
of protein phosphatases (Fan et al. 2009).

Signalling appears an important function of the AsA module. In particular, the 
AsA/DHA redox couple can be viewed as a reliable sensor of the surrounding envi-
ronment, perceiving and integrating even small changes in external conditions, and 
traducing them into chemical signals which direct essential developmental pro-
cesses, such as the organization of the root apical meristem (De Tullio et al. 2010).
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Fig. 3 Dehydroascorbate (DHA) affects protein folding by directly reacting with vicinal cysteine 
residues
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3  The Glutathione Signalling Module

Synthesis of GSH occurs de novo from the amino acids glycine, cysteine and glutamic 
acid, and requires the consecutive action of two enzymes, g-glutamylcysteine syn-
thetase (g-GCS) and GSH synthetase. Induction of g-GCS expression appears 
environmentally regulated, occurring in response to diverse stimuli in a cell specific 
manner (Townsend et al. 2003). GSH represents the major pool of non protein 
reduced sulphur in the wide majority of prokaryotic and eukaryotic cells. Fahey and 
Sundquist (1991) found strong evidence for an evolutionary link between glutathi-
one and aerobic eukaryotic metabolism; the findings indicate that glutathione 
evolved as a molecule that protects cells against oxygen toxicity. However, there is 
mounting evidence that the important role of GSH in plant development goes far 
beyond the strict boundaries of its antioxidant role. GSH not only provides reducing 
power needed for the conversion of DHA to AsA, but also for the conversion of 
ribonucleotides to deoxyribonucleotides and for a variety of thiol–disulfide inter-
conversions; GSH is therefore important for the synthesis and repair of DNA, and 
for the folding of newly synthesized proteins (Sies 1999). Moreover, GSH can 
engage in thiol–disulphide exchange reactions that may be a key process in linking 
the regulation of gene expression to the redox state of cells or specific subcellular 
compartments (Schafer and Buettner 2001; Noctor et al. 2002).

The involvement of GSH in basic plant developmental processes has been ascer-
tained. Compared with other tissues of higher plants, dry seeds contain higher 
amount of GSH (Klapheck et al. 1990). Changes in GSH content and GSH reductase 
activity during germination of some harbaceous plants have also been reported 
(Fahey et al. 1980; Kranner and Grill 1993). GSH is essential for cell cycle progres-
sion and root meristem activity, as demonstrated by the fact that roots fail to 
develop in the Arabidopsis mutant ROOTMERISTEMLESS1 (rml1), which is GSH-
deficient because of low activity of a key enzyme in GSH synthesis (Vernoux et al. 
2000). Also embryogenesis and shoot development are regulated by GSH and 
GSSG (Stasolla 2010).

Glutathione deficiency may cause increased tendency to hemolysis, cataracts, 
and central nervous system abnormalities in humans (Meister 1994), and induces 
damage to skeletal muscle and to lung type 2 cell lamellar bodies in adult mice. 
Other structural effects of glutathione deficiency in mice include decreased num-
bers of microvilli on the alveolar surfaces of lung type 2 cells, swelling of mito-
chondria of lung capillary endothelial cells, blunting of the microvilli of 
lymphocytes, and marked mucosal damage in the jejunum and colon (Jain et al. 
1992). Cancer, neurodegenerative diseases, cystic fibrosis, HIV, and ageing have 
been correlated to imbalances in GSH metabolism (Townsend et al. 2003).

Although this variety of effects of GSH deficiency in different organisms still 
lacks a detailed molecular explanation, it can hardly be explained just in terms of 
its reaction with ROS, i.e. its antioxidant function. GSH is often considered an impor-
tant defence in stress conditions, and namely in plant responses to pollutants. Indeed, 
it is the precursor of phytochelatins, which bind supra-optimal concentrations of 
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heavy metals (Grill et al. 1987, 1989), and is a substrate for the GSH S-transferases 
(GSTs), which catalyse the conjugation of GSH with potentially dangerous xeno-
biotics such as herbicides (Marrs 1996). However, GSTs they also have other 
important functions. For example, specific GSTs are inserted the anthocyanin syn-
thesis pathway (Marrs 1996), and certain GSTs apparently function as flavonoid 
binding proteins as suggested for AN9, a GST required for efficient anthocyanin 
export from the cytosol in petunia (Mueller et al. 2000). Consistent with this is the 
observation that the anthocyanin content of Arabidopsis leaves correlated with 
GSH content in plants with modified capacity for GSH biosynthesis (Xiang et al. 
2001). It has been reported that the expression of a human GST affects the expres-
sion of specific genes, by a mechanism still partly unknown (Castro-Caldasa et al. 
2009), but the recent finding of a novel role of a GST in glutathionylation (see below) 
broadens the signalling potential of this class of enzymes (Townsend et al. 2009).

Beside its function as a substrate of GSTs, GSH is likely to exert a more general 
direct role, as a regulator of gene expression (Wingate et al. 1988; Baier and Dietz 
1997). Protein glutathonylation is especially important for its implication in signalling. 
This post translational modification can modulate enzyme activity by modifying 
the structure of catalytic site cys residues or affect biological activity by competing 
with other thiol modifications (Sies 1999). Many proteins possess accessible cysteine 
residues, liable to undergo redox changes depending on variations of the intra- as 
well as extracellular conditions. GSH and its oxidized form GSSG are capable of 
affecting the redox status of such critical thiols in a number of proteins, including 
membrane channels and transporters, receptors, protein kinases and phosphatases 
and, above all, transcription factors (Arrigo 1999; Cross and Templeton 2004). In 
plants, more than 300 redox-target proteins with regulative functions have been 
identified so far (Dietz 2008), including Calvin cycle enzymes which are glutathio-
nylated (Ito et al. 2003).

4  The Horizontal Connection

A major function of GSH in protection against oxidative stress is the re-reduction 
of AsA in the AsA–GSH cycle (Noctor and Foyer 1998). In this pathway, GSH acts 
as a recycled intermediate in the reduction of H

2
O

2
 using electrons derived ulti-

mately, from H
2
O, and was therefore renamed the “water–water cycle” by Asada 

(2003). Although known as a ROS-scavenging system, the AsA–GSH pathway 
could also be viewed as a connecting (horizontal) pathway regulating the AsA and 
GSH signalling modules briefly outlined above.

If all antioxidants were just a pool of undifferentiated reducing power, the redox 
potentials of all redox couples in a given cell compartment should be the same. 
Schafer and Buettner (2001) identified the redox state of the GSSG/GSH couple as 
a major indicator of physiological conditions in animal cells, and calculated half-
cell reduction potentials ranging from −240 to −170 mV in proliferating and apop-
totic cells, respectively. Attempts to measure intracellular redox potentials are made 



2599 A Winning Two Pair: Role of the Redox Pairs AsA/DHA and GSH/GSSG

difficult by the lack of sensitive and reliable sensors, but recently redox potential 
values have been directly observed by a quantitative fluorescence-based method 
making use of redox-sensitive green fluorescent protein targeted to different plant 
cell compartments (Schwarzländer et al. 2008). Redox potentials of about −320 mV 
in the cytosol and −360 mV in the mitochondria of Arabidopsis leaf cells have been 
obtained, whereas slightly more oxidizing environments occur in plastids and per-
oxisomes in epidermal cells of tobacco leaves. The only oxidizing compartment 
was the lumen of the endoplasmic reticulum. However, specific interaction of 
redox-sensitive GFP with glutaredoxin in vitro strongly suggests that this method 
only allows calculation of the GSH redox potential (Schwarzländer et al. 2008).

Reliable methods for the calculations of the DHA/AsA redox potential are not 
presently available, so a direct comparison is not yet possible, but if GSH, and AsA 
are far from equilibrium with each other, the effects of each redox couple will be 
governed by the specific interactions of each molecule with proteins or other com-
ponents. (the “vertical” modules), and in this case we will have an “AsA redox 
state” or “GSH redox state” but no single “cellular redox state” or “redox environ-
ment”, as defined by Schafer and Buettner (2001). In other words, the two pairs 
would work independently (“vertically”), remaining connected by the horizontal 
module (AsA–GSH cycle).

5  Concluding Remarks: the AsA–GSH Cycle  
and the Evolution of the Metabolic Network

According to Theodosius Dobzhansky “Nothing in biology makes any sense except 
in the light of evolution” (Dobzhansky 1973). An evolutionary standpoint is pres-
ently unavoidable in many fields of biology, ranging from systematics to molecular 
biology, yet the situation is more complicated in biochemistry. The reasons for a 
less pronounced inclination of biochemists towards evolutionary aspects is proba-
bly to be found in the history of this discipline, which stems from chemistry and 
not from biology (Firn and Jones 2009). Another important limitation to an evolu-
tionary approach is the difficulty in disentangling complex biochemical pathways 
strictly interconnected. However, the existing constellation of different pathways, 
some widespread among the entirety of living organisms, and some unique to a 
well-defined group, can hardly be explained in terms of an “ordered plan”. On the 
contrary, it fits nicely with the concepts of variation and natural selection. It has 
been suggested that new pathways evolved by gene duplication and recruitment of 
enzyme activities from established pathways (Chapman and Ragan 1980). 
Additionally, the coordination of metabolic activities results from the co-evolution 
of substrates and their related enzymes: new metabolic functions derive from 
metabolite-driven recruitment of existing enzymatic mechanisms (Schmidt et al. 
2003). Metabolites produced in a pathway can be used by other pathways, thus 
yielding a regulative loop. This seems to be the case for the AsA–GSH cycle. It is 
tempting to speculate that the two important molecules, standing “side to side” in 
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two essential and independent pathways, started the “horizontal” collaboration 
which not only shares information between the two modules, but also ensures the 
well-known and celebrated antioxidant activity of the cycle.
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Abstract In a persistently changing environment there are many adverse abiotic 
stress conditions such as cold, heat, drought, salinity, heavy metal toxicity and 
oxygen deprivation, which remarkably influence plant growth and crop production. 
Plant cells produce oxygen radicals and their derivatives, so-called reactive oxygen 
species (ROS) during various processes associated with abiotic stress. Moreover, 
the generation of ROS is the main means for higher plants to transmit cel-
lular signalling information concerning the changing environmental conditions. 
Therefore, plants have evolved inducible redox state-based sensing mechanisms 
that are activated or amplified in response to adverse environmental conditions. 
Ascorbate and glutathione, the key cellular redox buffers, are used for both detoxi-
fication of ROS and transmission of redox signals. In recent years, it has become 
clear that abiotic stress conditions induce changes in the reduction/oxidation 
(redox) state of signalling molecules, which in turn modulate gene and protein 
expression to increase plant acclimation to abiotic stress. This important redox 
state-related branch of science has given several clues in understanding the adaptive 
plant responses to different stressful regimes. In this chapter, an overview of the 
literature is briefly presented in terms of the main function of ascorbate and glu-
tathione in plant cells. Further more, we describe how important forms of abiotic 
stress regulate the expression of genes and proteins involved in the ascorbate and 
glutathione redox sensing system.

Keywords Ascorbate • Glutathione • Redox state • Antioxidant enzymes • Gene 
expression • Abiotic stress • Reactive oxygen species
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1  Introduction

One of the major outcomes of the aerobic life of plant cells is the formation of reactive 
oxygen species (ROS). The term ROS defines the partially reduced forms of atmo-
spheric oxygen. In general they result from the photodynamic excitation of oxygen, 
a process that ends with the formation of singlet oxygen (1O

2
) or during the partial 

reduction of oxygen through the transfer of one, two, or three electrons to its 
molecule that has as a result the birth of superoxide radical (O

2
·−), hydroxen peroxide 

(H
2
O

2
) and hydroxyl radical (·OH), respectively (Mittler 2002).

During the life cycle of the cell, ROS are formed in chloroplasts, mitochondria, 
plasma membrane, apoplastic space and peroxisomes. In chloroplasts ROS are 
produced during reactions that participate in the mechanism of photosynthesis, 
enhancing the concept that ROS are an unavoidable part of the aerobic metabolism 
of the cell. In mitochondria, O

2
·− are produced in two segments of the electron 

transport chain: during respiration, in the flavoprotein NADH dehydrogenase 
(complex I) and in the ubiquinone zone. In the plasma membrane, the ROS-
producing system is an NADPH oxidase. In the apoplastic space, cell wall-bound 
peroxidases have been shown to generate H

2
O

2
 and during stressful abiotic conditions 

ROS are formed in peroxisomes during photorespiration due to the formation of 
H

2
O

2
 by the enzymatic activity of glycolate oxidase (Corpas et al. 2001; Mittler 

2002; Mittler et al. 2004).
Under stress-free growth conditions, the plant cell produces ROS, especially 

O
2
·− and H

2
O

2
, in proportions that are kept at a rather low level (Asada 1994; Polle 

2001). These molecules, apart from being toxic to the cell, act as second messengers 
and key regulators of growth, development and defence pathways, strengthening 
the dual role of ROS in cell biology (Mittler 2004; Foyer and Noctor 2005a). 
However, plants are not always cultivated under ideal conditions; in many cases 
various abiotic stress factors occur and the cellular homeostasis is disrupted resulting 
in the elevation of the level of ROS formation, a situation that is characterized under 
the heading of ‘oxidative stress’. These abiotic stresses may include drought, salinity, 
high light, chilling, heavy metals, heat shock, ozone stress and others (Mittler 2002; 
Chalapathi and Reddy 2008).

During extreme abiotic stress conditions, high levels of ROS may lead to cell 
death; that event is the result of oxidative processes such as membrane lipid peroxi-
dation, DNA/RNA nicking, protein oxidation and enzyme inhibition (Tanou et al. 
2009c). For that case, the cell is equipped with a battery of antioxidant strategies, 
including enzymatic and non-enzymatic molecules. The latter facilitate the cell to 
be detoxified during extreme abiotic stress conditions, and also to keep ROS at an 
optimum level thus allowing all the necessary signalling cascades to take place in 
order to make all the appropriate modifications in gene/protein expression and cell 
structures in response to environmental and developmental stimuli (Foyer and 
Noctor 2005a). Among the enzymatic and non-enzymatic antioxidant pathways, 
ascorbate and glutathione are molecules with a regulatory role that participate in the 
redox signalling of the plant cell under abiotic stress conditions (Noctor 2006; 
Anjum et al. 2008a; Meyer 2008; Khan et al. 2009; Szalai et al. 2009).
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Reduced glutathione (GSH) is a low molecular weigh tripeptide thiol with the 
formula g-glu-cys-gly. This multifunctional molecule is a vital part of the antioxidant 
armory of the plant cell against oxidative stress, and contributes to the cellular 
defence and protection (Potters et al. 2002). Its pivotal role as an antioxidant 
derives from the fact that GSH participates in the ascorbate–glutathione cycle as the 
reducing agent of dehydroascorbate (DHA) while it also possesses the ability to 
protect the integrity of the cellular plasma membrane by maintaining a-tocopherol 
and zeaxanthine in the reduced state as well as protecting proteins from denatur-
ation caused by the oxidation of protein thiol groups (Garnczarska 2005; Paradiso 
et al., 2008). In addition, glutathione exerts its antioxidant ability through the direct 
ROS scavenging as well as by acting as the substrate for glutathione peroxidase (EC 
1.11.1.9; GPx) and glutathione-S-transferases (EC 2.5.1.18; GST), enzymes that 
participate in ROS removal. Finally, glutathione is involved in the formation of 
phytochelatines and together with its oxidized form (GSSG) they consist the redox 
couple (GSH/GSSG) which plays a drastic role in the maintenance of the cellular 
homeostasis and signalling system in plants (Rauser 1995; Ha et al. 1999; Clemens 
2006; Srivalli and Khanna-Chopra 2008), leading to the suggestion that the GSH/
GSSG ratio, indicative of the cellular redox balance, may be involved in ROS per-
ception (Shao et al. 2008).

The concentration of GSH is increased under stressful conditions, and such an 
increase gives the ability to the cell to counteract the oxidation of glutathione and 
provokes alterations in gene expression directly or through interplay with regulatory 
proteins and/or transcription factors (Pasqualini et al. 2001; Ruiz and Blumwald 
2002; Freeman et al. 2004). This elevation in GSH concentration is of vital impor-
tance, because it induces the signal transduction and defence against ROS which is 
achieved through a pathway with various control points, which include orches-
trated activation of genes encoding enzymes related with glutathione metabolism 
(Sečenji et al. 2010). Therefore, high levels of glutathione provide the cell with 
the ability to counteract the negative effects of oxidative stress syndrome (Srivalli 
and Khanna-Chopra 2008).

Ascorbate (AsA) is considered by many as one of the most powerful and crucial 
antioxidants in the plant cell. Its presence has been detected in a wide range 
of cellular compartments like the cytosol, chloroplast, vacuoles, mitochondria and 
extracellular matrix (apoplast) (Kollist et al. 2000; Dipierro et al. 2005; Foyer and 
Noctor 2005b; Cheng et al. 2007). Under non-stress conditions ascorbate is detected 
mostly in its reduced form (Garnczarska 2005). Ascorbate is involved in the protec-
tion of a wide range of cellular compartments against oxidative attacks due to its ultra 
crucial ability to function as a donor of electrons in a broad range of enzymatic and 
non-enzymatic reactions (Noctor and Foyer 1998). Ascorbate possesses the ability to 
directly scavenge ROS and assist to the detoxification from H

2
O

2
 through its reduction 

via the ascorbate–glutathione cycle (Veljovic-Jovanovic et al. 2001; Anjum et al. 
2008a; Khan et al. 2009). Other antioxidant abilities of AsA are the regeneration of 
the oxidized form of a-tochopherol as well as its ability to act as a cofactor of violax-
anthine de-epoxidase (Blokhina et al. 2003). Specific cytosolic APX isoforms are 
significantly induced under the effect of abiotic stress and redox perturbation (Kubo 
et al. 1995; Karpinski et al. 1997; Ranieri et al. 2000; Murgia et al. 2004).
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Ascorbate and glutathione are linked through the ascorbate–glutathione cycle 
(outlined in Fig. 1a). During this cycle ascorbate is converted to the unstable radical 
monodehydroascorbate (MDHA) which rapidly disproportionates to yield dehy-
droascorbate (DHA) and AsA (Smirnoff, 2000). The latter is converted back to 
reduced ascorbate with the usage of reduced glutathione (GSH), acting as the elec-
tron donor in this reduction. During this process several enzymes coordinate their 
action in order to achieve the recycling of ascorbate, such as ascorbate peroxidase 
(EC 1.11.1.11; APX) and dehydroascorbate reductase (EC 1.8.5.1; DHAR) 
(Ushimaru et al. 1997). Efficient recycling of glutathione is ensured by glutathione 
reductase (EC 1.6.4.2; GR) activity (Noctor et al. 1998). Changes in turnover rates 
during the ascorbate–glutathione cycle may become manifested in altered redox 
ratios of AsA/DHA or GSH/GSSG (Tausz et al. 2004). Although DHA is reduced 
to ascorbate by DHAR, traces of DHA are always present in plant samples and the 
ratio of AsA/DHA is relatively lower compared to the ratio GSH/GSSG, especially 
under field conditions (Noctor et al. 1998).

During abiotic stress-driven oxidative stress, higher plants have the ability to 
sense, transduce and translate the ROS signals into specific cellular responses, a 
process that depends upon the presence of redox-sensitive proteins that possess the 
ability to accept reversible oxidation/reduction and may be functional or not according 
to the cellular redox state. ROS have the ability to oxidize redox-sensitive proteins 
directly or indirectly with the usage of molecules like glutathione. Cellular metabo-
lism may be altered through the corresponding action of redox-sensitive metabolic 
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Fig. 1 (a) Schematic representation of the AsA–GSH cycle responsible for AsA recycling 
(Modified from Fotopoulos et al. 2006). Ascorbate oxidase which was targeted for over-expression 
in transgenic tobacco plants in the work by Fotopoulos et al. (2006, 2008) is circled in red.  
(b) Detached leaf assay and in situ localization of H

2
O

2
 in AO-over-expressing tobacco plants with 

reduced apoplastic AsA redox state (Taken from Fotopoulos et al. 2008). Fully-expanded leaves 
were detached from well-watered plants, immediately weighed, and held at room temperature for 
1 h. Lower row displays images of representative leaves 1 h after detachment, while upper row 
displays leaves, (taken from plants grown under normal conditions, following incubation with 
3,3¢-diaminobenzidine (DAB) which polymerizes instantly (to form a reddish-brown complex 
which is stable in most solvents), as soon as it comes into contact with H

2
O

2
 in the presence of 

peroxidases. WT = wild-type, R50, R60 & R68 = transgenic tobacco lines over-expressing AO
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enzymes, whereas redox sensitive proteins exert their function via downstream 
signalling components such as kinases, phosphatases and transcription factors (Shao 
et al. 2008). A number of regulatory and structural genes which are under the orches-
tration of thiol–disulfate status and ROS signalling have been identified in transgenic 
and wild-type plants, contributing to the clarification of the function of the redox 
network (Tausz et al. 2004). This network manipulates the levels or ROS during 
abiotic stress conditions by interpreting signals received from various cellular 
compartments, with the redox couple GSH/GSSG having an exceptional role in its 
fine tuning (Szalai et al. 2009).

Although ascorbate and glutathione are united together through redox flux and 
coordinate their action during the metabolism of ROS, each one has specific roles 
in the regulation of the cellular status (Noctor 2006). Additionally, several studies 
conducted in a number of plant species under abiotic stress conditions have eluci-
dated the fact that a high ratio of GSH/GSSG and/or AsA/DHA sustained by 
increased GSH and AsA or diminution of GSSG and DHA, may be the key element 
for efficient protection against abiotic stress-induced accumulation of ROS (Szalai 
et al. 2009). In this chapter, we present an up-to-date analysis of existing studies 
that reveal aspects of how ascorbate/glutathione-related responses are modulated 
by various envinromental stresses in plants.

2  Drought Stress

Drought is perhaps the most common abiotic stress limiting crop productivity 
world-wide. Different drought levels caused an oxidation of the glutathione pool in 
barley and pine leaves (Smirnoff 1993; Tausz et al. 2001), indicating that the main-
tenance of GSH/GSSG ratio appears to function as an important component of the 
plant’s antioxidant defence system under drought stress. However, links between 
glutathione redox state and the drought tolerance are less clear. Lascano et al. 
(2001) found no clear differences between four different drought-tolerant wheat 
varieties following one month of drought exposure, but the two more resistant culti-
vars responded with an increase in total glutathione during the rewatering period. 
In the work of Loggini et al. (1999) two wheat cultivars were compared with dif-
ferent drought tolerance and the researchers found that both cultivars showed a 
higher (more reduced) GSH/GSSG ratio after a month of drought. Also, an increase 
in glutathione-related enzyme activities was only observed in the more susceptible 
cultivar. Moreover, Herbinger et al. (2002) reported an induction in total glutathione in 
wheat flag leaves exposed to drought stress, particularly evidenced in the more 
susceptible cultivar. In addition, in the work of Khanna-Chorpa and Selote (2007), 
susceptibility of Moti leaves during severe water stress was evident from the failure 
in H

2
O

2
 management and by a significant reduction in AsA/DHA and GSH/GSSG 

ratios. The high H
2
O

2
 level and/or oxidation of the ascorbate pool might have an 

inhibitory effect on antioxidant enzymes, particularly APX and GR, in the susceptible 
and in non-acclimated Moti leaves (Shigeoka et al. 2002). In the study of Sharma 
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and Dubey (2005) a decline in the concentration of total ascorbate as well as 
decline in AsA/DHA ratio was observed under drought stress in rice. Furthermore, 
the previous authors found that mild drought stress induced a significant increase 
in glutathione concentration which can be explained on the basis of significant 
increase in GR and DHAR activities. Results in this study further indicate enhanced 
activities of all the enzymes of the ascorbate–glutathione cycle, signifying a potential 
role of these enzymes in providing antioxidant defence under drought stress 
conditions.

It is known that an increase in AsA and an induction of ascorbate–glutathione 
cycle enzymes during water stress minimized the oxidative damage, but decrease 
in AsA content intensified oxidative processes during severe water stress conditions 
(Sgherri and Navari-Izzo 1995). AsA showed a reduction under drought stress in 
maize and wheat, suggesting its vital involvement in the oxidative response 
(Nayyar and Gupta 2006). Lascano et al. (2001) stated that lesser oxidative 
damage in the tolerant wheat cultivar during osmotic stress is due to higher AsA 
and induction of AsA–GSH cycle enzymes. Furthermore, Al-Ghamdi (2009) 
found that susceptibility of wheat leaves during severe water stress was evident 
from the failure in H

2
O

2
 management and by drastic oxidation of ascorbate–

glutathione pool and significant reduction in AsA/DHA ratio. Finally, APX 
activity increased under drought stress in Euphorbia escula (Davis and Swanson 
2001), Zea mays (Jiang and Zhang 2002), soybean (Riekert van Heerden and 
Kruger 2002), wheat (Dalmia and Sawhney, 2004), and Populus accutifolius 
(Turkan et al. 2005).

Several reports demonstrate the importance of the ascorbate–glutathione cycle 
in the regulation of the plant’s response to drought stress, while numerous approaches 
have been made to produce transgenic crops tolerant to drought via the genetic 
manipulation of key enzymes in the ROS detoxifying and ascorbate recycling path-
ways. Examples include tall fescue and potato plants over-expressing SOD and 
APX (Tang et al. 2006; Lee et al. 2007 – for a comprehensive review see Cruz de 
Carvalho 2008).

Latest findings by Sečenji et al. (2010) who compared the responses of two 
wheat genotypes with differing capacity to withstand reduced water supply revealed 
major differences in ascorbate metabolism: both ascorbate oxidation and transcription 
levels of enzymes processing ascorbate were changed. Relative transcript levels of 
APX, monodehydroascorbate reductase (MDHAR), DHAR and GR isoenzymes 
showed different transcriptional changes in the two genotypes. Specifically, expression 
levels of two cytosolic APX isoenzymes and a thylakoid-bound variant increased 
significantly in the drought tolerant wheat cultivar while a cytosolic and a stromal 
APX coding transcript were found to be higher in the drought sensitive cultivar 
after a 4-week-long water deficit stress. In addition, mRNA levels of two cytosolic 
MDHAR isoforms were induced in the sensitive genotype, whereas only one was 
induced in the tolerant cultivar. An up-regulated chloroplastic DHAR was detected 
only in the sensitive cultivar. However, increased expression levels of a cytosolic 
and a chloroplastic GR were detected only in the tolerant wheat cultivar. Such a 
pattern of gene expression regulation following imposition of water stress was 
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accompanied by a significantly lower AsA redox state in leaves of the sensitive 
cultivar compared with the tolerant one, indicating that more robust transcription of 
ascorbate-based detoxification machinery may prevent an adverse shift of the 
cellular redox balance.

In a study by Chen and Gallie (2004), plants with an increased guard cell 
AsA redox state were generated by increasing DHAR expression, and these 
exhibited a reduction in the level of guard cell H

2
O

2
. In addition, a higher 

percentage of open stomata, an increase in total open stomatal area, increased 
stomatal conductance, and increased transpiration were observed. Guard cells 
with an increase in AsA redox state were less responsive to H

2
O

2
 or abscisic 

acid signalling, and the plants exhibited greater water loss under drought condi-
tions, whereas suppressing DHAR expression conferred increased drought 
tolerance, thus suggesting that DHAR serves to maintain a basal level of AsA 
recycling in guard cells. The protective role of DHAR against oxidative stress 
was further supported by Eltayeb et al. (2006), who developed transgenic 
tobacco plants over-expressing cytosolic DHAR gene from Arabidopsis thaliana. 
Transgenic plants exhibited 2.3–3.1 fold higher DHAR activity and 1.9–2.1 
fold higher level of reduced AsA compared with non-transformed control 
plants, resulting in enhanced tolerance to drought stress in terms of higher net 
photosynthesis.

Control of stomatal aperture is of paramount importance for plant adapta-
tion to the surrounding environment. Work by Fotopoulos et al. (2008) 
reported on several parameters related to stomatal dynamics and performance 
in transgenic tobacco plants (Nicotiana tabacum cv. Xanthi) over-expressing 
cucumber ascorbate oxidase (AO), a cell wall-localized enzyme of uncertain 
biological function that oxidizes AsA to MDHA acid which dismutates yield-
ing AsA and DHA. Transgenic tobacco AO-overexpressing plants exhibited 
significantly lowered AsA redox state in the apoplast. In comparison to wild 
type plants, leaves of AO over-expressing plants exhibited reduced stomatal 
conductance (due to partial stomatal closure), higher water content, and 
reduced rates of water loss on detachment. Transgenic plants also exhibited 
elevated levels of hydrogen peroxide and a decline in hydrogen peroxide-
scavenging enzyme activity under normal growth conditions (see Fig. 1b). It 
should be noted that these transgenic tobacco plants also displayed enhanced 
sensitivity to various oxidative stress-promoting chemical agents, while RNA 
blot analyses suggested a correlation between such a response with a general 
suppression of the plant’s antioxidative metabolism as demonstrated by lower 
expression levels of AsA recycling genes (Fotopoulos et al. 2006). Treatment 
of epidermal strips with either 1 mM DHA or 100 mM hydrogen peroxide 
resulted in rapid stomatal closure in wild type plants, but not in AO-over-
expressing plants, therefore suggesting that signal perception and/or transduc-
tion associated with stomatal closure is altered by AO over-expression. These 
data support a specific role for cell wall-localized AsA in the perception of 
environmental cues, and suggest that DHA acts as a regulator of stomatal 
dynamics.
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3  Salinity Stress

Salinity is a major abiotic stress that plants experience and greatly affects agricultural 
productivity. Due to changes in the osmotic balance, high salinity can cause water 
loss in cells and induce drought stress in plant tissues and results in ionic toxicity 
which can affect the physiological and biochemical function of the plant cell. 
Transgenic plants with low or high levels of AsA and GSH also exhibit an altered 
response to NaCl-induced oxidative damage (Huang et al. 2005; Yadav et al. 2005), 
demonstrating the crucial importance of a tightly orchestrated redox buffering 
capacity under salinity.

There is considerable evidence that GSH plays a protective role in salinity tolerance 
by maintaining the redox state (Gossett et al. 1996; Shalata et al. 2001). Salt stress 
induces increases in both GSH and g-ECS activity (Ruiz and Blumwald 2002), 
which is known to be a key factor controlling the amount of GSH in leaves (Noctor 
et al. 1998). Additionally, Mittova et al. (2004) provided evidence that salt-dependent 
up-regulation of g-ECS activity in tomato occurs at the level of transcription. In the 
study of Chaparzadeh et al. (2004), the increased foliar GR activity was accompa-
nied by a decrease in GSH/GSSG ratio, suggesting that a predominant GSH oxida-
tion took place under salinity. Furthermore, increases in GR activity during salt 
stress were reported in pea (Hernandez et al. 1993, 1995, 2000), cantaloupe (Fahmy 
et al. 1998), citrus (Gueta-Dahan et al. 1997), soybean (Comba et al. 1998), rice 
(Dionisio-Sese and Tobita 1998; Lin and Kao 2000; Vaidyanathan et al. 2003; 
Demiral and Turkan 2005; Tsai et al. 2005), tomato (Shalata et al. 2001; Molina 
et al. 2002; Mittova et al. 2003), Arabidopsis thaliana (Huang et al. 2005), wheat 
(Sairam et al. 2005), Vigna radiate (Sumithra et al. 2006), Setaria italica 
(Sreenivasulu et al. 2000), and Helianthus annuus (Davenport et al. 2003). On the 
other hand, over-expression of GR in plants leads to an increase in the antioxidant 
capacity and in the resistance to oxidative stress (Kocsy et al 2001).

It has been previously reported that salt stress leads to a decrease in the ascor-
bate–glutathione cycle components in salt sensitive cultivars and to an increase in 
salt tolerant ones (Hernández et al. 2001; Shalata et al. 2001; Mittova et al. 2003, 
2004). Salt-induced oxidative damage led to necrotic lesions in the minor veins of 
pea leaves, as oxidative stress was higher in the apoplasts (Hernández et al. 2001). 
The GSH/GSSG ratio declined under salt stress, and there was no GR activity in 
the apoplasts of the sensitive pea cultivar Lincoln. Continuous exposure to salt 
stress in rice seedlings made them more tolerant when the GSG/GSSG levels 
returned to normal values after an initial decline (Fadzilla et al. 1997). The results 
of Mittova et al. (2003) indicate that salt tolerance is linked to the ability to 
up-regulate enzymes of GSH synthesis and utilization and that this is absent from 
the salt sensitive species. A comparison of the total amounts of GSH and the GSH/
GSSG ratios in the tissues of both species under salinity indicates that the dramatic 
decrease in the GSH/GSSG ratio in salt-stressed Solanum lycopersicum roots is due 
to other factors such as NADPH deficits, rather than limitations on GR activity. A 
recent analysis in citrus plants revealed that pre-exposure to sodium nitroprusside 
(SNP), a donor of nitric oxide (NO), prior to salinity resulted in higher (less oxidized) 
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glutathione redox compared to NaCl-treated as well as control plants (Tanou et al. 
2009b) providing a link between glutathione and nitric oxide during the establish-
ment of salt tolerance. Additionally, proteome-wide analysis revealed the involve-
ment of many ascorbate/glutathione-related proteins in the acclimation of citrus 
plants to high salinity (Tanou et al. 2009a).

Some researchers have reported that salt stress leads to a decrease in ascorbate 
content in salt-sensitive cultivars (Hernández et al. 2001; Shalata et al. 2001; 
Mittova et al. 2003, 2004). The biosynthetic capacity of ascorbate is impaired under 
stress conditions because the ascorbate pool is generally determined by its rates of 
not only regeneration but also synthesis (Song et al. 2005). It is also reported that 
regeneration of ascorbate under salinity is insufficient or that ascorbate synthesis is 
lower than ascorbate catabolism (Shalata et al. 2001; Amor et al. 2006). However, 
in some plants acclimated to salinity a significant increase in total ascorbate was 
found (Shalata et al. 2001). More important than the total AsA content is the AsA/
DHA ratio that, in the case of roots in high and leaves in low salinity conditions, 
was found to be comparable to the values observed in salt-tolerant cotton plants and 
calli (Gossett et al. 1996). The low AsA/DHA ratio in leaves at high salinity might 
be an indication of APX participation in ROS scavenging. A proper increase of 
AsA, during H

2
O

2
 increase in conditions of high salinity, may be important for 

maintaining APX activity, being that APX is inactivated when ascorbate concentra-
tion drops dramatically (Asada 1999). Under salinity, AsA is mainly regenerated 
from MDHA (Shalata and Tal 1998; Mittova et al. 2000) or DHA (Meneguzzo et al. 
1999). In marigold plants under salinity stress (C. offıcinalis), the decreasing trends 
of both MDHAR and DHAR activities may suggest that a non-enzymatic dispro-
portionation of MDHA to AsA and DHA or a reduction of MDHA by reduced 
ferredoxin and b-type cytochrome (Noctor and Foyer 1998) could participate in 
AsA regeneration.

In view of the known links between oxidative stress and cell death, it is surprising 
that few studies have addressed the role of salt stress and cell death responses in 
plants. The results of a recent study by Tanou et al. (2009c) illustrate how the oxidation 
of ascorbate/glutathione pool participates in the oxyradical-mediated necrotic 
death-like destruction in salt-stressed leaves. The model of ascorbate/glutathione-
mediated in salt dependent-oxidative cell death, based on components identified in 
strawberry response leaves, is outlined in Fig. 2.

Several approaches have been made in order to produce transgenic plants with 
an acquired tolerance to salinity stress by manipulating gene expression levels of 
various antioxidant enzymes involved in the ascorbate–glutathione cycle such as 
DHAR and APX (for a comprehensive review see Ashraf 2009). Enhanced 
expression of DHAR was achieved by the expression of rice DHAR in transgenic 
Arabidopsis plants (Ushimaru et al. 2006). This study further demonstrated that 
transgenic Arabidopsis plants showed enhanced tolerance to salt despite the fact 
that there had been a slight increase in DHAR activity and total ascorbate in the 
transgenic plants. The protective role of DHAR against oxidative stress was further 
supported by Eltayeb et al. (2006), who developed transgenic tobacco plants over-
expressing cytosolic DHAR gene from Arabidopsis thaliana. Transgenic plants 
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displayed enhanced DHAR activity and higher levels of reduced AsA com-
pared with non-transformed control plants, maintaining redox state of AsA and 
ultimately resulting in enhanced tolerance to salt stress. Similarly, differential toler-
ance to salinity was achieved by over-expressing/suppressing the expression of 
ascorbate oxidase in tobacco and Arabidopsis (Yamamoto et al. 2005). AO activities 
in the transgenic tobacco plants expressing the gene in sense and antisense orienta-
tions were, respectively, about 16- and 0.2-fold of those in the wild type. At high 
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salinity conditions, the percentage germination and photosynthetic activity were 
higher in antisense plants. In addition, the redox state of apoplastic ascorbate in 
sense plants was very low even under normal growth conditions, whereas upon salt 
stress, the redox state of symplastic and apoplastic ascorbate decreased among the 
three types of plants, but was lowest in the sense plants.

Acquired tolerance to salinity has also been demonstrated via genetic manipulation 
of other gene targets not directly linked to the ascorbate–glutathione pathway. 
Yadav et al. (2005) developed transgenic tobacco plants over-expressing glyoxalase 
pathway enzymes that suppress accumulation of methylglyoxal (MG) in plants 
under salt stress. The transgenic plants showed enhanced activity of various gluta-
thione-related antioxidant enzymes under both control and saline conditions. 
Additionally, these plants maintained high contents of reduced glutathione and 
overall increased glutathione redox state under salt stress, thus suggesting that 
hindrance in an increase in MG coupled with maintaining higher reduced glutathione 
levels can be considerably achieved by the over-expression of glyoxalase pathway 
enzymes for developing salt tolerant plants. Latest findings by G. Tanou et al. 
(unpublished data) provide significant evidence that NaCl application in citrus 
leaves results in the oxidation of the leaf ascorbate redox state, while the glutathione 
redox state remained unaltered. Antioxidant enzyme activity assays revealed that an 
array of redox-related proteins is induced as a result of high salinity stress, whereas 
transcript regulation was more variable.

4  Chilling-Low Temperature Stress

Chilling impairs all photosynthetic components provoking, for example, reduction 
of stomatal conductance, changes in pigment complexes and losses of photochemical 
efficiency, modifications in the biophysical properties of thylakoid lipids and 
restriction of electron transport, as well as decreases in enzyme activity and protein 
metabolism (Ensminger et al. 2006). The level of damage is dependent on the plant 
species, the developmental and phenological stage, the organ and tissues, and the 
degree of stress. ROS are also involved in freezing stress, participating in lipid 
peroxidation, protein destruction, and collapses of the antioxidant defence systems 
(Polle 1997). Thus, the improvement of chilling stress tolerance is often related to 
enhancement of activities of antioxidant systems in plants.

It has been documented that in order to prevent hydrogen peroxide accumulation 
to toxic levels during chilling stress, a high capacity of the AsA–GSH cycle is 
necessary (Kocsy et al. 2001). In the work of Zhang et al. (2008) a significant 
increase in ascorbate and glutathione concentration was observed during chilling 
stress. Higher glutathione concentrations in chilled maize plants are the result of an 
induction of key enzymes of glutathione synthesis, as well as sulphate reduction, 
which also increases cysteine levels (Kopriva et al. 2001). Increases in GSH levels 
and/or GR activity during chilling stress have been observed in many plant species 
such as tomato (Walker and McKersie 1993), sorghum (Badiani et al. 1997), wheat 
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(Kocsy et al. 2001), jack pine (Zhao and Blumwald 1998), and poplar (Foyer et al. 
1995). A long duration chilling stress experiment in maize showed increased activi-
ties of various antioxidant enzymes, including GR (Hodges et al. 1997). In line, 
chilling stress and cold acclimation studies in rice showed an increase in GR activity 
(Oidaira et al. 2000; Kuk et al. 2003). In cotton, the increase of the activities of 
glutathione–ascorbate cycle enzymes in chloroplasts by genetic manipulation 
increased resistance to chilling-related photo-oxidative stress under laboratory con-
ditions (Payton et al. 2001). When transgenic cotton overproducing GR was field-
grown, there was no significant difference with wild plants as GR activity doubled 
in wild-type cotton during slow chilling exposure in the field (Logan et al. 2003). 
Genetic transformation studies for freezing tolerance in maize showed the up- 
regulation of three genes, including GSTs, under both normal and cold-acclimated 
conditions (Wang 2005). GSTs are involved in the oxidative signalling pathway and 
contribute to the genetic acclimation towards freezing tolerance in maize. Proteome 
analysis of chilling stress in rice showed the up-regulation of cysteine synthase 
(Yan et al. 2006). This enzyme is responsible for the final step in cysteine biosyn-
thesis, a key-limiting step in GSH production. Thus, GSH and GR are important 
for resistance to chilling stress.

During chilling and cold acclimation, the maintenance of a high GSH/GSSG 
ratio is very important in order to ensure that GSH can function appropriately in the 
AsA–GSH cycle and other physiological processes. During chilling, the GSH 
content and the GSH/GSSG ratio were higher in tolerant genotypes of tomato com-
pared with sensitive ones (Walker and McKersie 1993). Correspondingly, the GSH/
GSSG ratio was generally higher in chilling-tolerant maize genotypes than in sensitive 
ones at 11°C (Hodges et al. 1996), demonstrating that the maintenance of a high 
GSH/GSSG ratio contributes to improved chilling tolerance. The higher GSH/
GSSG ratio in the freezing-tolerant genotypes may keep the sulphhydryl groups of 
the proteins in reduced form, thus decreasing the possibility of intermolecular 
disulphide bridge formation when the plants are exposed to freezing temperatures 
(Levitt 1962).

In the works of Huang and Guo (2005) and Dai et al (2009), conducted using 
tolerant and sensitive rice and barley cultivars, respectively, the AsA content had a 
different pattern among the two cultivars in response to chilling. The tolerant one 
showed elevated amounts of AsA in contrast to lower levels in the sensitive one. In 
the same study the tolerant cultivar exhibited higher activities of APX and GR, an 
observation that is in accordance with the findings of Tao et al (1998) who used 
pine trees as a research model. These elevated activities of APX and GR facilitate 
the cell to cope with the oxidative stress due to chilling conditions. In addition, 
work by Guo et al. (2006) who tested four rice cultivars under chilling condition 
concluded that the chilling tolerance was well correlated with the enhanced antioxi-
dant capacity of the cultivars, a capacity that was attributed to the higher AsA 
content and enhanced activity of antioxidant enzymes like APX and GR.

Freezing injury has been shown to involve the participation of ROS. Antioxidant 
enzymes can protect plant cells from oxidative stress imposed by freezing injury; 
therefore, cold acclimation may involve an increase in the expression of antioxidant 
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enzymes. In a work carried out by Baek and Skinner (2003), quantitative RT-PCR 
was used to measure the expression levels of a wide range of antioxidant enzymes 
during cold acclimation in near-isogenic lines (NILs) of wheat, differing in the 
Vrn1-Fr1 chromosome region that conditions winter versus spring wheat growth 
habit. The expression levels of several antioxidant enzyme transcripts were induced 
(Mn-SOD, MDAR, t-APX, DHAR, GPX, and GR), suppressed (CAT), or remained 
relatively constant (FeSOD and Cu/Zn–SOD). The Vrn1-Fr1 region appeared to 
have a role in regulating the expression level of some of the antioxidant enzyme 
genes because CAT, t-APX and Mn-SOD transcripts were expressed at significantly 
higher levels in the winter wheat NIL than the spring wheat NIL after 4 weeks’ cold 
acclimation. More recently, Fortunato et al. (2010) performed the characterization 
of the antioxidant system of Coffea sp. genotypes with different cold acclimation 
abilities using an integrated biochemical and molecular approach. Cold-tolerant 
variety Icatu showed the greatest ability to control oxidative stress, as reflected by 
the enhancement of several antioxidant components (Cu/Zn–SOD and APX activities; 
ascorbate, a-tocopherol and chlorogenic acids contents) and lower reactive oxygen 
species contents (H

2
O

2
 and ·OH). Gene expression studies showed that GR and 

DHAR might also be involved in the cold acclimation ability of the cold-tolerant 
variety. The difference in the triggering of antioxidant components supports the 
hypothesis of their importance to cold tolerance in Coffea sp. and could provide a 
useful probe to identify tolerant genotypes.

5  Heat Stress

Although there have been several reports on oxidative stress and the response of 
antioxidant defence mechanisms in heat-stressed plants (Dat et al. 1998; Anderson 
and Padhye 2004), there have been fewer reports focusing on glutathione homeo-
stasis. Treatment of maize roots to heat shock temperatures of 40°C resulted in 
decrease of cysteine levels and increase in GSH levels (Nieto-Sotelo and Ho 1986). 
There was an increase in the GSH-synthesizing capacity in maize root cells, which 
was related to the cell’s capacity to cope with heat stress conditions. Accumulation 
of GSH has also been observed in heat-stressed tomato seedlings (Rivero et al. 
2004). In wheat, it was established that heat stress induced accumulation of GSH 
levels and increased the activity of the enzymes involved in GSH synthesis and the 
GSH/GSSG ratio (Kocsy et al. 2001). Heat stress increased GSH levels during 
grain development in the flag leaf of two wheat genotypes with contrasting behav-
ior under heat stress (Chauhan 2005). The GSH content was also higher in a heat-
tolerant cabbage genotype compared to a sensitive one after heat stress.

There is increasing evidence for considerable interlinking between ascorbate 
redox state-related responses and heat stress. In the study of Ma et al. (2008), 
the contents of total ascorbate, AsA, total glutathione and GSH in apple leaves was 
increased during imposition of high temperature (40°C) for 2 h. The high thermal 
activation of GR observed in apple leaves after exposure to 40°C suggests that GR also 
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play an important role in the adjustment of metabolism to high temperature. APX 
and GR play an important role in the protection of plants from high temperature 
stress by preventing the oxidation of enzymes and membranes (Almeselmani et al. 
2006). Furthermore, the study of Ma et al. (2008) demonstrated that, gene expression 
of APX, DHAR and GR in apple leaves in the high temperature (40°C) treatment was 
increased, compared with the control (28°C). In addition, cultivation of Arabidopsis 
plants at elevated but non-stress temperatures led to the increase of APX enzymatic 
activity and of foliar concentration of AsA (Panchuk et al. 2002). This suggests that 
the activation of AsA-dependent antioxidation system may be a pre-adaptive reaction 
to an enhanced production of ROS under severe heat stress. Song et al. (2005) 
stated in their study that the redox state of AsA is believed to play a pivotal role in 
influencing APX isoenzymes activities. Double Arabidopsis mutant tylapx and capx1 
mutant lacking thylakoid ascorbate peroxidase (tylapx) and cytosolic ascorbate per-
oxidase1 (capx1) showed enhanced tolerance to heat stress (Muller et al. 2007).

Not an extremely wide body of evidence exists linking the gene expression 
involved in the regulation of the plant’s response to heat stress with ascorbate–
glutathione redox states. Work by Larkindale et al. (2005) investigated the importance 
of different processes to heat stress tolerance. Plants tested were reactive oxygen 
metabolism mutants with lowered ascorbate levels (vtc1, vtc2), and these were 
more defective in basal (heating to 45°C) than acquired thermotolerance 
(pre-exposure to 38°C, followed by acclimation to room temperature and 
re-heating at 45°C), especially under high light. All mutants accumulated wild-type 
levels of heat shock protein 101 and small heat shock proteins, which are typical 
markers detected under stressful conditions.

6  Heavy Metal Stress

Heavy metal pollution of soils and waters is a major environmental problem. Some 
of the heavy metals are essential for the plant growth when they are present in normal 
levels; however, when they are present in excess, they cause toxic effects on plant 
growth, ultimately resulting in decreased yields or even plant death. Heavy metals 
are also known to induce free radicals in plants and, consequently, oxidative damage 
(Dietz et al. 1999).

Cadmium (Cd) is a non-redox metal unable to produce ROS via Fenton and/or 
Haber–Weiss reactions. However, several lines of evidence have revealed that 
oxidative stress is a major component of Cd phyto-toxicity (Piqueras et al. 1999; 
Sandalio et al. 2001; Romero-Puertas et al. 2004; Cho and Seo 2005; Hsu and Kao 
2007; Anjum et al. 2008a, b, c, d; Khan et al. 2009).

Phytochelatins (PCs) comprise one of the mechanisms involved in the chelation 
of heavy metals by a family of peptide ligands. Many trace metals in an environment 
are known to induce PC production by plants and Cd has been found to be the most 
effective inducer of phytochelatins (Nishikawa et al. 2006). Phytochelatins form a 
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family of peptides with a structure based on repetitions (2–11 times) of the g-Glu-Cys 
dipeptide followed by C-terminal glycine (Gly), and they are structurally related to 
glutathione (GSH), which is a substrate for their synthesis (Rauser 1995; Ha et al. 
1999; Clemens 2006). Thus, one of the mechanisms by which plants can withstand 
Cd toxicity is by maintaining high levels of phytochelatin or its precursor, GSH, 
which functions as a heavy metal ligand (Cánovas et al. 2004). Upon heavy metal 
exposure, GSH concentrations drop as a consequence of initiated PCs biosynthesis. 
This causes oxidative stress and in turn short-term toxicity (Schützendübel and 
Polle 2002; Nocito et al. 2006).

Cadmium was shown to induce a significant increase in the mRNA expression 
level of genes involved in GSH synthesis (gsh1 and gsh2) and phytochelatin 
synthase (pcs1) in leaves of Arabidopsis thaliana (Semane et al. 2007). The authors 
observed a significant decrease of reduced GSH in Cd-treated plants, while Cd 
treatment increased the accumulation of GSSG, keeping the GSH/GSSG ratio 
lower than in control plants. The accumulation of GSSG was accompanied by 
suppressed GR mRNA levels, while the activity of GR was significantly enhanced. 
In addition, the authors observed a general increase of ROS-scavenging enzymes 
such as APX, CAT or SOD, indicating that the plants respond to Cd stress by acti-
vation of the AsA–GSH defence network at both transcriptional and enzymatic 
level. Studies of transgenic Brassica juncea plants, in which the expression of the 
GSH biosynthetic pathway enzymes was increased, have shown that PC biosynthe-
sis and Cd tolerance have been correlated with over-expression of GSH (Zhu et al. 
1999). Zhang and Ge (2008) found a close relationship between Cd level and GSH 
content as well as GST activity, suggesting that these two parameters of antioxidant 
defence system may be used as biomarkers of Cd-induced stress. Accumulated 
evidence suggests that GR plays an important role in the detoxification of Cd-induced 
ROS, possibly via the ascorbate–glutathione cycle. Increased GR activity in the 
roots exposed to Cd was reported in plants, including Phaseolus vulgaris (Chaoui 
et al. 1997), potato (Stroinski et al. 1999), radish (Vitoria et al. 2001), soybean 
(Ferreira et al. 2002), sugarcane (Fornazier et al. 2002), Arabidopsis thaliana 
(Skorzynska-Polit et al. 2003, 2004) and alfalfa (Sobrino-Plata et al. 2009). 
Moreover, GR activity was enhanced in shoots and roots of alfalfa plants exposed 
to Cd (Sobrino-Plata et al. 2009).

Notably, apart from its involvement in PC biosynthesis, GSH may contribute 
in several other ways to heavy metal tolerance. It may sequester toxic metal ions 
in the cytosol, and such complexes may activate PC synthase, transfer metal ions 
to newly synthesized PCs, or transport them to the vacuole (Howden et al. 1995; 
May et al. 1998; Xiang et al. 2001). Interestingly, recent findings by Wojas et al. 
(2008) suggest that the ability of high rate PC synthesis in transgenic tobacco 
plants over-expressing an A. thaliana PC synthase is insufficient to cope with the 
metal load if the functionality of the antioxidant system is simultaneously ham-
pered. The authors demonstrated that transgenic plants were Cd-hypersensitive 
compared with wild-type plants, as manifested by strong depletion of GSH and 
higher oxidative stress.
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Ascorbate concentrations were elevated following Cd exposure indicating that 
this antioxidant compound is necessary for redox cellular homeostasis under Cd 
stress (Sobrino-Plata et al. 2009). When AsA biosynthesis was enhanced by feeding 
plants with its last biosynthetic precursor, l-galactono-g-lactone (GalL), Cd uptake 
was not affected (Paradiso et al. 2008). Chao et al. (2010) demonstrated that Cd 
toxicity of rice seedlings was accompanied by a decrease in the contents of AsA 
and AsA + DHA and in the ratios of AsA/DHA in leaves. Conversely, pre-treatment 
with AsA resulted in an increase in the contents of AsA and GSH, the ratios of 
AsA/DHA and GSH/ GSSG, and the activities of APX and GR in the leaves of rice 
seedlings, while several transcripts encoding APX and GR isoenzymes (OsAPX2-7 
and OsGR1) were induced in rice leaves following AsA pre-treatment. Moreover, 
Hatata and Abdel-Aal (2008) found that AsA was markedly decreased to a very low 
level at high concentration (100 mM) of Cd stress, with a corresponding increase in 
the level of reduced ascorbate (DHA) indicating that DHA content was signifi-
cantly enhanced probably through suppressed glutathione-dependent DHAR activity 
and/or due to a decrease in AsA synthesis. In addition, APX activity increased and 
a new basic root peroxidase isoform was found in Cd-treated alfalfa plants 
(Sobrino-Plata et al. 2009).

The role of AsA as an efficient scavenger for oxidative compounds is well-known 
(Polle and Rennenberg 1993). Furthermore, the effectiveness of AsA–GSH-
regenerating enzyme system comprising MDHAR, DHAR and GR, and the main-
tenance of AsA, DHA, GSH and GSSG pools may contribute to controlling 
Cd-caused oxidative stress in plants (Paradiso et al. 2008; Anjum et al. 2010). The 
cellular concentration of AsA is, in fact, determined by the rate of its synthesis and 
decay. DHA is rapidly hydrolyzed into 2,3-diketogulanic acid if not reduced by 
DHAR. Anjum et al. noticed an enhancement in DHAR activity in Cd-exposed 
plants which could not maintain the AsA pool. Hence, they suggested that AsA 
generated by DHAR was utilized by some other metabolic function(s). It is also 
important to mention here that parallel to enhancement in AsA-regenerating 
enzyme activities, the activity of APX, an H

2
O

2
 scavenging enzyme, consumes/uses 

AsA as a reductant (Willekens et al. 1995). Besides, Anjum et al. (2010) reported 
Cd-induced increase in DHA with a corresponding increase in MDHAR activity 
and confirmed that this metabolite was chiefly formed by enzymatic action and not 
by non-enzymatic disproportionation which is in coincidence with results of 
Paradiso et al. (2008). In addition, Anjum et al. (2010) reported Cd-induced 
decrease in GSH pool in Cd-treated moongbean cultivars and suggested that the 
depletion of GSH pool due to Cd stress in spite of higher GR activity may indicate the 
mechanism of antioxidant defense through enhanced oxidation of GSH to GSSG by 
DHAR thus yielding AsA which was later utilized by APX for the detoxification of 
H

2
O

2
. In fact, GSH functions as an antioxidant by scavenging ROS, resulting in the 

oxidation of GSH to GSSG. It is well-established that not only the pool of GSH but 
also GSH/GSSG ratio is important to maintain the redox status of the cell (May 
et al. 1998; Paradiso et al. 2008). In the study of Anjum et al. (2010), the pool of 
GSH and also the ratio of GSH/GSSG (more, mainly due to Cd-induced decline in 
GSH pool) were significantly reduced. Furthermore, the reduced GSH/GSSG redox 
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state of glutathione under Cd stress also indicated that maximum metabolic load was 
exerted to maintain redox buffer status of the cells, suggesting a leading role of 
GSH in an adaptive response to Cd stress and the maintenance of redox status in 
physiological conditions to a greater extent in Cd-tolerant moongbean cv. Pusa 
9531 than in Cd-susceptible cv. PS 16. Similar results have been reported earlier by 
Anjum et al. (2008a, c) in Brassica campestris and Vigna radiata.

Copper (Cu) is an essential micronutrient required by all living organisms. 
Nevertheless, the reactive nature of ionic Cu makes it a toxic metal if not properly 
handled by the cell. One of the main reasons for these disturbances is due to the 
generation of hydroxyl radicals by free copper, which readily oxidize disulfide 
bonds within proteins, destroying their secondary structure, and also causing  
catastrophic damage to lipids and nucleic acids (Hanna and Mason 1992). Like Cd, 
PCs were proved to play an important role in Cu toxicity. Cobbett and Goldsbrough 
(2002) found that Cu is also a strong activator of PC biosynthesis both in vivo and 
in vitro and can form stable complexes with PCs. However, GSH does not appear 
to be directly involved in Cu detoxification and tolerance in A. thaliana since its 
role as a substrate for PC synthesis in Cu-stressed plants is not fully deciphered 
(Wójcik et al. 2009). In earlier reports, a reduction in cellular GSH levels as well 
as GR activity was observed in plants exposed to toxic levels of Cu (Gallego et al. 
1996; Mazhoudi et al. 1997; Patra and Panda 1998; Tewari et al. 2006). In the study 
of Drazkiewicz et al. (2003), the GSH/GSSG ratio played an important role in a 
short-time exposure of plants to Cu (after 1 and 3 days) as well as GSH after 7 days. 
Though the concentration of total ascorbate increased with the increasing supply of 
Cu, the ratio of the redox couple (DHA/AsA) increased in Cu-deficient or 
Cu-excessive mulberry plants (Tewari et al. 2006). The latter authors conclude that 
the disturbed redox state of the cellular environment due to increased DHA/AsA 
ratio could have caused accelerated senescence and poor growth of the Cu-excess 
plants. In addition, proteomic analysis of Cu-treated Arabidopsis seedlings (Smith 
et al. 2004) revealed a regulatory role towards enzymes such as GSTs and GPx 
which contribute to the redox poise of the cell and, thus reflect the modified redox 
state of the cells induced by Cu.

Aluminium (Al) is a major constituent of soil and, consequently, plants often 
grow in soil environments in which the roots are potentially exposed to high con-
centrations of aluminium. The possible connection between Al toxicity and oxida-
tive stress had been previously suggested by Cakmak and Horst (1991) following 
the finding that the Al-induced inhibition of root elongation was correlated with 
enhanced lipid peroxidation. Oxidative stress is evidently involved in the develop-
ment of Al-induced toxic symptoms. Thus, Al-tolerant lines of wheat developed by 
in vitro microspore selection produced lower amounts of ROS in response to Al and 
grew better in comparison with the Al-sensitive genotype. The Al tolerance could 
tentatively be ascribed to the higher activity of GST observed in the tolerant lines 
(Darkó et al. 2004). Oxidative stress caused by Al toxicity is an early symptom that 
can trigger cellular redox state as well as root growth inhibition in Macaca 
(Al-sensitive) and SMIC148-A (Al-tolerant) potato clones (Tabaldi et al. 2009). 
Furthermore, the increased level of hydrogen peroxide in pumpkin (Cucurbita 
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pepo) roots treated with aluminium sulphate was matched by both increased APX 
activity and ascorbate free radical reductase (AFRR) activity, while DHAR and GR 
did not change (Dipierro et al. 2005). Sharma and Dubey (2007) stated that the 
enhanced activities of enzymes of ascorbate–glutathione cycle MDHAR, DHAR 
and GR observed in Al3+ stressed rice seedlings appear to be due to the need of 
maintaining a favourable redox state, by maintaining a sufficient amount of reduced 
ascorbate and reduced glutathione and to overcome the possible problems of oxida-
tion. Several approaches have been made in order to produce transgenic plants with 
an acquired tolerance to heavy metal stress including Al by manipulating gene 
expression levels of various antioxidant enzymes involved in the ascorbate–
glutathione cycle, as well as genes involved in phytochelatin biosynthesis (for a com-
prehensive review see Sharma and Dietz 2009). Basu et al. (2001) demonstrated 
the importance of oxidative stress in Al tolerance by producing transgenic oilseed 
rape plants over-expressing a mitochondrial bread wheat Mn-SOD. Transgenic 
plants showed 1.5–2.5-fold greater SOD activity than wild type plants, resulting in 
reduced malondialdehyde accumulation and overall growth inhibition in response 
to Al. Yin et al. (2010) investigated the role of MDAR and DHAR in AsA regen-
eration during Al stress using transgenic tobacco plants over-expressing Arabidopsis 
cytosolic MDHAR or DHAR. Transgenic DHAR-over-expressing (but not 
MDHAR-over-expressing) plants showed better root growth than wild type plants 
after exposure to toxic Al level accompanied by lower hydrogen peroxide content, 
less lipid peroxidation and lower level of oxidative DNA damage. Furthermore, 
DHAR-over-expressing plants maintained a higher AsA level both with and with-
out Al exposure when compared with wild type plants, in contrast with MDAR-
over-expressing plants which maintained a higher AsA level only without Al 
exposure. These findings allowed the authors to suggest that the over-expression 
of DHAR, but not of MDAR, confers Al tolerance, and that maintenance of a high 
AsA level is essential towards acquiring Al tolerance.

Although nickel (Ni) is an essential element for plants, it is strongly phytotoxic 
at high concentrations (Eskew et al. 1983; Eskew et al. 1984). Nickel tolerance and 
hyperaccumulation in Thlaspi species is linked to the constitutive ability to accumu-
late higher concentrations of GSH, Cys and O-acetyl-l-serine (Freeman et al. 2004). 
The elevated GSH concentrations in T. goesingense were driven by constitutively 
elevated activities of serine acetyl transferase (SAT), which provides the C skeleton 
for Cys synthesis. The causality was proven in a transgenic approach: the overpro-
duction of T. goesingense SAT in the non-accumulator A. thaliana led to the accu-
mulation of O-acetyl-l-serine, Cys and GSH and coincided with strongly enhanced 
resistance to Ni-induced growth inhibition and oxidative stress (Freeman et al. 
2004). On the other hand, the ascorbate recycling seems to be a mechanism of great 
importance in controlling the cellular redox state and the phenotypic performance of 
plants exposed to Ni. Exposure to 0.25 mM NiCl

2
 × 6H

2
O for 5 days resulted in 

toxicity symptoms, such as formation of reddish-brown mottled spots on the leaf 
blade in soybean seedlings (Saeidi-Sar et al. 2007). Exogenous addition of 1 mM 
AsA totally reversed these Ni-associated toxic symptoms. Also, the Ni-stressed 
seedlings exposed to AsA exhibited an improved growth as compared to Ni-treated 
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plants while AsA considerably reduced root-to-shoot translocation of Ni (Saeidi-Sar 
et al. 2007). Contrary to DHAR and GR, of which the activities were unaffected by 
Ni, MDHAR was stimulated by Ni treatment in maize (Zea mays cv. LG 23/01) 
plants; it appears, thus, that the regeneration of ascorbate was accomplished through 
an activation of MDHAR following toxic Ni exposure (Baccouch et al. 2001).

7  Light Stress

In the natural environment, plants are frequently exposed to fluctuating light inten-
sities and often absorb more light energy than can be consumed by photosynthetic 
metabolism and thus require that excess excitation energy be dissipated. Failure to 
dissipate excitation energy results in over-reduction of the photosynthetic chain 
components that direct linear electron flux from water to NADPH (Baker et al. 
2007). Part of the absorbed light energy is dissipated as heat in the light-harvesting 
complexes of photosystem II (PSII) through non-photochemical quenching (Müller 
et al. 2001). Additional dissipation of excitation energy is also achieved by photo-
chemical quenching (Baker et al. 2007) and reflects that action of processes such 
as the reduction of molecular oxygen at photosystem I by the Mehler reaction (Ort 
and Becker 2002). In this reaction, the photoreduction of molecular oxygen via PSI 
leads to the formation of O

2
·−, which in turn becomes rapidly dismutated to H

2
O

2
, 

either spontaneously or enzymatically via SOD; H
2
O

2
 is then converted into water 

by APX (‘water–water’ cycle; Asada 1999). A soluble APX (sAPX) is present in 
the chloroplastic stroma, whereas another APX (tAPX) is anchored to the thylakoid 
membrane via a C-terminal transmembrane domain, its catalytic site facing the 
stroma (Shigeoka et al. 2002; Ishikawa and Shigeoka 2008). In recent years, it has 
become apparent that APX function is a key element in controlling many aspects 
of light stress in plants. The expression of both Apx1 and Apx2, paralogous genes 
encoding cAPX in Arabidopsis, was found to be induced by H

2
O

2
 accumulation and 

redox changes in photosynthetic electron transport system through a plastoquinone 
pool within 15–30 min upon a low-light to high-light shift (Karpinski et al. 1997); 
this was found to be part of a systemic response to excess excitation energy 
(Karpinski et al. 1999), providing supporting evidence on the time frames in which 
acclimation responses occur. Studies were carried out using transgenic tobacco 
over-expressing tAPX or catalase in chloroplasts that showed a high degree of toler-
ance to photo-oxidative stress through a significant reduction in excess accumula-
tion of H

2
O

2
 (Miyagawa et al. 2000; Yabuta et al. 2002).

Recently, Maruta et al. (2010) demostrated that both chloroplastic APXs, but 
particularly tAPX, are important for photoprotection and gene regulation under 
photooxidative stress in Arabidopsis leaves. Additionally, the cAPX expression 
under light stress has been examined and the available data revealed that its regulation 
is directly associated with the heat shock transcription factors (HSFs). For example, 
transgenic Arabidopsis plants expressing a dominant-negative form of Hsf21 
(encoded by HSFA4a), which lacks an activation domain, showed inhibition of 
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APX1 mRNA accumulation under H
2
O

2
-producing light stress conditions (250 

mmol m−2 s−1) (Davletova et al. 2005). In view of the physiological significance of 
APX against oxidative stress, transgenic plants over-expressing APX isoenzymes 
have been generated to improve stress tolerance, as in the case of other antioxidant 
enzymes. For example, transgenic tobacco and Arabidopsis plants over-expressing 
tAPX in chloroplasts showed remarkable tolerance against photo-oxidative stress 
following exposure to strong light and paraquat treatment (Yabuta et al. 2002; 
Murgia et al. 2004).

On the basis of the evidence previously presented it is not suprising that light 
signals influence leaf ascorbate accumulation (Gatzek et al. 2002). Leaves exposed 
to light contain more ascorbate than leaves in the shade (Grace and Logan 1996), 
and ascorbate levels in the leaves show a diurnal rhythm (Dutilleul et al. 2003). The 
AsA pool size decreased, in apple leaves and fruit peel, after the whole trees were 
shaded with shade-net for 20 days (Li et al. 2009). Also, Mieda et al. (2004) 
reported that spinach leaves grown for 3 days under dark condition showed a 
significant decrease of the mRNA expression and enzyme activity of l-galactose 
dehydrogenase and l-galactono-1,4-lactone dehydrogenase. Bartoli et al. (2006) 
provided proof that through an interplay of light and respiratory controls, the regula-
tion of the activity of L-galactono-1,4-lactone dehydrogenase (L-GalLDH), an enzyme 
that catalyzes the last reaction of the AsA biosynthetic pathway, determines the extent 
of leaf AsA accumulation. Growth at low light has been found to lower the abun-
dance of transcripts encoding enzymes involved in AsA synthesis such as 
l-GalLDH and GDP-mannose pyrosphorylase (Tabata et al. 2002). Comparative 
proteomics analysis revealed differential accumulation of a number of thylakoid-
associated proteins between ascorbate-deficient mutant vtc2-2 and wild type 
Arabidopsis plants after transition to high light (1,000 µmol m−2 s−1). These proteins 
included Fe–SODs and Cu/Zn–SOD, HSP70, PsbS, and a chloroplast-localized 
glyoxalate I, all of which have been associated with stress–response functions. The 
differential accumulation of these proteins shows that the ascorbate deficiency does 
have a significance, albeit impacts on the chloroplast stress response under high light 
stress (Giacomelli et al. 2006). Furthermore, it was reported that Arabidopsis leaves 
grown under low-light condition also contained low activities of DHAR and 
MDHAR compared with those grown in high-light condition (Bartoli et al. 2006), 
further indicating that the rate of ascorbate turnover is tightly controlled by light 
conditions.

Findings by Chen and Gallie (2008) implicate the regulation of the plant’s 
response to high light by the ascorbate redox state following a genetic engineering 
approach. The authors constructed transgenic tobacco plants over-expressing and 
suppressing DHAR expression, thus leading to an increase and decrease of ascor-
bate redox state respectively. Suppression of DHAR expression resulted in reduced 
amounts of chlorophyll and xanthophyll pigments, quantum yield of photosystem 
II, and CO

2
 assimilation, whereas the level of reactive oxygen species increased. 

Significant photoinhibition was also observed following exposure to high light. 
Direct feeding with AsA reversed effects observed in DHAR-suppressed leaves. In 
contrast, DHAR over-expression increased the pool size of xanthophyll and 
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chlorophyll pigments as well as the rate of CO
2
 assimilation, particularly at high 

light intensities, whereas the level of reactive oxygen species was reduced. Leaves 
of DHAR over-expressing plants experienced less photoinhibition than wild-type 
plants following exposure to high light, indicating the protective role of enhanced 
DHAR activity during high light stress.

Although significant evidence points to a central role of glutathione redox state-
related responses in response to high light, the pattern of these responses is not uni-
form. Since the reduction of GSSG by GR is dependent on NADPH, which is mainly 
provided by the photosynthetic electron transport chain, a light-dependence of 
the GSH/GSSG ratio might be expected. Moreover, some studies reported a more 
reduced glutathione pool in the light, but in other cases the GSH pool became 
more reduced during a dark period (Tausz et al. 1999). Burritt and MacKenzie (2003) 
found that the pools of both glutathione and ascorbate in leaves of begonia plants 
grown under light were greater than those in shade. A different hypothesis concerning 
the role of light stress on GSH was addressed. For example, it was stated that GSSG 
might act as a molecule that inactivates light-modulated stromal enzymes such as 
fructose 1,6-bisphosphatase through an oxidation of their –SH groups (Alscher 1989; 
Vivekanandan and Edwards 1987). According to Baena-Gonzalez et al. (2001), high 
light intensity causes an elevation of the GSH/GSSG ratio, an effect that has as a 
consequence the inactivation of the plastid transcription kinase (PTK), an enzyme 
that was found to respond to changes in thiol/disulfide redox state mediated by glu-
tathione (Link et al. 1997), and this inactivation causes changes in the phosphoryla-
tion of RNA polymerase subunits leading to an elevation of transcriptional activity. 
Similarly, Ogrzewalla et al. (2002) reported on a redox-sensitive plastid kinase that 
associates with the transcriptional complex and links transcriptional activity of chlo-
roplast genes to the glutathione system (for excellent reviews on redox-regulated 
chloroplast gene expression in plants see Barnes and Mayfield 2003; Link 2003).

It is interesting to note that UV-B radiation was also shown to induce changes in 
glutathione metabolism and gene expression in pea plants (Kalbin et al. 1997). 
GSH and GSSG levels remained unchanged after exposure to the lowest UV-B dose 
rates; however, increased irradiation gave rise to 60- and 4.5-fold increases in 
GSSG and GSH respectively. Also, cab (Chlorophyll-a/b-binding protein) tran-
script levels decreased and CHS (chalcone synthase) and PAL (phenylalanine 
ammonia-lyase) transcript levels increased after shorter UV-B exposures to the 
higher dose rate of UV-B, and after exposure to an intermediate dose rate.

8  Low Oxygen Stress

Plants in the natural environment often experience limited oxygen availability due 
to transient or continuous flooding (reviewed by Drew 1997). Data on antioxidant 
levels and the activity of antioxidant-regenerating enzymes are somewhat contra-
dictory, as both increases and decreases in tissue antioxidant capacity have been 
reported. An investigation on MDHAR and DHAR activities, and AsA and GSH 
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contents in various species exposed to anoxia revealed an increase in MDHAR and/
or DHAR in the anoxia-tolerant plants (Wollenweber-Ratzer and Crawford 1994). 
GSH decreased significantly during the post-anoxic period, while AsA showed 
increased values in the tolerant species. Induction of enzymes involved in the 
ascorbate–glutathione cycle (APX, MDHAR, DHAR and GR) has been demon-
strated for anaerobically germinated rice seedlings and roots of wheat (Triticum 
aestivum) seedlings (Albrecht and Wiedenroth 1994; Ushimaru et al. 1997). Anoxia 
caused a significant inhibition of MDHAR, DHAR and GR activities (Biemelt et al. 
1998) whereas inhibition of GR and APX was observed in corn leaves under 
prolonged flooding (Yan et al. 1996). Recent data have shown that the leaf and root 
cell ascorbate/glutathione systems react differentially to changes in oxygen concen-
tration (Skutnik and Rychter 2009).

Immediately after the end of an anaerobic exposure, a rapid oxidation of ascorbate 
and glutathione pool took place in barley leaves, suggesting that these low-mass 
antioxidants are the “first line” of ROS detoxification under low oxygen stress 
(Skutnik and Rychter 2009). Conversely, ascorbate and glutathione pools became 
even more reduced in roots. Also, the imposition of anoxia and subsequent reoxy-
genation caused a decrease both in the content of ascorbate and in its reduction state 
in the roots of cereals and the rhizomes of Iris spp. (Blokhina et al. 2000). The 
highly reducing conditions prevailing under anoxia were also reflected in roots of 
wheat seedlings by increasing levels of AsA and GSH, leading to increased reduction 
states; however, the onset of re-aeration of plants caused enhanced oxidation of the 
reduced fractions, resulting in decreased AsA/DHA and GSH/GSSG ratios (Biemelt 
et al. 1998). Garnczarska (2005) observed increased content of total ascorbate in 
hydroponically grown lupine roots following oxygen stress, whereas total glutathi-
one level decreased. However, a significant increase in the reduced forms of both 
metabolites was found directly after hypoxia.

Hypoxia triggers the induction of multiple transcripts responsible for ROS 
formation and utilization (e.g. genes associated with ascorbate and glutathione 
metabolism). The production of ROS is an integral part of the response to anoxic/
hypoxic conditions which encompasses several levels of metabolic regulation to 
sustain redox signalling and to prevent oxidative damage. Major examples of 
mRNAs directly related to ROS handling and utilization include SOD, MDHAR, 
APX and several GSH-related enzymes involved in H

2
O

2
 detoxification. Modern 

microarray analyses have allowed the profiling of gene transcripts that are regulated 
by hypoxic conditions: Klok et al. (2002) showed that some peroxidases are down-
regulated in Arabidopsis root cultures, while Lasanthi-Kudahettige et al. (2007) 
demonstrated catalase to be suppressed or unaffected in anoxic rice coleoptiles 
under hypoxia. The authors went on to suggest that low catalase transcript abun-
dance acts as a signalling factor and is of paramount importance for H

2
O

2
 build-up. 

Further microarray-based analyses examining transient expression patterns revealed 
that these may also reflect a temporal necessity for ROS accumulation for signalling 
purposes. In particular, transcripts coding for APX were induced transiently in 
Arabidopsis as early as 0.5 h after low O

2
 treatment, followed by MDHAR and 

ATP4a peroxidase (Branco-Price et al. 2005; Liu et al. 2005).
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9  Ozone Stress

The air pollutant, ozone (O
3
), is a molecule that possesses the ability to cause 

extended tissue damage resulting in chlorosis, water-logging, premature loss of 
chlorophyll, leaf abscission, decrease of photosynthesis and accelerated senescence 
in asymptomatic leaves in a variety of plant species (Reich and Amundson 1985; 
Krupa and Manning 1988; Heath 1994; Heggestad 1991; Strohm et al. 1999). The 
ingress of ozone seems to depend on the number and size of stomata in different 
plant species (Conklin and Last 1995). Once ozone enters the stomata, it reacts 
instantaneously with the apoplastic cell structures and generates secondary oxyprod-
ucts like H

2
O

2
 and O

2
·− (Pell and Dann 1991; Rao 1992; Baier et al. 2005).

Several differences in the effects of ozone on ascorbate/glutathione-related anti-
oxidant mechanism have been reported in the literature for different species and 
also for the same species under treatment with different ozone concentrations. It has 
been suggested that changes in glutathione metabolism play a role in limiting damage 
to oxidative stress conditions induced by ozone (reviewed by Hausladen and 
Alscher 1993). In poplar, after an initial decline in GSH content, an overall increase 
in GSH, GSSG, and total glutathione content was observed in leaves in response 
to ozone fumigation (Sen Gupta et al. 1991). In an ozone sensitive cultivar of 
Phaseolus vulgaris, GSH levels were found to be lower than in the ozone-tolerant 
cultivars (Guri 1983), illustrating the importance of the capacity for reduction of the 
glutathione pool in ozone tolerance mechanism in plants. Futhermore, it has been 
shown that ozone exposure leads to up-regulation of sulphur assimilation in res-
ponse to decreases in GSH/GSSG, via activation of adenosine 5Ά-phosphosulphate 
reductase (Bick et al. 2001). On the other hand, Noctor et al. (1998) demonstrated 
that neither foliar glutathione accumulation nor the redox state of the GSH pool 
correlated with ozone sensitivity. The absence of an effect of GSH on ozone toler-
ance may be due to the compartmentalization of this antioxidant. Ozone enters the 
leaf through open stomata and produces ROS in the apoplastic fluid which therefore 
represents the first line of defence against ozone damage. In many plant species, 
however, the apoplast contains little or no glutathione (Polle et al. 1990). Therefore, 
increases in total foliar glutathione contents would be of little avail in improving 
defence against ozone. In this sense, it is proposed that increases in GSH synthesis 
or the GSH pool in the cytosol or chloroplast may not be sufficient for ozone stress 
tolerance, and enhanced tolerance may be achieved by increasing antioxidant 
capacity in the apoplast, which is likely to be the first target of ozone stress 
(Schützendübel and Polle 2002).

Available evidence suggests that increasing AsA levels via enhanced recycling 
has been implicated to be the first line of defence to ozone (Ranieri et al. 1999; 
Plochl et al. 2000; Ranieri et al. 2000, 2001; Moldau and Bichele 2002; Ranieri 
et al. 2003). In the work of Mahalingam et al. (2006) the inability of the ozone-
treated plants to increase their AsA content to a level that is seen in the control 
plants suggests that AsA regenerative systems are adversely affected by ozone or 
ozone-derived ROS. Low AsA decreases the threshold for sensing stress and can 
trigger cell death and systemic acquired resistance (SAR), as seen in AsA-deficient 
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mutants (Pastori et al. 2003; Foyer and Noctor 2005a). However, in others works it 
was suggested that apoplastic AsA alone could not explain differential ozone tolerance 
in Trifolium clones and soybean leaves (D’Haese et al. 2005; Cheng et al. 2007). In 
support to this hypothesis, Kollist et al. (2000) provide experimental evidence that 
the direct removal of O

3
 by apoplastic AsA is limited in various plant species 

because mesophyll cell walls are thin and the effective path length for the reaction 
is short. Padu et al. (2005) found that the cell wall/plasmalemma/cytosol system 
in birch (Betula pendula) had sufficient capacity to maintain AsA redox state in the 
apoplast, without necessity to restrict O

3
 uptake by stomatal closure. Finally, Nali 

et al (2004) found that the content of reduced glutathione, but not that of reduced 
ascorbate, was significantly increased in the ozone-treated (110 ppb O

3
, 5 h day−1) 

leaves of strawberry and phillyrea, thus making it unlikely for AsA to have an 
involvement in the differential O

3
-sensitivity exhibited by these species. Similarly, 

total ascorbate contents, APX, MDHAR and DHAR activities were not affected by 
acute ozone exposure (Noctor et al. 1998).

Several attempts have been made to produce transgenic plants tolerant to ozone 
stress by manipulating components of the AsA recycling pathway. The most common 
“target” for genetic engineering has been DHAR which is well-documented as a 
protective antioxidant (see previous chapters). Chen and Gallie (2005) carried out 
ozone exposure experiments with tobacco plants over-expressing DHAR which 
demonstrated increased endogenous levels of AsA. Interestingly, DHAR-over-
expressing plants had a lower oxidative load, a lower level of oxidative-related 
enzyme activities, and a higher level of photosynthetic activity following exposure 
to ozone compared with control plants. Conversely, reducing the size of the AsA 
pool size through suppression of DHAR expression had the opposite effect. Similar 
findings were reported by Eltayeb et al. (2006) who constructed DHAR-over-
expressing tobacco plants with higher levels of reduced AsA compared with 
non-transformed control and who observed enhanced tolerance to ozone in terms 
of higher net photosynthesis. The importance of apoplastic AsA for ozone tolerance 
was further supported by Yoshida et al. (2006) who characterized an Arabidopsis 
mutant with a deficient cytosolic DHAR. The mutant completely lacked cytosolic 
DHAR activity and demonstrated significantly lower amounts of apoplastic AsA, 
resulting in high ozone sensitivity. Notably, similar tolerance to ozone stress was 
observed following over-expression of MDHAR in transgenic tobacco plants, 
which exhibited higher levels of reduced AsA compared to non-transformed control 
plants (Eltayeb et al. 2007).

Ozone induced alteration of ascorbate/glutathione-related enzymatic anti-oxygenic 
activities as well as gene expression levels have been reported in various plants, 
indicating antioxidant systems linking to ozone tolerance (Creissen et al. 1994; 
Kangasjarvi et al. 1994; Willekens et al. 1994). Increase in GR activity during 
ozone stress was reported in pea (Madamanchi et al. 1992; Edwards et al. 1994), 
Spinacia oleracea (Tanaka et al. 1988), Triticum aestivum (Rao et al. 1995), and 
Arabidopsis thaliana (Kubo et al. 1995; Rao et al. 1996). Edwards et al. (1994) 
reported that ozone exposure induced two isoforms of GR in pea plants with no 
significant changes either in the GR protein or in the mRNA transcripts encoding 



28910 Involvement of AsA/DHA and GSH/GSSG Ratios in Gene and Protein Expression 

GR. Exposure to O
3
 caused a sharp decline in chloroplastic GR mRNA levels in 

both tobacco cv. Bel B and Bel W3, known for their differential sensitivity to ozone 
(Pasqualini et al. 2001). Additionally, it is reported that the increased expression of 
APX activity was observed in the ozone-exposed Arabidopsis, while other antioxidant 
enzymes, such as MDHAR, DHAR and GR, were unaffected (Kubo et al. 1995). 
Analogous gene expression patterns were observed following exposure of 
Arabidopsis thaliana plants to ozone, in which transcript levels of genes coding for 
cytosolic APX, Cu/ZnSOD and GST increased while FeSOD and GR were 
suppressed (Conklin and Last 1995). Interestingly, over-expression of APX in the 
chloroplast of transgenic tobacco plants did not protect them from ozone stress 
(Torgethausen et al. 1997). Furthermore Price et al. (1990) observed a marked 
increase in GST activity in barley tissues as a result of ozone fumigation that was 
correlated with increased lipid peroxidation. Moreover, the relatively large increase 
in GST mRNA levels observed in ozone-treated plants suggests that GST may be 
an appropriate gene for detailed studies on ozone-mediated gene activation (Price 
et al. 1990).

Ranieri et al. (2000) found an enhancement in the apoplastic and symplastic 
activity of APX in sunflower plants exposed to 150 nL L−1 of O

3
 (4 h day−1 for  

4 days), while stromal and thylakoid-bound chloroplastic APX activity was unaffected. 
PAGE analysis revealed different apoplastic and cytoplasmic APX isoenzyme patterns 
between control and O

3
-treated plants. Also, immunoreaction with a cytosolic APX 

antibody revealed stonger apoplastic and symplastic signal in the O
3
-treated plants 

than in the control ones (Ranieri et al. 2000). APX was linked with NC-R (resistant) 
white clover clones treated with ozone (60 ppb for 56 days, 5 h day−1) (Nali et al. 
2005). An early decrease in APX activity was observed in tomato genotypes 
exposed to O

3
, which, however, was recovered in the post-fumigation period. The 

activity of APX and MDHAR proved to increase in two clover species exposed to 
ozone (Scebba et al. 2003). Meanwhile, Sanmartin et al. (2003) showed that expression 
of cucumber ascorbate oxidase (AO) in the cell wall/apoplast of tobacco (Nicotiana 
tabacum L. cv. Xanthi) leaves resulted in the oxidation of apoplast AsA and shifts 
in the redox state of AsA and GSH, without affecting total AsA (AsA + DHA) and 
GSH (GSH + GSSG) contents. These effects were associated with an increased 
sensitivity of transformed lines to O

3
-induced oxidative stress and clearly reveal the 

role of AO in the regulation of AsA in redox signalling under ozone-induced oxidative 
stress (Sanmartin et al. 2003).

An alternative pathway of protection against ozone-induced damage is achieved 
with the activity of alternative oxidase (AOX). Plant mitochondrial AOX transfers 
electrons from the ubiquinione pool to oxygen without energy conservation and 
prevents the formation of ROS when the ubiquinone pool is over-reduced. Pasqualini 
et al. (2007) constructed transgenic tobacco plants presenting differing AOX 
activity levels. Exposure of plants to acute ozone fumigation resulted severe 
damage in transgenic plants with increased AOX activity, contrary to transgenic 
plants with reduced AOX activity which remained undamaged. Further molecular 
and enzymatic analyses revealed a differential response between wild type and 
transgenic plants with increased AOX activity, in which gene expression and 
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enzymatic activity profiles of GPX and APX were suppressed in the latter, suggesting 
that AOX over-expression leads to increased O

3
 sensitivity via disturbances of 

ascorbate/glutathione regulation.

10  Conclusions and Perspectives

In a constantly changing environment, the plant has to adapt primarily by quickly 
sensing all factors that could impose stressful conditions towards its function and 
development. It is therefore not surprising that a complex signalling system has 
evolved to provide protection against the many challenges of a harmful environment. 
This important role in orchestrating these diverse signalling pathways has been 
attributed to cellular redox regulation, which acts as a sensitive mechanism able to 
perceive even small changes in environmental conditions, and co-ordinate appropriate 
responses. Taking advantage of the latest advances in genomic, proteomic and tran-
scriptomic technologies, researchers are focusing on the production and use of 
transgenic plants with altered levels of AsA/GSH content as well as of antioxidant 
enzymes and other protective metabolites, leading to enhanced antioxidant protection 
and ultimately to increased agricultural productivity. On the basis of the up-to-date 
findings outlined in this chapter, it is safe to conclude that redox regulation and 
antioxidants are one of the most promising areas of research for several years to 
come.
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Abstract In plant physiology, low level of oxidative stress produces a favourable 
effect on the metabolism of a plant. However, when antioxydant defenses are over-
passed by the action of oxidative compounds it will produce metabolic alteration 
that would end in cell death. The increase of oxidative stress is conditioned by 
different types of abiotic (salinity, drought, heavy metal) and biotic (fungus and 
insects) stresses. The main objective of this chapter will be to evaluate the role of 
ascorbate–glutathione cycle in the defense mechanisms and antioxidant capacity in 
plants under different stress conditions, integrating non enzymatic (ascorbate and 
glutathione) and enzymatic pathways and its biomolecular regulation. This chapter 
will describe the integration of both non-enzymatic and enzymatic mechanisms 
specially those concerning with the regeneration of active compounds. Enzymatic 
pathway preserves the active form of ascorbate and glutathione. Furthemore, we 
will also describe the regulation of ascorbate-glutation cycle developed by alterated 
redox status, which can be produced produced by abiotic and biotic stress.

In addition, in the discussion we will emphasize the agronomic and genomic 
approaches on how to improve the plant tolerance against the biotic and abiotic 
stresses, so that a higher antioxidant level can be obtained, which will benefit the 
healthy quality of vegetable foods.
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1  Introduction

Reactive oxygen species (ROS) are partially reduced forms of atmospheric oxygen 
(O

2
) and they typically result from the transfer of one, two or three electrons to O

2
 

to form a superoxide radical (O
2
−), hydrogen peroxide (H

2
O

2
) or hydroxyl radical 

(HO−), respectively. In contrast to atmospheric oxygen, ROS are able of unre-
stricted oxidation of various cellular components and can lead to the oxidative 
destruction of cells (Mittler 2002). Under optimal conditions, the constitutive anti-
oxidants in plant cells control that basal production of ROS is maintaining their 
concentrations at levels compatible with the specific metabolic requirements of 
cellular comparments. However, in natural environments, plants are exposed to 
many abiotic and biotic stresses that cause an over-production of ROS leading to an 
imbalance between ROS production and defence mechanisms, a process referred to 
as oxidative stress (Kuzniak and Sklodowska 2005). This imbalance becomes a 
common trait of all environmental stresses and is regarded as the major cause of 
oxidative damage found in cells under stressful conditions. Since ROS are highly 
reactive and may cause oxidative damage to lipids, proteins, nucleic acids, and 
affect cell membrane properties, their accumulation may lead to the oxidative 
destruction cells. Therefore, plant tolerance to abiotic and biotic stresses has to be 
supported by an integraded non enzymatic and enzymatic antioxidant systems. 
This response assures the development of efficient ROS-scaveging mechanisms. This 
adaptation mechanism depends on the transduction signals and expression of genes 
associated to the enzymatic defence and levels of antioxidant molecules.

2  Production of Reactive Oxygen Species (ROS) in Plants  
by Abiotic and Biotic Stresses

It is well-known that oxidative stress is increased when plants are directly exposed to 
biotic and abiotic stresses, such as insect and pathogen attack, salinity, drought, high 
light irradiance, high or low temperature, ozone, wounding, flooding, herbicides, min-
eral nutrients deficiency or mineral ion toxicity (Kuzniak and Sklodowska 2005; Wang 
et al. 2009). However, plants are equipped with an array of non-enzymic scavengers 
and antioxidant enzymes acting in concert to alleviate cellular damage under oxidative 
stress conditions (Foyer and Noctor 2005a, b). Although oxygen is essential for life 
and is produced under normal growth conditions and their concentration remains low 
(Polle 2001), its reduction results in the production of ROS such as superoxide, H

2
O

2
 

and the hydroxyl radical that can easily perturb a variety of metabolic processes within 
a plant. The central role of redox regulation in plant networks contributes to this 
defence that is contributing to plant survival. There are several evidences that plants 
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with high levels of antioxidants either constitutive or induced, show greater tolerance 
to the oxidative damage caused by ROS. Antioxidants are classified by their mecha-
nism of action in (Gomez et al. 2007): (i) Primary antioxidants, which are able of 
stabilizing or deactivating free radicals by donating hydrogen or electrons to them 
before they attack cells (Kaliora et al. 2006), (ii) synergistic antioxidants, which are 
classified as oxygen scavengers and chelators (redox activity), (iii) secondary antioxi-
dants, which prevent oxidation by decomposing lipid peroxides into stable end prod-
ucts. For example, in tomato, the properties of carotenes (CARs), polyphenolic 
compounds, vitamins and powerful antioxidant capacity have been attracting much 
attention. According to Minoggio et al. (2003), antioxidant content and behaviour base 
is related with the cultivar and agronomic culture. Different cultivars of cherry tomato 
have shown exceptionally high lycopene (LYC) content and significant differences on 
beta-carotene, alpha-tocopherol, vitamin C (ascorbic acid and dehydroascorbic acid) 
(Raffo et al. 2006; Lenucci et al. 2006), total phenolic and flavonoid contents (Lenucci 
et al. 2006). Typically breeders are continuously improving their breeding lines, either 
by making new crosses with their own material or by using the cultivars of their com-
petitors, which is allowed by breeders’ law (Bai and Lindhout 2007). Vitamin C is the 
major non enzymatic antioxidant in plants, while glutathione (GSH), vitamin E, and 
CARs; polyamines and flavonoids also are at high concentration in stressed plants 
providing protection from free radical injury. Ascorbate–glutathione cycle is the major 
antioxidant pathway in plastids, where ROS are generated during normal biochemical 
processes that include photosynthetic transfer of electron and when stress occurs, they 
increase its levels several times. While increasing ROS they are acting as a key regula-
tor of the plant network antioxidant systems. Regulation of the contents of antioxidants 
and antioxidants enzymes constitutes an important mechanism for avoiding oxidative 
stress. Therefore, plant resistance to stresses is closely associated with the adequate 
functioning of the antioxidant system (Mittler 2002).

2.1  Biotic and Abiotic Stress

The effect of environmental conditions such as drought, salinity, heat, heavy metals and 
excess of light on plants are known as abiotic and biotic stresses. Drought and salinity 
are one of the major abiotic stresses affecting plant growth and productivity. 
Desertification and salinization are rapidly increasing on a global scale and currently 
affect more than 10% of arable land, which results in a decline of the average yields of 
major crops greater than 50% (Wang et al. 2009). Therefore, understanding the mecha-
nisms of plant tolerance to drought and high salinity is a crucial environmental research 
topic. Generally, exposure to drought or salt stresses triggers many common reactions 
in plants that lead to cellular dehydration with concomitant osmotic change, removal of 
water from cytoplasm into the extracellular space that result in a decrease of cytosolic 
and vacuolar volumes (Wang et al. 2009). Another consequence of drought and salinity 
stress in plant is the excessive generation of reactive oxygen species (ROS intermediates) 
such as superoxide, H

2
O

2
 and hydroxyl radical (Mittler 2002; Bartels and Sunkar 2005). 
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The excess of ROS production during drought and salinity stress results from impaired 
electron transport processes in chloroplast and mitochondria as well as from pathway 
such as photorespiration (Vaidyanathan et al 2003; Wang et al. 2009). The production 
of ROS which can damage DNA, proteins, chlorophyll and membrane function, is a 
by-product of oxidative metabolism in chloroplasts, mitochondria and peroxisomes. 
Under saline conditions, it is not surprising that oxidative stress is also an important 
component of the salinity damage to plants. Several researchers, working with different 
plant species demonstrate that enzymes change with salt stress, suggesting the resis-
tance to oxidative stress may, at least in part, be involved in salt stress tolerance 
(Mittova et al. 2002a; Azevedo Neto et al. 2006). For example, Chookhampaeng 
et al. (2008) observed enhanced activities of superoxide dismutase (SOD), ascorbate 
peroxidase (APX), catalase (CAT) and glutathione reductase (GR) to defend against the 
ROS. Mittova et al. (2002b) found in leaves of salt-stressed wild tomato (Lycopersicon 
pennellii), that the activity of APX was most enhanced (4.7 folds) and POD (1.9 folds). 
Harinasut et al. (2003) reported the enhanced activity of antioxidative enzymes (APX 
and SOD) in leaves of mulberry grown under salt stress (150 mM NaCl) conditions. 
Other environmental stress is the low and high temperatures which follow the same 
model described for salinity and drought. Although ROS were thought to be involved 
in light-associated chilling stress, molecular and biochemical evidence was presented 
to indicate that low temperature also imposes oxidative stress in dark-grown maize 
seedlings during chilling treatment (Prasad et al. 1994).

The model for insect and pathogen attack operates in different form. In this case, 
ROS play a central role in the defense of plants against pathogen attack. During this 
response by plant cells via the enhanced enzymatic activity of plasma-membrane-
bound peroxidases and amine oxidases in the apoplast (Hammond-Kosack and 
Jones 1996; Grant and Loake 2000). H

2
O

2
 produced during this response is thought 

to diffuse into cells and, together with salicylic acid (SA) and nitric oxide (NO) are 
able to active many of the plant defenses, including programmed cell death (PCD) 
(Dangl et al. 1996). Vadassery et al. (2009) observed that MDAR2 and DHAR5 
are crucial for producing sufficient ASC to maintain the interaction between 
Priformospora indica and Arabidopsis in a mutualistic state.

According to Mittler (2002), the role ROS play during PCD appears to be opposite 
to the role they play during abiotic stresses, during which ROS induced ROS-
scavening mechanisms such as APX and CAT that decrease the steady state level 
of ROS in cells. The differences in the function of ROS between abiotic and biotic 
stresses might result from action of NO and hormones such as SA.

3  Plant Defense Mechanisms: Role of Ascorbate–Glutathione 
Cycle

Redox alteration is induced by biotic and abiotic stresses (Wormuth et al. 2007) 
is accompanied by a oxidative burst mediated by NADPH oxidases (Mittler et al. 
2004) and a generation of H

2
O

2
 occurrs by the action of SOD on the superoxide 

radical at almost diffusion-limited rates to produce H
2
O

2
 (Scandalios 1997). Root 
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mitochondrias, like those of leaves (Moller 2001; del Rio et al. 2002) contain 
MnSOD (Malecka et al. 2001). H

2
O

2
 produced by SOD and some oxidases, is 

scavenged by peroxidases, especially APX, CAT and glutathione peroxidase 
(GPX). GPX is a key enzyme of antioxidant network in plants (Chang et al. 
2009). In tomato, Mittova et al. (2002a) reports an increased activity of total 
SOD, APX, monodehydroascorbate reductase (MDHAR), glutathione-S-trans-
ferase (GST), phospholipid hydroperoxide glutathione peroxidase (PHGPX) and 
several isoforms of non-specific peroxidases (POD) found in chloroplasts of salt-
treated wild tomato (Lycopersicon pennellii) plants. CAT activity has been 
reported in roots (Shalata et al. 2001), and it has been mainly found in leaf per-
oxisomes where it functions mainly removing H

2
O

2
 formed in photorespiration or in 

b-oxidation of fatty acids in the glyoxysomes (Dat et al. 2000) and in the process 
of oxidative stress. Kerdnaimongkol and Woodson (1999) observed that inhibi-
tion of CAT by antisense RNA increases susceptibility to oxidative stress in 
transgenic tomato plants, indicating an important role for CAT in oxidative 
stress defence system. However, Seong et al. (2007) showed enhanced resis-
tance to salinity and oxidative stress due to tomato plants overexpressing CaKR1. 
These overexpressed transgenic plants produced lower levels of free oxygen radi-
cals, such as O

2
− and H

2
O

2
.

3.1  Enzymes of the Ascorbate–Glutathione Cycle

The most important antioxidative enzymes of the ascorbate–glutathion cycle are a 
series of coupled redox reactions involving a set of four enzymes, ascorbate peroxidase 
(APX, EC 1.11.1.11), monodehydroascorbate reductase (MDHAR, EC 1.6.5.4), 
glutathione-dependent dehydroascorbate reductase (DHAR, EC 1.8.5.1), and gluta-
thione reductase (GR, EC 1.6.4.2) (Chew et al. 2003). This cycle is an important 
antioxidant protection system against H

2
O

2
 generated in different cell compart-

ments. Its occurrence has been reported in chloroplast, mitochondria, peroxisomes, 
and cytoplasm (Palma et al. 2006). This cycle operates mainly in chloroplasts of 
plants in order to remove the large amounts of H

2
O

2
 generated during photosyn-

thetic operations in the light through thylakoid electron transport chain components 
with electrochemical potentials capable of produce a direct reduction of O

2
 (Asada 

and Takahashi 1987). The specific activity of these enzymes in plastids and exten-
sive work on its operation clearly indicates that this is the major H

2
O

2
 metabolizing 

in these photosynthetic organelles (Noctor and Foyer 1998).

3.2  Non-enzymatic Compounds

The main non-enzymatic antioxidant molecules participating in the cycle are ascor-
bate and glutathione (Noctor and Foyer 1998; Halliwell and Gutteridge 2000). 
Vitamin C is one of the most extensively non enzymatic anti-oxidant compounds 
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studied and has been detected in the majority of plant cell types, organelles and 
apoplast (Smirnoff 2000; Borland et al. 2006). It is synthesized in the mitochondria 
and is transported to the other cell components through a proton electrochemical 
gradient or through facilitated diffusion. There is compelling genetic evidence that 
the biosynthesis of AsA proceeds via a d-mannose/l-galactose pathway and is the 
most significant source of AsA in plants (Ishikawa and Shigeoka 2008). Further, 
vitamin C also has been implicated in regulation of cell elongation (Yabuta et al. 
2004). Vitamin C concentration has been reported to increase with leaf age, being 
high when chloroplasts are fully developed and chlorophyll levels are highest. 
Although it has been determined that d-glucose is the precursor of vitamin C, the 
synthetic pathway has not been totally understood (Foyer and Noctor 2005a, b). 
Vitamin C has effects on many physiological processes including the regulation of 
growth, differentiation and metabolism of plants. A fundamental role of vitamin C 
in plant defence system is related with metabolic processes depleting H

2
O

2
 and 

other toxic derivatives of oxygen. Acting essentially as a reductant and scavenging 
many types of free radicals. AsA is a important reducing sustrate for H

2
O

2
 catabo-

lism in photosynthetic organism donating electron to reduce H
2
O

2
 to water with the 

generation of monodehydroascorbate (MDHA). Beside, reacts non-enzymatically 
with superoxide (O

2
−), H

2
O

2
, and singlet oxygen (1O

2
). Also particepates in the 

regeneration of the active form of tocopherol acting coordination with glutathione 
or participating in the synthesis of zeaxanthin in the xanthophyll cycle.

Therefore, vitamin C influences many enzyme activities, minimizing the oxidative 
damage through synergic function with other antioxidants (Foyer and Noctor 
2005a, b). In the ascorbate–glutathione cycle, two molecules of vitamin C are uti-
lized by APX to reduce each molecule of H

2
O

2
 to water (H

2
O) with concomitant 

generation of MDHA. MDHA is a radical with a short life time, rapidly trans-
formed into dehydroascorbate and ascorbic acid. The electron donor is usually 
NADPH and catalyzed by MDHAR or ferredoxin in water–water cycle in the chlo-
roplasts (Gapper and Dolan 2006). Vitamin C can also directly scavenge 1O

2
, super 

oxide (O
2
−) and HO− and regenerate tocopherol from tocopheroxyl radicals, thus 

providing membrane protection (Li and Jin 2007). Vitamin C also plays a role as a 
co-factor of violaxanthin de-epoxidase, thus sustaining dissipation of excess excita-
tion energy (Li and Jin 2007; Pourcel et al. 2007). Antioxidants such as vitamin C 
and GSH are envolved in the neutralization of secondary products of ROS reactions 
(Foyer and Noctor 2003; Shao et al. 2008).

Glutathione (GSH) is a tripeptide (a-glutamyl cysteinylglycine), detected virtually 
in all cell compartments such as cytosol, chloroplasts, endoplasmic reticulum, 
vacuoles and mitochondria (Millar et al. 2003), being the major source of non-
protein thiols in most plant cells. The chemical reactivity of the thiol group of GSH 
makes it particularly suitable to serve a broad range of biochemical functions in all 
organisms. The nucleophilic nature of the thiol group is also important in the 
formation of mercaptide bonds with metals and for reacting with selected electro-
philes. This reactivity along with the relative stability and high water solubility of 
GSH makes it an ideal biochemical to protect plants against stress including oxidative 
stress, heavy metals and certain exogenous and endogenous organic chemicals 
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(Millar et al. 2003; Foyer and Noctor 2005a, b). GSH takes part in the control of 
H

2
O

2
 levels (Foyer and Noctor 2005a, b). The change in the ratio of GSH to oxi-

dized (GSSG) form during the degradation of H
2
O

2
 is important in certain redox 

signalling pathways (Millar et al. 2003). It has been suggested that the GSH/GSSG 
ratio, indicative of the cellular redox balance, may be involved in ROS perception 
(Millar et al. 2003; Foyer and Noctor 2005a, b). A dual signalling mechanism 
involving GSH and reduced glutathione/oxidised glutathione (GSH/GSSG) ratio 
may operate as an intracellular signalling mechanism for the onset of DNA replica-
tion in response to stress and GSH also can be involved in transport of signals out 
of the cell (Russo et al. 2008). GSH acts as an antioxidant and is involved directly 
in the reduction of most active oxygen radicals generated due to stress, helping to 
withstand oxidative stress in transgenic lines of tobacco as reported by Foyer and 
Noctor (2005a, b). In response to added Cu to the roots a higher requirement for 
glutathione was observed to counteract ROS formation with and increasig GR 
activity in roots. Aerobic organism have veloped strategies to utilise differen bio-
logical signals that control various genetic stress responses (Russo et al. 2008).

4  Non-enzymatic and Enzymatic Integration in the Ascorbate 
and Glutathione Cycle

Antioxidant enzyme systems and non enzymatic antioxidative compounds are regu-
lated by ROS produced in the cells by means of a complex system which occur in 
different organelles which can also act harmonically. At least four enzymes of the 
scavenning system have targeted to both the chloroplasts and the mitochondria 
(Valero et al. 2009). There are the following enzymes:

4.1  Ascorbate Peroxidase and Monodehydrascorbate Reductase

Ascorbate peroxidase (APX) comprises a family of haemperoxidases isoenzymes 
located in several organelles. This enzyme catalyses the reduction of H

2
O

2
 to H

2
O 

and has high specifity and affinity for ascorbate (AsA) as reductant. APX uses two 
molecules of ASC to reduce H

2
O

2
 to H

2
O and production of two molecules of 

monodehydroascorbate (MDHA) (Table 1). APX have a much higher affinity for 
H

2
O

2
 than CAT. The high affinity of H

2
O

2
, in conjunction with findings of ascor-

bate-glutathion cycle in almost all cellular compartments, suggests that this cycle 
plays a crucial role in controlling the levels of ROS in these compartments. 
Additionally, APX migh also be responsible for the fine modulation of H

2
O

2
 for 

signaling. On the basis of its localization within the plant cell, different forms of 
APX have been found in chloroplast, cytosol, mitocondria, peroxisomes, glyoxy-
somes and apoplast (Shigeoka et al. 2002; Ashraf 2009). APX and MDHAR activi-
ties increased when sun exposed apple peels were studied (Ma and Cheng 2003).
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4.2  Dehydrascorbate Reductase and Glutathione Reductase

Dehydrascorbate reductase (DHAR) activity increased when sun exposed apple 
peels were studied (Ma and Cheng 2003). DHAR reduces DHA to ASC, using 
reduced glutathione (GSH) as the reducing substrate. This reaction generates 
reduced glutathione (GSSG), which is turn re-reduced to GSH by NADPH, a reac-
tion catalized by GR. The removal of H

2
O

2
 through the series reactions is known as 

ascorbate–glutathione cycle or Halliell–Asada pathway (McKersie 1994). ASC and 
GSH are not consumed in this pathway but participate in the cycle transfert of 
reducing equivalents, which permit the reduction of H

2
O

2
 to H

2
O, with NADPH as 

the donor of reducing equivalents (Table 1).

5  Metabolic Regulation of the Ascorbate–Glutathione Cycle

Modulation of the ROS-antioxidant interaction plays a part in many stresses, as 
well as other response to the environment, and in the regulation of plant develop-
ment. Although oxygen is essential for life and is produced under normal growth 
conditions and their concentration remains low (Polle 2001), its reduction results in 
the production of ROS such as H

2
O

2
, superoxide (O

2
−) and the hydroxyl radical 

(HO−) that can easily perturb a variety of metabolic processes within a plant. The 
central role of redox regulation in plant networks contributes to this defence that is 
contributing to plant survival. Mitochondria and chloroplast in addition to their 
action in the respiration of the plant and in the photosyntetic process are recognized 
as important sites for the generation, dispensation and removal of a number of 
intracellular signaling effects including H

2
O

2
. These compounds alters the redox 

status of the cell being the GSH/GSSG ratio the key signal that iniciates the trans-
duction signal to induce the metabolic regulation of different enzyme patways 
being the ascorbate–glutathione cycle the most important in to maintain a sustent-
able GSH/GSSG ratio. Thus, the rate at which H

2
O

2
 is emitted is considered as an 

important centinel of the plant function and modulator of the overall cellular redox 
environment.

Table 1 Major reactive oxygen species-scavenging enzymes of ascorbate-glutathione cycle, 
enzyme code and reactions catalyzed

Enzymatic antioxidants Enzyme code Reactions catalyzed

Ascorbate peroxidase (APX) EC 1.11.1.11 H
2
O

2
 + 2 ASC → 2H2O + 

2MDHA
Monodehydroascorbate reductase 

(MDHAR)
EC 1.6.5.4 NADPH + 2MDHA → ASC + 

NAD(P)+

Dehydroascorbate reductase (DHAR) EC 1.8.5.1 DHA + 2GSH → ASC + GSSG
Glutathione reductase (GR) EC 1.6.4.2 NADPH + GSSG → 2GSH + 

NAD(P)+
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5.1  Modulation of the Aascorbate–Glutathione Cycle

Signaling mediated by ROS involves heterotrimeric G-proteins (Joo et al. 2005) and 
protein phosphorylation regulated by MAP kinases and protein Tyr phophatase 
(Kovtun et al. 2000; Gupta and Luan 2003; Rentel et al. 2004; Foyer and Noctor 
2005a, b). The biochemical and structural basis of kinase pathway activation by 
ROS remains to be established in plants, but thiol oxidation likely plays a key 
role. The best-characterized redox signal transduction system in plants is the stromal 
ferredoxin–thioredoxin system, which functions in the regulation of photosynthetic 
carbon metabolism. Signal transmission involves disulfide–thiol conversion in target 
enzymes and is probably achieved by a light-induced decrease in the thioredoxin 
redox potential. Thiol groups are likely important in other types of redox signal 
transduction, including ROS sensing by receptor kinases, such as ETR1 (Desikan 
et al. 2005). Thiol-based regulation may be important in plant acclimation to envi-
ronmental changes, particularly where redox interactions play a key role in the 
orchestration of the abiotic stress response. Thermodynamics (redox potential of 
oxidizable thiols) and kinetics (ability to compete with the antioxidative system) are 
key considerations in assessing the functional importance of putative thiol based 
ROS sensor in plants. Recent studies have identified several components involved in 
the signal transduction pathway of plants that senses ROS. These include the mitoge-
activated protein (MAP) kinase kinase kinases AtANP1 and NtNPK1, and the MAP 
kinases AtMPK3/6 and Ntp46MAPK (Kovtun et al. 2000; Samuel et al. 2000). Loss 
of AtMPK6 renders Arabidopsis more susceptible to oxidative stress (Miles et al. 
2009). In addtion, calmodulin has been implicated in ROS signaling (Desikan et al. 
2001). A hypothetical model depicting some of the players involved in this pathway. 
H

2
O

2
 is sensed by a sensor that might be a two-component histidine kinase, as in 

yeast. Calmodulin and a MAP-kinase cascade are then activated, resulting in the 
activation or suppression of several transcription factors. These regulate the response 
of plants to oxidative stress (Desikan et al. 2001). This model is simplified and is 
likely to change as research advances our understanding of this pathway (Fig. 1).

Reactive oxygen species act as signals that mediate the systemic activation of 
gene expression in response to pathogen attack (Alvarez et al. 1998), wounding 
(Orozco-Cardenas and Ryan 1999) and high light (Mullineaux and Karpinski 
2002). They were suggested to act in conjunction with a compound that travels 
systemically and activates their production in distal parts of the plant, where they 
mediate the induction of gene expression (Orozco-Cardenas and Ryan 1999). The 
involvement of ROS in the regulation of stomatal closure (Pei et al. 2000) and in 
other cellular responses involving auxin (Kovtun et al. 2000). This might suggest 
that more signaling pathways involving ROS as inducers of systemic signals await 
discovery. It is unlikely that ROS can travel systemically because they are highly 
reactive and would be scavenged along the way by the many antioxidative mecha-
nisms and antioxidants present in the apoplast. However, it is possible that a wave 
of activity similar to the “oxidative burst” is activated in cells along the systemic 
path and in distal tissues, resulting in the accumulation of ROS. Future studies 
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using plants with altered levels of ROS-scavenging resolve this question. According 
to Foyer and Noctor (2005a, b), the current knowlege of redox controls in the apoplast 
and cytoplasm predicts that: (1) the plasma membrane is an important site for perception 
and transduction of environmental change through redox signals, (2) apoplastic redox 
changes facilitate interactions between receptor proteins containing oxidizable thiols 
that are sited in or near the membrane surface, (3) because the apoplastic redox 
gradient is present across the plasma membrane; this gradient triggers or elaborates 
membrane channel activity involving calcium release and aquaporin or peroxiporin 
function.

Reactive oxygen species is detected by cellular receptors or sensors. The regulation 
of gene expression by the different transcription factor results of various defence 
pathways, such as reactive oxygen intermediate scavenging and heat-shock 
proteins (HSPs), and in the suppression of some ROS-producing mechanisms and 
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Fig. 1 Enviromental stress factors, ROS production and the signal regulation of the ascorbate–
glutathione cycle
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photosynthesis. Furthermore, Chew et al. (2003) mentioned that many diverse 
functions may be linked by a single gene in the genome, which helps to coordinate 
the function and biogenesis of mitochondria and plastides without the need for 
additional pathways to facilitate intra-organellar communication (Larkin et al. 
2003; Strand et al. 2003). So if any independent regulation needs to occur it must 
be via a different mechanism at the level of protein import or post-translational 
modification. Diverses authors have discussed the need for signaling pathways to 
coordinate antioxidant defense in different cellular organelles in plants. But, it 
appears that at least in the context of the mitochondrial and the chloroplast 
ascorbate–glutathione cycle, this coordination occurs by dual targeting rather 
retrograde signaling.

5.2  Gene Expression of Ascorbate–Glutathione Cycle Enzymes

Eight types of genes encoding APX have been described in Arabidopsis (Table 2): 
three cytosolic (apx1, apx2, apx6), two chloroplastic (stromal, sapx; thylakoid, 
tapx), and three microsomal (apx3, apx4, apx5). Gene expression is conditioned by 
different enviromental stresses such as ozone, high light, extremes of temperatures, 
drought, heat stress and their interactions. Currently, APX activities increase along 
with activities of other antioxidant enzymes like CAT, SOD, and GR in response 

Table 2 Genes encoding the enzymes of arcobate glutathione cycle, its localization in the cell and 
on the chromosomes of Arabidopsis thaliana

Gene Enzyme Localization Chromosome Reference

apx1 APX1 cytosolic 1 Koussevitzky et al. 
2008

apx2 APX2 cytosolic 3 Rossel et al. 2006
apx3 APX3 microsomal 4 Navendra et al. 2006
apx4 APX4 microsomal 4 Schubert et al. 2002
apx5 APX5 microsomal 4 Chew et al. 2003
sapx6 sAPX stromal 4 Shigeoka et al. 2002
tapx tAPX thylakoid 1 Miller et al. 2007
mdar1 MDAR1a cytosolic 3 Eltayeb et al. 2007
mard4 MARD4 peroxisome 4 Eastmond 2007
atmdar2 ATMDAR2 peroxisome 5 Lisenbee et al. 2005
gr1 GR1 cytosolic 3 Xiang and Olivier 

1998
gr2 GR2 plastidic 3 Peltier et al. 2006
dhar1 DHAR1 - 1 Elter et al. 2007
dhar1 DHAR2 cytosolic 1 Yoshida et al. 2006
dhar2 DHAR3 chloroplast 5 Dixon et al. 2002
aMDAR (or MDHAR)
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to various environmental stress factors, suggesting that the components of 
ROS-scavenging are co-regulated (Shigeoka et al. 2002). Drought-resistant maize 
shows greater induction of APX activity than sensitive plants, in addition to a sig-
nificant increase in GR activity (Pastori and Trippi 1992). Koussevitzky et al. 
(2008) showed that Arabidopsis thaliana plants subjected to a combination of 
drought and heat stress, APX1 and mRNA accumulated during the stress combina-
tion. When exposed to heat stress combined with drought, on APX1-deficient 
mutant (apx1) accumulate more H

2
O

2
 and was significantly more sensitive to the 

stress combination than wild type. In contrast, mutants deficient in thylakoid or 
stromal/mitochondrial APXs were not more sensitive to the stress combination than 
apx1 or wild type. This author suggests that cytosolic APX1 plays a key rol in the 
acclimation of plants to a combination of drought and heat stress. The heat shock 
response, for example, can be completely inhibited by effective removal of H

2
O

2
 

because the expression of genes such as that encoding APX1 is modulated by ROS 
signals (Davletova et al. 2005). The analysis of the protein level and activity of 
APX indicates that when pea is recupering from drought stress is bing regulted by 
at level of protein synthesis.

Monodehydroascorbate reductase (MDHAR or MDAR) is crucial for ASC 
regeneration and esential for maintaining a reduced pool of AsA (Table 1). MDAR 
gene encodes a member of the monodehydroascorbate reductase gene family. For 
example, MDAR4 gene encodes a peroxisome membrane bound MDAR, which 
removes toxic H

2
O

2
 (Table 2). Transgenic plants overexpressing Arabidopsis thaliana 

MDAR gene (AtMDAR1) showed enhanced stress tolerance in term of significantly 
higher net photosynthesis rates under ozone, salt and osmotic stress and greater 
Photosystem II (PSII) effective quantum yield inder ozone and salt stresses (Eltayeb 
et al. 2007). In the same study, theses transgenic plants exhibited significantly 
lower H

2
O

2
 level when tested under salt stress.

Glutathione reductases (GR) are enzymes that catalyse the oxydised form of 
glutathione to reduced glutathione (GSH). GHS is synthesized in both the chloro-
plast and the cytosol of plant leaves, where it is maintained almost exclusively in 
the reduced form by the action of GR (Table 1). When GSH is oxidized as part of 
its antioxidant activity, it forms glutathione disulfide (GSSG), the oxidized form of 
GSH. The GRs reduce GSSG back to GSH by using reducing equivalent from 
NADPH. Two genes encoding GR have been identified in Arabidopsis thaliana; 
one gr 2, encodes a plastidic isoform, and the other, gr1, encodes a cytosolic enzyme 
(Xiang and Olivier 1998) (Table 2). Genes encoding GR have also described in 
others species such as Populus trichocarpa (Ptrc2) Ricinus communis (RCOM-
1020350), Nicotiana tabacum (gr), and Oryza sativa (Os02g0813500). Ding et al. 
(2009) studied the possible mechanisms of GR in protecting against oxidative 
stress in Nicotiana tabacum. These researchers obtained transgenic tabacco 
(Nicotiana tabacum) plants with 30–70% decreased GR activity by using a gene 
encoding tabacco chloroplastic GR for RNAi construct. Oxidative stress was 
induced by application of methyl viologen vivo on wild type and transgenic plants. 
This study demonstrated that transgenic plants exhibited enhanced sensitivity to 
oxidative stress in relation to wild type. Secenji et al. (2010) compared the 
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responses of two wheat (Triticum aestivum) genotypes, the drought-tolerant 
Plainsman V and the drought-sensitive Cappelle Desprez, to reduced amounts of 
irrigation water, they found differences in ascorbate metabolism: both ascorbate 
oxidation and transcription levels of enzymes processing ascorbate were changed. 
These authors found an up-regulated chloroplastic DHAR (chlDHAR) mRNA only 
in the sensitive Cappelle Desprez. However, increased expression levels of a cyto-
solic GR (cGR) and a chloroplastic GR (chlGR) were detected only in the tolerant 
Plainsman V. After 4 weeks of reduced irrigation, a significantly lower ascorbate/
dehydroascorbate ratio was detected in leaves of the sensitive Cappelle Desprez 
than in the tolerant Plainsman V. This study indicate that more robust transcription 
of ascorbate-based detoxification machinery may prevent an adverse shift of the 
cellular redox balance.

Dehydroascorbate reductase (DHAR) is a key component of the ascorbate recycling 
system. DHAR gene encodes members of the dehydroascorbate reductase gene 
family. Three functional DHAR genes are encoded in the Arabidopsis genome. 
DHAR1 gene (Table 2), critical for a mutualistic symbiosis between the host 
Arabidopsis and the root colonizing fungus Piriformospora indica. These genes are 
found in othes plant species such as Zea mays, Ricinus communis and Vitis vinifera. 
Yoshida et al. (2006) observed that in Arabidopsis normal plant, ozone exposure 
increased the expression of the cytosolic DHAR (cytDHAR) gene alone. However, 
in Arabidopsis mutant with a deficient cytDHAR, completely lacked cytDHAR 
activity, was highly ozone sensitive. The amounts of total ASC and GSH were simi-
lar in both lines, but the amount of apoplastic ascorbate in the mutant was 61.5% 
lower. This study showed that the apoplastic ascorbate, which is generated through 
the reduction of DHA by cytDHAR, is important for ozone tolerance.

6  Strategies to Improve the Antioxidant Levels in Crops

Antioxidant defence in context of photosynthesis is a condition sine qua non for 
plant survival and has been explored in many studies. Especially in the field, oxida-
tive damage is a major factor in limiting plant productivity. The detailed compari-
son of sensitive and tolerant genotypes and species, and a systematic understanding 
of antioxidant defense promise new ways for efficient breeding and targeted genetic 
engineering of plants with improved perfomance. These agronomical and biotech-
nological actions can increase cropped areas, thus increasing the ecological impor-
tance of these resistant crops.

Plants are directly exposed to abiotic stresses which are known to induce oxidative 
stress, being salinity the abiotic stress that has been studied most. This is due to the 
fact that vast area of the available land on the globe is affected by salinity 
(Ashraf 2009). The question arises as to how a plant controls and speeds up its rate 
of RSO production and ROS scavenging when it is exposed to a abiotic stress. This 
defence network is activated by a change in the cellular redox state which transmit 
the redox information into transcriptional regulation vitamin C is the major antioxidant 
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compound in plants, while GSH, vitamin E, and CARs; polyamines and flavonoids 
also provide protection from free radical injury. Ascorbate–glutathione cycle is 
the major antioxidant pathway in plastids, where ROS are generated during 
normal biochemical processes that include photosynthetic transfer of electron. 
The increase of the antioxidant compounds is an indicator of the healthy value of 
these crops. This can contribute to low the risk of non transmisible illness such as 
diabetes, obesity, cardiovascular desease, cancer. The increasing demand for natural 
antioxidants, in parallel with the introduction of new technologies to meet higher 
quality standards, justifies the search for new sources of natural antioxidants. 
Consequently, there is an increasing interest for the development of food crops with 
enhanced levels of antioxidants in vegetables such as tomatoes. This major crop is 
an excellent candidate because their fruit could increase its levels of antioxidants 
either by conventional plant breeding, by genetic manipulation (Fraser and Bramley 
2004) or by management practices. For example, in tomato several studies have 
demonstrated that plants submitted to salinity or water stress augment the fruit’s 
antioxidant capacity and widen its range of health benefit properties. Firstly, con-
ventional breeding has extensively contributed to the improvement of vegetable 
yields, quality, post-harvest conditions, and resistance to biotic and abiotic stresses. 
The art of vegetable breeding basically consists on identifying and combining the 
specific traits. For exemple, fresh tomato fruits are offered in a wide range of 
flavours, tastes, shapes and sizes, from the small cherry tomato to very large beef 
tomatoes. Current efforts in vegetable breeding are focused to discover and exploiting 
genes for the most important traits in plant germplasm (Bai and Lindhout 2007). 
Breeders commonly start their work from naturally occurring re-combinations to 
develop cultivars that combine favourable traits. New traits are rarely introduced 
from wild germplasm requiring many generations to remove the deleterious genes 
that go along with the introduced genes due to linkage drag. However, there are 
many constraints in conventional breeding, which can only be overcome by advance-
ments made in modern biotechnology. In the last decade various traits such as biotic 
stress resistance, quality and storage life have been successfully engineered into 
vegetable crops and some of them have been commercialized. Currently, agronomical 
research in vegetable is focused on identifying new varieties with high yield and 
fruits of good organoleptic quality and high antioxidant levels either as nutrients or 
non-nutrient chemicals. The incorporation of wild food plant varieties to improve 
the traditional process would be interesting to introduce desirable characteristics 
into a new variety, as the increasing of the antioxidant capacity of the plant. The 
selection of genotypes in vegetables and fruit trees such as tomato having high 
antioxidant capacity must be part of long term programmes directed to achieve this 
objective. Experiments with plant wild genotypes would be an advantage to unravel 
genes of resistance to high light, low or high temperature, drought and saline stress 
conditions. Secondly, over last years significant progress has been made to manipulate 
vegetable crops for abiotic stress tolerance, quality improvement and pharmaceutical 
and industrial applications. Although the progress in commercialization of transgenic 
vegetable crops has been relatively slow, transgenic vegetables engineered for 
nutraceutical and pharmaceutical use will contribute significantly to add value in 
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agriculture products in the near future (Dalal et al. 2006). Undoubtedly, during the 
last few decades, genetic engineering approach has gained a considerable ground 
because progress in terms of improving a trait in a crop could be achieved within 
the shortest possible time period. Furthermore, tolerance to a multitude of enviro-
mental stresses has been correlated well with enhanced activities of antioxidant 
genes provides an opportunity to develop plants with enhanced tolerance to abiotic 
and biotic stress. The improvement of saline and drought resistance in different 
plant species is possible through the genetically engineered overexpressions of 
specific enzymes. Such studies provide sound evidence that expression of antioxi-
dant componds could be used as a prospective criteria for breeding for salt toler-
ance indifferent crops (Ashraf 2009). Biotechnical manipulations have been used 
to adopt a transgenic approach generating plant transformants in which sequences 
encoding key biosynthetic enzymes, either alone or in combination, or encoding 
regulatory elements are ectopically expressed. For example, these approaches 
resulted in a number of modified tomato lines with increased levels of flavonols 
(Verhoeyen et al. 2002). Finally, in the last decade various traits such as biotic stress 
resistance, quality and storage life have been successfully engineered into vegetable 
crops and some of them have been commercialized. Although most consumers do not 
seem comfortable with genetic engineering, the idea of increasing health benefits 
in daily consumed vegetables is promising and alluring. As many of the health 
compounds belong to the plant defence system, controlled stress to plants will 
probably increase the concentration of desirable components (Krauss et al. 2006). 
For example, in the case of cropped tomato, it is expected that the effect of salinity 
on a reduction of productivity will be evident compared to wild tomato. Since fruit 
quality will be improved by increasing both the level of antioxidant compounds and 
the enzymatic activity of the antioxidant system, screening for salinity tolerant 
genotypes will be more efficient if physiological traits related to saline stress are 
identified.

On the other hand, large and increasing proportions of the world’s irrigated land 
are severely affected by drought and salinity. While the exact area affected is not 
known, it is estimated that approximately 25% of the world’s irrigated land is dam-
aged by salinization (Flowers and Flowers 2005). Naturally occurring salt-affected 
soils cover about a billion hectares; these areas, which are largely coastal salt 
marshes or inland deserts, are not as important to agriculture as the areas of secondary 
salinization brought about through irrigation and forest clearance. There is cur-
rently nearly 275 million hectares of irrigated land (273 Mha in 2001; http://apps.
fao.org, January 2004) of which about 20% is salt affected (Ghassemi et al. 1995); 
perhaps half of all irrigation schemes are subject to salinization. This is particularly 
unfortunate, since irrigated land is the most productive in world’s agriculture. 
Dry land salinity is also linked to rising water tables brought about by increased 
deep drainage of rainfall following forest clearance and a change from deep-rooted 
perennial plants to a shallow-rooted annual crop (Flowers and Flowers 2005). 
Climate change is expected to cause a net increase in the proportion of land classed 
as semi-arid and saline (Yeo 1998) by a rainfall reduction, as it would be existing 
in the northern of Chile or in the southern of Spain. While salt-affected soils occur 

http://apps.fao.org
http://apps.fao.org
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extensively under natural conditions, salt problems of greatest importance to 
agriculture arise when previously productive cultivated soil becomes salinized as a 
result of irrigation (so-called secondary salinization). Human activities have 
increased the extent of salt-affected areas considerably by the redistribution of water 
(hence salt) through irrigation. Another important factor to consider is the increasing 
of salinity as a result of the waste water from the big city, which contains high sales 
concentrations. Therefore, this proposal tries to unravel the response of the crop 
under different stresses, considering the importance of drought and saline soils, 
environmental tendencies and global climate change around the world.

Both traits yield and fruit quality (essentially health compound levels and sensory 
characteristics) are commonly opposite when stress conditions are applied and the 
same fact is observed in plant productivity. Consequently, it is necessary to study 
the yield stress conditions in order to obtain a less reduction on yield while main-
taining fruit quality and antioxidant levels. It is suggested that the research should 
be also focused on manipulation of environmental stresses according to plant 
responses and greenhouse environments providing a more precise and effective 
application of stress treatment such as water stress, salinity, solar radiation intensity 
among others stresses.
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Abstract Glutathione (GSH), the tripeptide (nonprotein) thiol (g-glutamyl cystei-
nyl glycine) and ascorbic acid (AsA, vitamin C) are the most prominent and worth 
functional low molecular weight soluble antioxidants in plant cells. Environmental 
fluctuations can lead the plants/crops to abiotic stress conditions. Thus a prompt 
and effective response, involving many genes and biochemical–molecular mecha-
nism to cope with these conditions is inevitable. In response to these stresses, 
the ratio of reduced glutathione (GSH) and oxidized form of glutathione (GSSG) 
tends to decrease due to the oxidation of GSH during the detoxification of reactive 
oxygen species and changes in its metabolism, which leads to the activation of 
various defence mechanisms through a redox signalling pathway, including several 
oxidants, antioxidants, and stress hormones. Glutathione along with AsA plays a 
pivotal role in protecting cell function. They detoxify H

2
O

2
 in the AsA–GSH cycle 

and are involved in cellular redox regulation and buffering. The ascorbate and 
glutathione (AsA/DHA and GSH/GSSG) redox pairs are often found to be coupled 
in plants favours net electron flow from reduced glutathione to dehydroascorbate 
(DHA). The antioxidation property of ascorbate and glutathione plays a key role 
in the redox signal transduction process. The plausible reasons could be: (a) signal 
transduction is influenced as ascorbate and glutathione regulate the cellular H

2
O

2
. 

(b) As these metabolites are responsible for regulating gene expression, so the 
compartment-specific variations in AsA/DHA and GSH/GSSG ratios may have 
substantial significance for redox signalling. The aim of present chapter is: firstly, 
to enlighten the pivotal role of AsA and GSH in plant metabolism and tolerance to 
abiotic stresses such as oxidative, drought, salinity, heat, and cold stress. Secondly, 
to emphasize the importance of identification and analysis of AsA–GSH genes 
responsible for multiple stress tolerance in plant species.
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1  Introduction

1.1  Glutathione

Glutathione (GSH) is a multifunctional metabolite present in all organisms. 
In plants it is present in the cytosol, plastids and mitochondria. GSH being one of 
the components of the AsA–GSH cycle, plays a pivotal role as antioxidant in 
prevention of cells against oxidative damage under different abiotic or biotic 
stresses by equilibrating the redox status (Noctor and Foyer 1998; Gullner and 
Kómíves 2001). It is depicted from the research studies that its concentration is in 
millimole in various plant tissues (Creissen et al. 1999; Meyer and Fricker 2002; 
Noctor et al. 2002).

Reactivity of GSH depends on the thiol (–SH) group, and hence glutathione and 
homo-glutathiones may not show significant differences in their redox chemistry 
(Hausladen and Alscher, 1993). GSH has an oxidation reduction potential of −0.23 
V that allows it to act as an effective electron acceptor and donor for numerous 
biological reactions (Xiang et al. 2001). The nucleophilic nature of the thiol group 
is also important in the formation of mercaptide bonds with metals and for reacting 
with select electrophiles (Xiang et al. 2001). This reactivity, along with the relative 
stability and high water solubility of GSH makes it an ideal bio-molecule to protect 
plants against environmental and biotic stresses.

1.1.1  Glutathione Synthesis

Cysteine and g-glutamyl cysteine (gEC) are the precursors of glutathione biosynthesis. 
Synthesis of GSH comprises of two ATP dependent steps, catalysed by g-glutamyl 
cysteine synthetase (g-ECS) and glutathione synthetase (GS). The sites for this reaction 
are both photosynthetic as well as non-photosynthetic tissues, i.e. chloroplasts and 
cytosol of plant cells (Noctor and Foyer 1998). The accumulation of GSH in plants 
depends upon the activity of g-ECS and the availability of cysteine (Noctor et al. 2002). 
Cystine, g-glutamylcystine (ESSE) and glutathione disulphide (GSSG) are the oxidised 
forms of these reduced compounds are also present in the cell. GSSG in the presence 
of a specific enzyme, glutathione reductase (GR, EC 1.6.4.2) and by using NADPH 
as electron donor regenerates the reduced form of GSH.

1.2  Ascorbate

Ascorbate (an ion of ascorbic acid) is required for a range of essential metabolic 
reactions in all animals and plants. The functions of ascorbic acid as a crucial 
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 antioxidant and ascorbate peroxidase (APX) are well documented (Nijs and Kelley 
1991; Buettner and Jurkiewicz 1996). Ascorbic acid, in addition to a significant role 
in photoprotection and the regulation of photosynthesis (Foyer and Harbinson 
1994; Forti and Elli 1995), also plays an important role in preserving the activities 
of enzymes that contain prosthetic transition metal ions (Padh 1990). Although 
ascorbate peroxidases (APX) and antioxidant property of ascorbate has well been 
documented, yet many other functions of ascorbate are to be explored. Recent 
research advances reveal the modification of gene transcription and plant behavior 
in response to environmental changes (Desikan et al. 2001; Neill et al. 2002) and 
the plausible reason is the fluctuations in the amount of ascorbate (Veljovic-
Jovanovic et al. 2001; Pastori et al. 2003). As a powerful secondary antioxidant, it 
reduces the oxidized form of a-tocopherol, hence links GSH to the dominant free 
radical scavenger in membranes (Padh 1990; Hess 1994).

Other functions are; the control of mitosis and cell growth (Bielawski and Joy 
1986), gene transcription and mediation of plant responses to the environment 
(Anderson et al. 1992; Beeor-Tzahar et al. 1995). Modifications in amount of ascor-
bate bring changes in gene expression (Bowler et al. 1992; Buettner and Jurkiewicz 
1996). Deficiency in ascorbate contents leads to changes in plant development 
through hormonal signaling pathways (Bowler et al. 1992). It also contributes in 
plant defense network by activating genes normally associated with pathogenesis 
resistance rather than antioxidative enzymes (Bowler et al. 1992).

1.2.1  Ascorbate Synthesis

All plants can synthesize ascorbic acid (AsA) (Burns 1957). In plants, ascorbate 
can accumulate to millimolar concentrations in both photosynthetic and non-
photosynthetic tissues (Foyer and Noctor 2005a). Of the total percentage of ascor-
bate, about 30–40% is present in the chloroplast and the concentration in stroma 
has been reported as high as 50 mM (Foyer and Noctor 2005a). Mature leaves con-
tain highest concentration of ascorbate, as the chloroplasts are fully developed and 
the chlorophyll level is highest. The site of its biosynthesis is the mitochondria, 
from where it is transported to the other cell components through a proton-electro-
chemical gradient or through facilitated diffusion. Although it has been determined 
that d-glucose is the precursor of Leaf-AA, the synthetic pathway has not been 
totally understood (Foyer and Noctor 2003, 2005b).

2  Cellular Redox Homeostasis and Signaling

Glutathione as the main thiol buffer having a tight co-operation with ascorbate, 
plays a central role in cellular redox regulation (Pastori and Foyer 2002; Foyer 
and Noctor 2003). GSH in its reduced and oxidised forms can act as signal-
transducing molecules to regulate cell cycle and cell growth (Potters et al. 2002). 
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Reactivity of GSH depends on the thiol (−SH) group (Hausladen and Alscher 
1993). Alteration in the GSH pool and its redox status could result in redox 
signals modulating gene expression, including antioxidant defence genes. Having 
oxidation reduction potential of −0.23 V, GSH acts as an effective electron acceptor 
and donor for numerous biological reactions. Thiol group is nucleophilic in 
nature and plays vital role in the formation of mercaptide bonds with metals and 
in reacting with selective electrophiles (Xiang et al. 2001). Reactivity of such 
nature, along with the relative stability and high water solubility, are the proper-
ties which make GSH an ideal bio-molecule to protect plants against abiotic and 
biotic stresses, including oxidative stress, heavy metals and certain exogenous 
and endogenous organic chemicals (Foyer and Noctor 2005a; Millar et al. 
2003).

Glutathione and AsA co-operation is the key for the cellular redox homeostasis 
in the antioxidative AsA–GSH cycle as well as in redox regulation of signalling 
pathways, gene expression and plant metabolism. Fundamental role of ascorbate 
and glutathione redox pairs coupling in plant responses to abiotic and biotic stress 
has been documented (Foyer and Noctor 2003).

3  Ascorbate–Glutathione Cycle

The AsA–GSH cycle is a metabolic pathway that detoxifies hydrogen peroxide 
(H

2
O

2
) generated during photosynthetic operations in the light through thyla-

koid electron transport chain components with electrochemical potentials 
capable of direct reduction of O

2
 (Noctor and Foyer 1998). In plants, this cycle 

operates in the cytosol, mitochondria, plastids and peroxisomes. (Jimenez et al. 
1998; Meyer 2009). Photosynthetic operation and broad spectrum of stress 
conditions are responsible for the induction of transcripts of the cytosolic and 
chloroplast enzymes of the Asc–glutathione cycle in plants (reviewed in Kiddle 
et al. 2003).

This cycle operates in chloroplasts of plants. Four enzymes, ascorbate peroxidase 
(APX), monodehydroascorbate reductase (MDHAR), glutathione-dependent dehy-
droascorbate reductase (DHAR), and glutathione reductase (GR) catalyze this cycle 
along with antioxidant metabolites including glutathione and ascorbate and NADPH. 
The specific activity and extensive functional operation of these enzymes in plastids 
illustrate its importance as a major H

2
O

2
 metabolizing pathway in these photosyn-

thetic organelles (Meyer 2009). The primary step of this cycle is the reduction of 
H

2
O

2
 to water by ascorbate peroxidase (APX), whereas ascorbate is used as the 

electron donor. This step yields to the monodehydroascorbate radical (MDHA). 
Being a radical, MDHA it can be converted (reduced) to Asc by MDHAR (Jimenez 
et al. 1998) or disproportionate to ascorbate and dehydroascorbate (DHA) non-
enzymatically. The reduction of dehydroascorbate to ascorbate by the enzyme 
DHAR is at expense of glutathione (GSH), results in the production of oxidized 
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glutathione (GSSG). The final step of this cycle is the reduction of GSSG by GR 
using NADPH as electron donor. Hence it can be concluded that ascorbate and 
glutathione are not consumed and the net electron flow is from NADPH to H

2
O

2
 

(Asada and Takahashi 1978).

4  Crop (Plant), Abiotic Stresses and Response  
of AsA–GSH Genes

4.1  General Stress Response

Ever since the start of plants or crops domestication, abiotic and biotic stresses 
proved to be a powerful force influencing the evolution of plant populations in 
the wild (Hoffmann and Parsons 1997), as well as a challenging factor limiting 
economic yield in commercially valuable species (Boyer 1982; Blum 1988), 
hence leads to dynamic scientific research studies in the field of crop sciences to 
understand and evolve a wide range of stress-resistance and tolerance mecha-
nisms in plants/crops (Singh et al. 2002; Mahalingam et al. 2003; Chen and Zhu 
2004; Bohnert et al. 2006). As these stresses bring modifications in the redox 
status of the cell, so the adaptability of a plant to cope with these stresses 
depends on its capability to respond to the increased oxidative load (Pastori and 
Foyer 2002). To evaluate the genetic response of plant species to the stress envi-
ronment, extensive studies from various aspects including; cellular physiology 
(Singh et al. 2002; Mahalingam et al. 2003; Chen and Zhu 2004), evolutionary 
biology (Hoffmann and Parsons 1991, 1997), and molecular biology and bio-
technology (Holmberg and Bülow 1998; Kasuga et al. 1999; Wang et al. 2003; 
Pellegrineschi et al. 2004; Denby and Gehring 2005; Vinocur and Altman 2005) 
have been carried out. The involvement of various genes in the complex plant 
response to abiotic stresses is well reviewed and grouped in three major catego-
ries by Wang et al. (2003) viz. (a) signaling cascades and transcriptional control 
genes, such as MyC, MAP kinases and SOS kinase (Shinozaki and Yamaguchi-
Shinozaki 1997; Munnik et al. 1999; Zhu 2001), phospholipases (Chapman 
1998; Frank et al. 2000), and transcriptional factors such as HSF, and the CBF/
DREB and ABF/ ABAE families (Stockinger et al. 1997; Schöffl et al. 1998; 
Choi et al. 2000, Shinozaki and Yamaguchi-Shinozaki 2000); (b) membranes 
and proteins protecting genes, such as heatshock proteins (Hsps) and chaper-
ones, late embryogenesis abundant (LEA) proteins (Vierling 1991; Ingram and 
Bartels 1996; Bray et al. 2000), osmoprotectants, and free-radical scavengers 
(Bohnert and Sheveleva 1998); (c) water and ion uptake and transport function-
ing genes such as aquaporins and ion transporters (Maurel 1997; Serrano et al. 
1999; Tyerman et al. 1999; Zimmermann and Sentenac 1999; Blumwald 2000). 
Among the abiotic stresses, drought, salinity, light, heat, pollutants and oxidative 
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alterations (lnzé and Van Montagu 1995) are the most fatal ones to plants life, 
accompanied by the formation of reactive oxygen species (ROS) such as O

2
, 

H
2
O

2
, and OH (Price et al. 1989; Moran et al. 1994; Mittler 2002).

4.1.1  Reactive Oxygen Species in Response to Abiotic Stresses

The most prominent outcomes of the studies on the response of plants to 
environmental stresses depicted that these stresses cause increase ROS levels in 
plants, and the resistance or susceptibility of the plant has been related to the 
proportion and functional efficiency of network of low molecular weight antioxidants, 
and ROS-scavenging enzymes (Karpinski et al. 1997; Asada 1999) produced inside 
plant body against these stresses. It is also reported that the accumulation of ROS in 
plants by themselves cause the activation of defence gene expression in response to 
biotic and abiotic stimuli/stresses (Karpinski et al. 1999; Grant and Loake 2000; 
Fryer et al. 2003; op den Camp et al. 2003). Enzymes (catalase, superoxide 
dismutase (SOD), ascorbate peroxidase (APX) and glutathione reductase) as well as 
non-enzyme molecules (ascorbate, glutathione, carotenoids, and anthocyanins) are 
important antioxidants for scavenging ROS. Some additional compounds, such as 
osmolytes, proteins (peroxiredoxin) and amphiphilic molecules (tocopherol) can 
also perform the same function (Bowler et al. 1992; Noctor and Foyer 1998). 
Among these antioxidant species, glutathione–ascorbate and their co-ordinate 
response at gene level can be elaborated as a crucial index for adaptive stress 
responses. Realizing the importance, glutathione has been traditionally used as a marker 
for various stresses (Navari-Izzo et al. 1997; Mittova et al. 2003a; Srivalli et al. 2003).

4.2  Drought Stress

During drought stress, enzymatic and non-enzymatic plant antioxidants under con-
tinuous oxidative conditions regulate the defence mechanism to counter the phe-
nomenon of oxidative stress in plants (Shao et al. 2007). In response to water stress, 
the availability of CO

2
 for carbon assimilation is also decreased as the stomata are 

closed, hence results in the non-availability of electron acceptor (NADP) leading to 
the generation of free radicals (Smirnoff 1993; Asada 2000; Sairam and Saxena 
2000; Reddy et al. 2004). Antioxidants such as ascorbic acid and glutathione are 
involved in the neutralization of secondary products of ROS reactions (Hare et al. 
1998; Foyer and Noctor 2003). Scientific research depicted that resistance of plant 
against drought can be related to accumulation of AsA and glutathione concentrations 
and enzymes related to these. AsA has the ability to protect or regenerating oxi-
dized carotenoids or tocopherols (Shao et al. 2005c, 2006). It has been reported that 
under drought stress significant increase in antioxidant AsA concentration in turf 
grass occurred (Shao et al. 2005a) while in contrary another study showed reduced 
AsA concentration under drought stress in maize and wheat, suggesting its vital 
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involvement in deciding the oxidative response (Shao et al. 2005b). Reviewing the 
work on glutathione elucidate that during drought stress, high levels of GSH are 
achieved through high activity of glutathione reductase (GR) (Gamble and Burke 
1984). However, this trend is not always the same. Another factor i.e. the GSH/
GSSG ratio is likely to be influenced by the duration and severity of stress and the 
plant species (Smirnoff 1993).

4.3  Salt Stress

Among the abiotic stresses, salinity also adversely affect the crop productivity, 
hence, is one of the most thought provoking factor for agro-biologist to cope with 
for enhancing crop productivity. Osmotic inhibition and ionic toxicity are the two 
major processes, which can affect the physiological and biochemical functions 
of the plant cell as a result of salt stress (Chinnusamy et al. 2005; Sumithra et al. 
2006). The response of plants to salinity stress is documented as mulitigenic in 
nature as the adaptation to high salt levels involves osmotic adjustment, toxic ions’ 
compartmentation and oxidative stress tolerance. Great similarities have been 
found in the symptoms caused by salinity and drought stress. Great fluctuations in 
the activity of GR concentration during salinity stress have been reported in vari-
ous crops, e.g., enhanced activity of GR was observed in foxtail millet (Sreenivasulu 
et al. 2000), in pea (Hernandez et al. 1993, 1995, 2000), cantaloupe (Fahmy et al. 
1998), citrus (Gueta-Dahan et al. 1997), soybean (Comba et al. 1998), rice (Dionisio-
Sese and Tobita 1998; Lin and Kao 2000; Vaidyanathan et al. 2003; Demiral and 
Turkan 2005; Tsai et al. 2005), Cicer arietinum (Kukreja et al. 2005), tomato 
(Shalata et al. 2001; Molina et al. 2002; Mittova et al. 2003b), Arabidopsis thali-
ana (Huang et al. 2005), wheat (Sairam et al. 2005), Vigna radiata (Sumithra et al. 
2006), Setaria italica (Sreenivasulu et al. 2000), and Helianthus annuus (Davenport 
et al. 2003). Compare to salt-tolerant transgenic over expressing a vacuolar Na+/
H+ antiporter, a threefold increase in glutathione and cysteine was recorded in wild 
type Brassica plants (Ruiz and Blumwald 2002). Formation of necrotic lesions in 
the minor veins of pea leaves was observed to be caused by salt-induced higher 
oxidative stress in the apoplasts (Hernández et al. 2001). Similarly, changes were 
also observed in the GSH/GSSH ratio under salt stress, i.e. decrease in GSH/
GSSH ratio and no GR activity in the apoplasts. Rice seedlings became more tol-
erant when the GSG/GSSG levels returned to normal values after an initial decline 
when exposed to continuous salt stress (Fadzilla et al. 1997). Glutathione peroxi-
dase (GPX) can reduce alkyl and lipid hydroperoxides to protect the cells from 
lipid peroxidation. Increase in the levels of GPX-1 and GPX-2 transcripts in 
Synechocystis PCC 6803 during salt stress highlighted their importance in protect-
ing the cellular machinery against oxidative damage (Gaber et al. 2004). The over 
expression of cDNA which encodes an enzyme with both glutathione S-transferase 
(GST) and GPX in transgenic tobacco plants resulted in improved seed germina-
tion and seedling growth under salt or low temperature stress (Roxas et al. 1997). 
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In addition to enhanced GST/GPX activities, higher level of GSH and AsA were 
also recorded in the transgenic seedlings when compared with wild-type plants 
(Roxas et al. 2000).

4.4  Photo-Oxidative Stress

Photo-oxidative stress can alter plants physiological functions by diminishing 
photosynthetic metabolism, increasing photo-reduction of molecular oxygen (O

2
), 

photorespiration, and driving away the excitation energy at photosystem II 
(Asada 1999; Ort and Baker 2002). GSH induces several defense genes (Dron 
et al. 1988; Wingate et al. 1988) and also regulates plastid gene transcription 
(Link et al. 1997). Ball et al (2004) reported two genes GSH1 (coding for plas-
tidial g-ECS) and GSH2 (a putative cytosolic glutathione synthetase), identified 
in Arabidopsis thaliana and many other plant species (Rawlins et al. 1995, 
Cobbett et al. 1998; Noctor et al. 2002). Fluctuations in the expression of GSH1 
in Arabidopsis resulted in the increased or decreased glutathione level (Cobbett 
et al. 1998; Xiang and Oliver 1998; Vernoux et al. 2000). Similarly under normal 
conditions ascorbate peroxidase2 (APX2), a vital component of encoding the 
antioxidant network, shows very low level of expression. In contrary, enhanced 
expression of gene in bundle sheath tissue can be observed under excess light or 
wounding, as it caused photo-oxidative stress (Karpinski et al. 1997, 1999; Fryer 
et al. 2003; Chang et al. 2004).

5  Conclusion

To make plants/crop species to reach their potential growth and productivity, adap-
tation to stress environment and enhanced tolerance mechanism are inevitable. 
Exploration of enzymatic, non-enzymatic compounds, structural and functional 
genes involve in the stress tolerance mechanism such as SODs having key role in 
antioxidant defenses is potentially of greater interest as they are involved in the 
synthesis and metabolism of AsA and GSH. Recent advances in technologies, 
especially in the field of molecular biology have enabled scientists to have a 
deeper understanding of the key roles of these components. Some worth achieve-
ments through induced tolerance by gene transformation has been obtained; 
however, lots of responsible genes and genetically complex mechanisms of abiotic 
stress tolerance with their potential detrimental side effects are yet to be explored. 
Emphasis should be given to target the detoxification pathways including the 
involvement of antioxidants such as GSH and AsA, to obtain plants with wide 
range stress tolerance traits. Further advancement is needed in research at molecular 
level to get better understanding of the GSH and AsA levels and their gene expression 
(enhanced or depressed) under abiotic stress environment.
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Abstract Within a plant cell, chloroplasts produce reactive oxygen species (ROS) 
at the highest rates. Singlet oxygen, superoxide anions and peroxides accumulate 
when the light intensity exceeds the capacity of the photosynthetic electron trans-
port chain and metabolic electron consumption. Embedded in the heterotrophic 
cell, chloroplasts have a high-potential antioxidant defense system. The enzymatic 
components link to and substitute non-enzymatic protection by ascorbate and 
glutathione. Recent analysis demonstrated that the expressional regulation of the 
enzymatic components of the chloroplast antioxidant defense system is widely 
independent from regulation of extracellular antioxidant enzymes. It includes 
specific transcriptional regulation by differentially regulated transcription fac-
tors, post-transcriptional regulation by alternative splicing, complementary RNA 
and microRNAs and regulated protein-import into chloroplasts. Most chloroplast 
antioxidant enzymes show a high background expression activity, while it is low 
for most cytosolic components. Instead of the strong induction kinetic reported for 
cytosolic APx1 and APx2, most genes for chloroplast enzymes are two-direction-
ally regulated in response to environmental signals. In this review an overview over 
the present state of knowledge on regulation of genes for chloroplast and extra-
plastid antioxidant enzymes is provided based on the detailed analysis of model 
genes and comparison of transcriptome data.
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1  Reactive Oxygen in Plants

Plants produce reactive oxygen species in high amounts when exposed to stress-full 
conditions or developmental stages such as pathogen attack (Yakimova et al. 
2009), at the onset of apoptosis (Gao et al. 2008), early seedling development 
(Pena-Ahumada et al. 2006) and senescence (Bhattacharjee 2005). Besides these 
extreme ROS-accumulating stages, plant cells and, especially mesophyll cells, are 
constantly exposed to low doses of reactive oxygen species (ROS). ROS are generated 
in the environment and in metabolic reactions. In the light, especially in UV-light, 
highly reactive ozone accumulates in the atmosphere (Vaida 2005), enters plants 
via the stomata, react with the plant surfaces and induce secondary redox-reac-
tions (Kangasjarvi et al. 2005). In addition, plant cells produce ROS in the apo-
plasm in response to environmental stimuli, such as pathogens, and in response to 
developmental signals. Activation of apoplast peroxidases (Murakami et al. 2007) 
and plasmamembrane NADPH oxidase (Torres et al. 2005) results in peroxides and 
superoxide anions. These ROS can accumulate locally to millimolar concentra-
tions. They are antipathogenic and support hardening of cell walls by stimulating 
radical induced polymerization of phenolics (Zarra et al. 1999).

Inside cells, photorespiratorily generated H
2
O

2
 can escape from peroxisomes 

(Queval et al. 2007). Furthermore, H
2
O

2
 is produced in many enzyme reactions, such 

as sulfide and polyamine oxidation (Cona et al. 2003; Hansch et al. 2006). Chloroplasts 
generate superoxide (O

2
−), singlet oxygen (1O

2
) and H

2
O

2
 to a much greater extent by 

uncontrolled energy and electron transfer from the photosynthetic electron transport 
chain to oxygen (Foyer et al. 1994; Baker et al. 2000).

In principle, all aerobic organisms face oxidative stress by exogenous and 
endogenous ROS. In plants, compared to other organisms, the risks for ROS 
intoxication is dramatically increased due to photosynthesis: (i) In thylakoid mem-
branes, photosensitive chlorophylls are densely packed. When excited by light, they 
can transfer excitation energy to oxygen. In this reaction singlet oxygen (1O

2
) is 

formed. 1O
2
 can take up electrons more easily than triplet oxygen and, conse-

quently, is highly reactive with many biomolecules. In presence of water, singlet 
oxygen leads to formation of hydroxyl radicals and superoxide ions (Elstner 1990). 
(ii) Reduced photosystem I is the most electronegative biological compound (Gou 
et al. 2006). With its redox potential of −354 to −403 mV it can reduce almost all 
biomolecules, including oxygen (Gou et al. 2006). The generated superoxide 
anions (Mehler 1951; Asada 2000) are still active enough to react with most 
biomolecules, including lipids and amino acids (Elstner 1990). Alternatively, it 
spontaneously and enzymatically disproportionates into oxygen and H

2
O

2
 in water. 

Finally, even H
2
O

2
 is still sufficiently reactive to peroxidize, epoxidize or oxidize 

metabolites and structural components of the cell (Baier and Dietz 1999).
Asada (2000) estimated that in higher plants 20–30% of the electrons trans-

ported in the photosynthetic electron transport chain are consumed by ROS 
turn-over. Under unfavorable environmental conditions, such as high light, low 
and high temperatures, wounding and in response to pathogen attacks, the rela-
tive ratio of electron consumption can dramatically increase. Under severe 
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stress, even up to 100% of electrons transported in the photosynthetic electron 
transport chain can be lost to ROS formation and subsequent detoxification of 
superoxide radicals, singlet oxygen and hydrogen peroxide (Asada 2000).

2  Complexity of the Chloroplast and Extra-plastidic 
Antioxidant Systems

2.1  Complexity and Subcellular Localization of the Antioxidant 
System

To protect cells from the destructive potential of oxidative stress, all cellular 
 compartments are equipped with low molecular weight antioxidants and antioxidant 
enzymes. Various components are connected in respect of redox control. In all  cellular 
compartments, they form combinatorial redox-sensitive antioxidant networks.

The chloroplast antioxidant system controls the cellular redox poise. A recent 
study (Robert et al. 2009) demonstrated that accumulation of even apoplast superoxides 
is regulated by chloroplast redox signals. Redox imbalances are propagated over the 
chloroplast envelopes to the plasma membrane, where ROS-generation is activated. 
Vice versa, the chloroplast H

2
O

2
 detoxification system collapses if the cytosolic 

peroxidase capacity is limited (Pnueli et al. 2003; Mittler et al. 2006). These examples 
demonstrate that the compartment-specific defense systems are closely regulated.

Antioxidants control the propagation of redox imbalances within and between 
compartments. According to Halliwell (1994), all metabolites which can protect 
others from oxidation are antioxidants. In this series of reviews, special focus is 
given to ascorbate and glutathione, which are the major low molecular weight anti-
oxidants in plants (Noctor and Foyer 1998). They accumulate up to millimolar 
concentrations inside cells (Baier et al. 2000). Under most developmental and envi-
ronmental conditions their redox state is by 95–97% reduced (Baier et al. 2000). 
During development (Pena-Ahumada et al. 2006) and upon stress (Noctor and 
Foyer 1998) the redox state shifts to more oxidized values, if the enzymatic antioxi-
dant regeneration system is overwhelmed.

Antioxidant enzymes, such as ascorbate and glutathione peroxidases (Eshdat 
et al. 1997; Asada 2000), accelerate the cellular redox poise control by catalyzing 
ascorbate and glutathione/thioredoxin-dependent ROS detoxification (Raven et al. 
2004; Navrot et al. 2006). In parallel, peroxiredoxins reduce H

2
O

2
 and alkyl 

hydroperoxides to H
2
O and alkyl alcohols. These antioxidant enzymes (Baier and 

Dietz 1996; Stacy et al. 1996; Horling et al. 2002) act either by an intramolecular or, 
like glutathione peroxidases, by an intermolecular thiol–disulfide mechanism (Dietz 
et al. 2002). Peroxide detoxification takes place at a conserved, catalytic cysteine 
residue (König et al. 2003). In contrast, ascorbate peroxidases and catalases coordi-
nate a heme prosthetic group in the active site (Hiner et al. 2002). The redox state of 
the central iron ion controls the reactivity with peroxides. In the first reaction step of 
ascorbate peroxidases and catalases, H

2
O

2
 interacts with the Fe-centre. By oxidation, 
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an oxyferryl iron is formed. Subsequently, the catalytic site is regenerated by reac-
tion with a second H

2
O

2
 and release of H

2
O and O

2
 in catalases (Fita and Rossmann 

1985). In ascorbate peroxidases, regeneration of the Fe-centre takes place by reac-
tion with two molecules of ascorbate, which are  oxidized to monodehydroascorbate 
(Miyake and Asada 1996). Cyanobacteria and fungi express hybrid enzymes having 
both ascorbate peroxidase and catalase functions (Obinger et al. 1999; Passardi et al. 
2007). In higher plants, the heme-enzymes are mono-functional and, thus, have 
either catalase or peroxidase activity (Passardi et al. 2007).

The antioxidant enzymes and enzymes involved in biosynthesis of ascor-
bate and glutathione are all nuclear encoded, irrespective of their subcellular 
 localization. Translation and protein sorting takes place in the cytosol. The 
organellar isoforms are targeted to chloroplasts and mitochondria by 
N-terminal targeting signals in most plants (Baier and Dietz 1997; Jespersen 
et al. 1997). Sorting of microsomal and apoplastic proteins is translationally 
regulated at the rough endoplasmatic reticulum and depends on intrinsic pep-
tide signals and intracellular vesicle trafficking (Jürgens 2004). In addition 
the isoenzymes are distributed between membranes and soluble compartments 
by  transmembrane anchors or membrane attachment (Jespersen et al. 1997; 
König et al. 2002).

The antioxidant enzymes most directly linked to ascorbate and glutathione path-
ways are ascorbate peroxidases (APx; E.C. 1.11.1.11), glutathione peroxidases 
(GPx; E.C. 1.11.1.9 and E.C. 1.11.1.12), peroxiredoxins (1CP, 2CP, PrxII and 
PrxQ; E.C. 1.11.1.15), glutathione reductases (GR; E.C. 1.8.1.7) and mono- and 
dehydroascorbate reductases (MDHAR and DHAR; E.C. 1.6.5.4 and 1.8.5.1)). 
Together with the other antioxidant enzymes, such as superoxide dismutases 
(FeSOD/Fsd, MnSOD/Msd and CuZnSOD/Csd; E.C. 1.15.1.1) and catalase (Cat; 
E.C. 1.11.1.6) they influence the redox-poise of ascorbate and glutathione (Aono 
et al. 1997; Baier et al. 2000; Chen et al. 2003; Kangasjarvi et al. 2008). Their 
 cellular distribution is summarized in Table 1.

Table 1 Cellular localization of antioxidant enzymes in higher plants

Cytosol Chloroplast Mitochondria Microbodies Apoplasm Nucleus

APx x x x x x
GPx x x x x
MDHAR x x x x x
DHAR x x x
GR x x
1CP x
2CP x
PRXII x x x
PrxQ x
FeSOD x
MnSOD x
CuZnSOD x x x
Cat x



34113 Regulation of Genes Encoding Chloroplast Antioxidant Enzymes 

2.2  Isoenzyme Patterns and Subcellular Localization

2.2.1  Ascorbate Peroxidases

Ascorbate peroxidases (APx) are the most efficient peroxidases in plant cells with, 
e.g. v

max
-values of 23.4±4.2 mmol H

2
O

2
 min−1 mg protein−1 (Lu et al. 2009). Based 

on interspecies sequence comparisons, organellar ascorbate peroxidases are 
supposed to have evolved from the same single ancestor gene as catalase-peroxidases. 
The ancestral gene already existed prior to separation of archea and eubacteria 
(Zamocky et al. 2000). In plants, APx diversified into organellar, microbody/
apoplastic and cytosolic ascorbate peroxidases (Passardi et al. 2007). Due to a 
specific protein loop close to the heme binding site, chloroplast APx are more 
sensitive to inactivation by H

2
O

2
 and, therefore, prone to inactivation upon oxida-

tive stress (Kitajima 2008) while the cytosolic isoforms are more stable under 
oxidative stress.

Recent bioinformatic comparison of the amino acid sequences of APx from various 
plants and exon-intron structures in the chlorophytic green algae Chlamydomonas 
reinhardtii, the moss Physcomitrella patens, the lycophyte Selaginella moellendorffii 
and the seed plant Arabidopsis thaliana (N.T. Pitsch, B. Witsch, M. Baier (2010) 
submitted) revealed that organellar and extra-organellar APx may have separated 
early in plant evolution. We concluded that the ancestral gene of organellar APx 
duplicated creating genes encoding stromal and thylakoid-bound isoforms prior to 
separation of lycophytes and seed plants (N.T. Pitsch, B. Witsch, M. Baier (2010)  
submitted). In some plants, APx genes were secondarily lost during evolution or 
further amplified in specific plant lineages. Studies with Arabidopsis knockout 
lines demonstrated that plants can survive loss of sAPx or tAPx under moderate 
environmental stress conditions (Kangasjarvi et al. 2008). However, limitations 
in ascorbate peroxidase capacity can be assumed to be limiting under natural condi-
tions. In some plants, such as tobacco, spinach and pumpkin, the APx protection 
system has been stabilized by alternative splicing (Jespersen et al. 1997; Mano et al. 
1997; Yoshimura et al. 1999). In Physcomitrella patens, loss of the ancestral APx 
gene was stabilized by evolutionary adaptation of a novel APx gene of retrotrans-
posonal origin (N.T. Pitsch, B. Witsch, M. Baier (2010) submitted).

2.2.2  Peroxiredoxins

Peroxiredoxins are non-heme peroxidases. Plants, like animals, fungi and many 
prokaryotes, encode four types of peroxiredoxins: 1-Cys peroxiredoxins (1CP; 
At1g48130), 2-Cys peroxiredoxins (2CP; At3g11630 and At5g06290), type-II-
peroxiredoxins (Prx-II; At1g65990; At1g65980; At1g65970; At1g60740; 
At3g52960; At3g06050) and atypical peroxiredoxins, designated peroxiredoxin-Q 
(PrxQ; At3g26060). 1-Cys peroxiredoxins are nuclear proteins (Chew et al. 2003). 
2-Cys peroxiredoxins and PrxQ are post-translationally targeted to chloroplast 
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(Baier 1997; Dietz et al. 2002). 2CP are stromal proteins (Baier and Dietz 1997), 
while PrxQ are localized in the thylakoid lumen (Petersson et al. 2006). The various 
isoforms of PrxII are distributed between cytosol, mitochondria and chloroplasts 
(Dietz et al. 2002). In Arabidopsis PrxIIF is post-translationally targeted to mito-
chondria (Finkemeier et al. 2005), PrxIIE to chloroplasts and PrxIIB and PrxIIC are 
cytosolic proteins (Horling et al. 2003).

The peroxiredoxins reduce H
2
O

2
 and alkyl hydroperoxides by a thiol–disulfide 

mechanisms (Dietz et al. 2002; König et al. 2003). For regeneration, the various types 
of small redox active proteins are used, such as thioredoxins, glutaredoxins and 
NTR-C (König et al. 2002; Rouhier et al. 2002; Kirchsteiger et al. 2009). Besides 
antioxidant function, 2-Cys peroxiredoxins were recently been shown to act as 
molecular chaperones, which prevent proteins from denaturation (Kim et al. 2009a).

2.2.3  Glutathione Peroxidases

Glutathione peroxidases have, like peroxiredoxins (König et al. 2002), a broad 
substrate spectrum. They reduce H

2
O

2
 and alkylhydroperoxides, such as lipid per-

oxides, using reduced glutathione as co-substrate (Eshdat et al. 1997). In compari-
son to the four types of glutathione peroxidases found in animal cells (Toppo et al. 
2008; Lu and Holmgren 2009), only the monomeric and presumably more ancient 
non-selenium type has maintained in higher plants (Eshdat et al. 1997), while the 
chlorophytic green alga Chlamydomonas reinhardtii encodes one non-selenium 
and two selenium-type GPx (Dayer et al. 2008).

Since thioredoxins are the preferred electron donors of plant GPx, and not 
glutathione or glutharedoxin, Navrot et al. (2006)) suggested to rename gluta-
thione peroxidases and to designate the enzyme family as a fifth type of per-
oxiredoxins. Since glutathione peroxidases lack characteristic sequence features of 
peroxiredoxins, we suggest to designate them thiol peroxidases (considering that 
the name thioredoxin peroxidase is already in use as a synonym for thioredoxin-
regenerative peroxiredoxins). The Km-values of heterologously expressed 
Arabidopsis GPx with E. coli thioredoxin are 14.0–25.4 µM for H

2
O

2
 and 

2.2–4.0 µM for cumenehydroperoxide (Iqbal et al. 2006). v
max

 ranges between 
346 and 433 nmol min−1 mg−1 protein for H

2
O

2
 and 60 and 233 nmol min−1 mg−1 

protein for cumenehydroperoxide.
In Arabidopsis thaliana, two of seven isoforms, GPx1 and GPx7, are post-

translationally targeted to chloroplasts (Rodriguez Milla et al. 2003), where 
they provide antioxidant protection and regulate salicylic and ROS triggered 
plant immune responses (Chang et al. 2009). The other GPx isoforms are local-
ized in the cytosol, mitochondria and the endoplasmatic reticulum (Rodriguez 
Milla et al. 2003). Arabidopsis GPx3 may link redox signaling with ABA 
signaling since it physically interacts with the redox-sensitive protein phos-
phatases ABI1 and ABI2, which control ABA-signal transduction (Rodriguez 
Milla et al. 2003).



34313 Regulation of Genes Encoding Chloroplast Antioxidant Enzymes 

2.2.4  Enzymes of the Foyer–Halliwell-Cycle

Glutathione reductase (GR), and mono- and dehydroascorbate reductases 
(MDAR and DHAR) form the Foyer–Halliwell-cycle (Foyer and Halliwell 1977). 
The cycle couples ascorbate and glutathione and controls regeneration of the low 
molecular weight antioxidants. Although first described for chloroplasts (Foyer and 
Halliwell 1977), its enzymes are localized in most cellular compartments. 
According to Meister (1994) and Noctor et al. (2000) the reaction mechanism is 
proposed to be common for all kinds of organisms.

Arabidopsis thaliana encodes one cytosolic (At3g24170) and one organellar 
isoform of glutathione reductase (GR; At3g54660), five isoforms for MDAR, of 
which two are organellar (At1g63940; At3g27829) and three cytosolic (At3g09940; 
At3g52880; At5g03630), and one cytsolic (At5g36270) and two organellar isoforms 
of DHAR (At1g75270; At5g16710). Together they provide redox coupling of ascorbate 
and glutathione in chloroplasts, mitochondria and the cytosol (Foyer and Halliwell 
1977; Jimenez et al. 1998; Noctor et al. 2000, 2007). Comparison of ascorbate and 
glutathione interchange in transgenic lines with either decreased catalase or lower 
2-Cys peroxiredoxin levels (Baier et al. 2000; Willekens et al. 1997), suggests lower 
relative DHAR activity (and, therefore, less redox coupling) in chloroplasts than in 
the cytosol (Noctor et al. 2000). According to Morell et al. (1997), in presence of 
high MDAR activity, even total absence of DHAR may be tolerable for plant cells, 
suggesting that DHAR is only a supportive enzyme. However, over-expression of 
DHAR increased the ascorbate reduction state in maize and tobacco (Chen et al. 
2003) demonstrating that DHAR activity is actually limiting in plant cells.

Glutathione reductase activity can also be assumed to be restrictive in plants. 
Over-expression results in increased protection against oxidative stress and higher 
reduction states for ascorbate and glutathione (Aono et al. 1997). Analysis of trans-
genics with increased glutathione amounts demonstrated that unchanged GR activities 
can cope with higher glutathione concentrations (Noctor et al. 1996; Arisi et al. 
1997). Thus, limitation depends not on the glutathione concentration, but the redox 
state of glutathione. Various authors report induction of glutathione reductase 
expression upon stress (Stevens et al. 1997; Lee et al. 1998). Over-expression of 
GR (Aono et al. 1997) demonstrated that induction may not be sufficient to protect 
plants under severe oxidative stress and may rather provide a physiological window 
to control ROS- or thiol-regulated stress signaling.

2.2.5  Superoxide Dismutases

Superoxide dismutases (SOD) disproportionate superoxide anions into H
2
O

2
 and O

2
. 

Plants express three SOD isoenzyme families, namely CuZn-, Mn- and Fe-superoxide 
dismutases, which have different transition metals in their catalytic sites. Arabidopsis 
thaliana encodes three Csd (At1g08830; At2g28190, At5g18100), three Fsd 
(At4g25100, At5g51100, At5g23310) and two Msd (At3g10920, At3g56350). 
Csd1 is cytosolic, Csd2 and at least Fsd2 (At5g51100) and Fsd3 (At5g23310) are 
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chloroplastic, Csd3 is peroxisomal and the Msd-isoenzymes are mitochondrial 
(Kliebenstein et al. 1998). Localization of Fsd1 is not finally clarified. Based on 
co-purification with chloroplast proteins, originally chloroplast localization was 
assumed (Kliebenstein et al. 1998). However, Myouga et al. (2008) recently 
showed with FSD1–GFP fusion proteins that Fsd1 very likely is a cytoplasmic 
protein. Since the experimental evidence for cytosolic localization is stronger than 
for chloroplast localization, here we categorize Fsd1 as a cytosolic protein.

Various SODs, e.g. Csd1, Csd2, Fsd2 and Fsd3, were shown to be induced by 
oxidative stress (Kliebenstein et al. 1998; Myouga et al. 2008). Nevertheless, the 
role of SOD in protection from oxidative stress symptoms was still unclear. Over-
expression of SOD in transgenics and correlation of SOD expression with stress 
resistance gave inconclusive results (Bowler et al. 1989, 1991; Pitcher et al. 1991; 
Mckersie et al. 1993; VanCamp et al. 1996; Van Breusegem et al. 1999; Alscher 
et al. 2002). While some authors reported increased protection to stress, others 
described higher susceptibility to oxidative stressors (Pitcher et al. 1991). The dif-
ferent observations have been explained (besides differences in growth conditions 
and stress application) by limited peroxidase activity to detoxify accumulating 
H

2
O

2
 (VanCamp et al. 1996; Noctor and Foyer 1998), by differences in the subcel-

lular localization (Pitcher et al. 1991; Pitcher and Zilinskas 1996) and by the cata-
lytic properties of the over-expressed enzymes (VanCamp et al. 1996). In addition, 
combinatorial feed-back and post-transcriptional control, such as described in 
Chapter 4, may mask part of the antioxidant function in transgenic lines with 
increased and decreased SOD expression and may even explain, why plants lacking 
detectable Csd1, Csd2 and Fsd1 activity do not show differences in their perfor-
mance under photooxidative stress conditions (Cohu et al. 2009).

2.3  Dual-Targeting and Alternative Splicing Increase  
the Complexity of the Antioxidant System

Comparison of gene complexities and transcript patterns demonstrated that in vari-
ous plants the complexity of antioxidant enzymes is bigger than indicated by the 
gene numbers. For example, in spinach, tobacco and pumpkin (Jespersen et al. 
1997; Mano et al. 1997; Yoshimura et al. 1999), soluble and thylakoid-bound ascor-
bate peroxidases (sAPX: stromal ascorbate peroxidase; tAPx: thylakoid ascorbate 
peroxidase) result from alternative splicing of the same gene. The 5¢-ends of the 
resulting transcripts encode alternatively an early stop codon or a C-terminal trans-
membrane helix which anchors the protein in the thylakoid membrane. By this 
mechanism, a single gene encodes two differentially subcellular localized 
enzymes.

Furthermore, recent proteomic approaches, in vivo protein labeling studies and 
bioinformatic analysis revealed that monodehydroascorbate reductase (MDHAR), 
stromal ascorbate peroxidase (sAPx) and glutathione reductase are dually-targeted 
to mitochondria and chloroplasts in Arabidopsis (Obara et al. 2002; Chew et al. 
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2003; Teixeira et al. 2006). There are also strong indications for dual-targeting in 
rice (Obara et al. 2002; Chew et al. 2003; Morgante et al. 2009) suggesting that the 
mechanism is conserved at least in angiosperms.

In case of MDHAR5 (At1g63940), alternative targeting is controlled by 
distinct transcription initiation sites (Obara et al. 2002) (Fig. 1). The longer 
transcript encodes the mitochondrial isoform, the shorter one a chloroplast 
MDHAR. Since only the transit prepetides are affected, the mature chloroplast 
and mitochondrial isoforms are identical. Transcription initiation for chloroplast 
MDHAR takes place in close proximity of I-boxes (GATA/GATAAG) in an 
intron of the heteronuclear mitochondrial MDHAR transcript (Obara et al. 
2002). I-boxes are known to provide light-responsiveness and strong expression 
activity to many nuclear genes for chloroplast proteins, such as genes for 
chlorophyll-a/b-binding proteins and RUBISCO small subunit (rbcS) (Donald 
and Cashmore 1990; Martinez-Hernandez et al. 2002). Thus, it is tempting to 
assume that the alternative transcription initiation sites of the MDHAR gene are 
linked to differential transcriptional activity.

For Arabidopsis GPx6, alternative transcription start sites probably control 
the availability of the transit peptide and direct the expression of cytosolic and 
mitochondrial isoforms (Rodriguez Milla et al. 2003). In case of poplar CuZn–
SOD, alternative splicing of exon 6 (of seven exons) further increases the gene 
complexity (Srivastava et al. 2009). The resulting hipI-SODC1b protein 
(GeneBank FJ393059) is 23 amino acids longer than hip1-SODC1s (GenBank 
FJ393058). Expression analysis demonstrated that alternative splicing is tissue 
and development specific. hip1-SODC-1s was found in phloem, cambium and 
xylem cells, while the hip1-SODC1b transcript, encoding a presumably less 
stable isoform, was not detected in phloem cells and developing xylem 
(Srivastava et al. 2009).

                     TS-mitochondria 

1      TTTGTTATAGAGCCAACACTACAGAGAGACTCACACACTTGTTTCAATAA 

                                       TL-mitochondria 

51     TTAAATCTGAATTTGGCTCTTCTTATAAACTAATGTCTGCAGgtcttCTT

       TS-chloroplast 

101    ATCtctctcactcaccaccatcttcttcctcgattgtcaaaaccctagat

                                                  TL-chloroplast 

151    cgaaatCTTATCtctctaatctgttgttacagTTCGTAGAGTCATGGCGT 

Fig. 1 Transcription of the chloroplast isoforms starts in the intron of the longer heteronuclear 
transcript (nRNA) for mitochondrial MDHAR according to Obara et al. (2002). Place analy-
sis revealed two I-boxes close to the transcription start site of the chloroplast isoforms. TS: 
 transcription start site; TL: translation start site; gray: GATA/GATAAG-boxes = I-boxes; italics: 
intron
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3  Expressional Regulation of Antioxidant Enyzmes

3.1  Comparison of Gene Regulation: Plastid and Extra-plastid 
Antioxidants

The analysis of transgenic lines with decreased expression of antioxidant enzymes 
(Baier et al. 2000; Kangasjarvi et al. 2008; Shaikhali et al. 2008) and mutants with 
defects in transcriptional regulation of antioxidant enzymes (Heiber et al. 2007) 
demonstrated that the cellular antioxidant system is a combinatorial system. 
Plastidic and extraplastidic antioxidant enzymes act in concert and limitations in 
one component can be compensated by others.

Consequently, it is not surprising that the transcript levels of antioxidant 
enzymes differentially respond to most stress treatments (Fig. 2). From the genes 
encoding chloroplast antioxidant enzymes, array experiments performed by the 
AtGenExpress Consortium (Kilian et al. 2007) showed that, for example, Csd2 
(At2g28190), was selectively induced by UV-B light, while the DHAR2 (At1g75270) 
transcript level was elevated in response to 10 µM methyl viologen (oxidative stress 
data set), UV-B and osmotic stress. Much higher regulatory amplitudes were 
observed for cytosolic antioxidant enzymes, such as APx2 (synonym APx1b; 
At3g09640), Csd1 (At1g08830) and PrxIIC (At1g65970). With more than 600-fold 
increases in transcript abundance, APx2 was the strongest regulated gene encoding 
an antioxidant enzyme in this comparative analysis. Its signal transduction pathway 
has been intensively studied and is described below (Section 3.2).

Generally, the genes for cytosolic antioxidant enzymes are more responsive to 
stress treatments. 24 h after onset of stress, the average transcript level regulation 
factor was 2.05-fold higher for genes encoding cytosolic antioxidant enzymes than 
for chloroplast antioxidant enzymes (Table 2). An exception within the group of 
genes encoding chloroplast antioxidant enzymes is GPx7 (At4g31870). The tran-
script level is transiently 6.22-fold increased after 12 h of cold treatment and 10.59-
fold after 3 h UV-B stress (data not shown). Afterwards, the transcript levels 
decrease to almost pre-stress levels.

The strongest differences in long-term (24 h) regulation of chloroplast and extra-
plastidic antioxidants take place in response to osmotic and salt stress (Fig. 3). 
These treatments cause a decrease of the transcript levels of almost all genes for 
chloroplast antioxidant enzymes, but an increase of various transcript levels for 
cytosolic antioxidant enzymes (Fig. 2). In contrast, the mean transcript levels are 
balanced within the first 6 h in response to cold, heat, methyl viologen (labeled 
“oxidative stress”) and wounding, but peak after 12 h. Upon cold, the transient 
increase depends on strong induction of GPx1 (At2g25080) and GPx7 (At4g31870) 
and slighter increases in GR2 (At3g54660), Fsd1 (At4g25100) and sAPx 
(At4g08390) transcript levels. Fsd1 and sAPx transcript levels are increased after 
12 h upon all treatments (Fig. 4) indicating a common slow stress response, which 
is independent from continuously suppression of salt and osmotic stress signaling 
during 24 h of treatment (Fig. 3).
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Recently, Soitamo et al. (2008) studied the effects of cold and light on 
Arabidopsis gene expression. 50% of the light and cold-responsive genes were 
chloroplast targeted. Consistent with other array analysis (NASC arrays described 
above, Gadjev et al. 2006; Pastori et al. 2003), responses of genes encoding antioxi-
dant enzymes were comparably low. Only for GPx1 (At2g25080) correlation with 
ROS formation was observed. Over the years, our own work taught us that it is 
challenging to induce a strong increase of the transcript levels encoding some anti-
oxidant enzymes. For example, 2-Cys peroxiredoxin transcript levels are only slightly 

Fig. 2 Transcript abundance regulation of genes encoding antioxidant enzymes. The signals for 
chloroplast targeted enzymes are labeled in gray, for extra-plastidic enzymes in white. Data were 
collected from AtGenExpress (Kilian et al. 2007)
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enhanced upon oxidative stress (Baier and Dietz 1997; Baier et al. 2004). In contrast, 
they are strongly suppressed in response to antioxidants (Horling et al. 2003; Baier 
et al. 2004). Like for various other genes, e.g. those encoding the chloroplast ascor-
bate peroxidases, the regulatory amplitudes are low in response to most treatments 
(Baier et al. 2000; Pena-Ahumada et al. 2006; Heiber et al. 2007; Shaikhali et al. 
2008). Therefore, they are ignored in most array experiments, which usually list 
only the prominently regulated genes. On top of strong expression, even a 1.2-fold 

Table 2 Comparison of regulatory amplitudes of genes encoding chloroplast and 
cytosolic antioxidant enzymes after 24 h of treatment. The means were calculated 
from data provided in the AtGenExpress data collections via the NASC array web 
page (http://affymetrix.arabidopsis.info/narrays)

Chloroplast Cytosolic Chloroplast/Cytocol

Cold stress 0.81 1.46 0.55
Heat stress 1.12 2.26 0.49
Osmotic stress 0.60 7.05 0.09
Salt stress 0.76 6.84 0.11
Drought stress 0.84 1.29 0.67
Oxidative stress 1.09 1.61 0.67
UV-B stress 1.10 1.69 0.65
Wounding stress 0.94 1.41 0.67
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Fig. 3 Regulation of transcript abundance of genes encoding chloroplast antioxidant enzymes 
0.5–24 h after onset of stress. The means were calculated from array data provided by the 
AtGenExpress Consortium (Kilian et al. 2007)
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induction, such as recently quantified by qPCR analysis (I.Heiber and M. Baier, in 
preparation), can result in a significant increase in the antioxidant capacity of 
chloroplasts.

3.2  Regulation of Cytosolic  Antioxidant Enzymes

Like many pathogenesis-related genes (Van Verk et al. 2009), some genes for cytosolic 
antioxidant enzymes are several-fold induced upon stress (Fig. 2). APx1 and APx2 
(synonym APx1b) are strongly regulated genes and well investigated ones:

3.2.1  Regulation of Cytosolic Ascorbate Peroxidases

In redox-signal transduction analysis APx1 (At1g07890) and APx2 (At3g09640) 
serve as model genes for strongly induced cytosolic antioxidant defenses. APx1 
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transcripts are usually expressed at low levels under non-stress conditions, while 
APx2 transcription is barely detectable. Upon stress, e.g. high light, wounding, heat 
and mild water deficit the genes are induced within minutes (Karpinski et al. 
1997, 1999; Fryer et al. 2002). Correlation of promoter activity with ROS accu-
mulation (Fryer et al. 2003) suggests responsiveness to redox signals. Mittler 
et al. (2004) suggested three possible sensing mechanisms: (i) ROS could be 
sensed via yet unidentified receptor proteins, (ii) via redox-sensitive transcrip-
tion factors, or (iii) by ROS-specific inhibition of phosphatases (Mittler 2002; 
Neill et al. 2002; Vranova et al. 2002; Apel and Hirt 2004). Besides this, hydro-
gen peroxide and glutathione mediated redox shifts induce the accumulation of 
calcium ions (Price et al. 1994; Gomez et al. 2004) and are involved in the regu-
lation of cytosolic APx (Karpinski et al. 1999; Ball et al. 2004; Rossel et al. 
2006). Apart from glutathione, hydrogen peroxide, and calcium ions, photosyn-
thetic activity, the redox-status of the plastoquinone pool (Karpinski et al. 1997, 
1999; Yabuta et al. 2004) and the plant hormone abscisic acid (ABA), whose 
precursors are synthesized in chloroplasts in a redox/stress dependent manner 
(Pastori et al. 2003; Rossel et al. 2006), were suggested to regulate cytosolic 
APx expression. Until today it is not precisely known how ROS are sensed and 
their signal transmitted. According to recent literature, the first steps of ROS-
signal-transduction could involve mitogen activated protein kinase (MAPKs) 
cascades and/or heat shock factors (HSFs) (for review see: Mittler et al. 2004, 
2008).

3.2.2  Regulation via MAPK-Cascades

MAPK-signaling pathways participate in the regulation of cell growth, death, the 
cell cycle and stress responses (for review see: Jonak et al. 2002). A typical MAPK-
cascade comprises at least a MAP kinase kinase kinase (MAPKKK) followed by a 
MAP kinase kinase (MAPKK) and finally a MAP kinase (MAPK). It transmits the 
signal by phosphorylation of the target. Sometimes also a MAP kinase kinase 
kinase kinase (MAPKKKK) is involved. Usually, the cascade is activated by an 
upstream receptor sensing a primary signal, e.g. ROS.

MAPKKK are serine/threonine kinases. They activate MAPKKs by phosphory-
lation of two serine/threonine residues. MAPKKs are threonine/tyrosine kinases, 
which phosphorylate MAPKs, which are again serine/threonine kinases and phos-
phorylate various substrates such as transcription factors and protein kinases (for 
review see: Jonak et al. 2002).

Arabidopsis thaliana encodes 60 MAPKKKs, 10 MAPKKs, and 20 MAPKs 
(Ichimura et al. 2002). Concerning the regulation of plant defense, two MAPKKKs 
have been identified: ANP1 and MEKK1 (Kovtun et al. 2000; Rossel et al. 2007; 
Pitzschke et al. 2009). Both are considered to be induced upon peroxide accumula-
tion (Kovtun et al. 2000; Ichimura et al. 2006) and to regulate antioxidant defense 
enzymes, such as APx1, APx2 and Fsd1 (Fig. 5).
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MEKK1 is suggested to regulate the APx genes via MAPKK1, MAPKK2, and 
MAPK4 (Ichimura et al. 1998; Ichimura et al. 2006; Qiu et al. 2008). Additionally, 
MEKK1 can activate MAPK4 in an MAPKK1 and MAPKK2 independent pathway 
(Pitzschke et al. 2009). MAPK4 subsequently activates the zinc finger transcription 
factor Zat10 (Pitzschke et al. 2009), which will be described below. Besides this, 
MEKK1 can activate APx1 and APx2 expression by phosphorylating MAPKK4 
and MAPKK5, which in turn activate MAPK3 and MAPK6 (Asai et al. 2002). 
These MAPKs are involved in regulation of stress response genes and HSFs. 
Alternatively, MAPK3 and MAPK6 can be activated by MEKK1 by an presumably 
H

2
O

2
 independent mechanism (Pitzschke et al. 2009).

MAPK3 and MAPK6 generally play an essential role in plant defense. In response, 
Ca2+-signals, which can be induced by redox imbalances (Price et al. 1994; Gomez 
et al. 2004), 14-3-3-mediated signals (Otterhag et al. 2006) and via the phospho-
inosite-dependent kinase 1 (PDK1) (Anthony et al. 2004), OXI1 and other serine/
threonine kinases (for NDPK2 see below), can also activate the MAPKs (Rentel et al. 
2004). However, in contrast to MAPK4, until today no direct link between MAPK3 
and MAPK6 and the expression of APx1 or APx2 has been established (Fig. 5).

Ca2+ H2O2 Glutathione

MEKK1

ANP1

MAPKK4/5 MAPKK1/2

MAPK4

Zat10

APx1 APx2 FSD1

Zat12

HSFA4a

Zat7

X

MAPK3/6OXI1

Fig. 5 Transcription factors and kinases involved in APx1 and APx2 regulation. Proven interac-
tions are marked with plain lines, while postulated pathways are dotted
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Regulation via HSFs

HSFs are putative alternative redox sensors. They are considered to participate in 
sensing stresses and signal transduction of various environmental stresses inducing 
ROS production (for review see: Miller and Mittler 2006). Their mode of regulation 
involves DNA binding to heat stress elements (HSE: 5¢-nGAAnnTTCnnGAAn-3¢ or 
5¢-nTTCnnGAAnnTTCn-3¢) (Wu 1995) via a highly conserved N-terminal binding 
domain. HSEs can be found in promoters of various genes involved in stress responses 
including APx1 and APx2 (Storozhenko et al. 1998; Schramm et al. 2006).

HSFs are subgrouped into class A and class B. While class A HSFs are consid-
ered to have an activating function and could act as hydrogen peroxide sensors 
(Miller and Mittler 2006), class B HSFs may be repressors (Czarnecka-Verner et al. 
2000, 2004).

Among class A HSFs only few are known to play roles in the regulation of 
Arabidopsis APx1 and APx2. In Arabidopsis, APx1-knockout plants, the steady 
state transcript levels of HSFA4a (synonym: HSF21) and HSFA8 were elevated if 
compared to wildtype plants. Additionally, increased concentrations of H

2
O

2
 were 

maintained (Pnueli et al. 2003; Davletova et al. 2005). From these data, Davletova 
et al. (2005) concluded that HSFA4a is induced by a H

2
O

2
-controlled signal. 

HSFA4a regulates the expression of the zinc finger transcription factor Zat12 which 
is involved in the expression of APx1 (Rizhsky et al. 2004; Davletova et al. 2005). 
Besides this, Davletova et al. (2005) suggested HSFA4a may transmit a redox sig-
nal to Zat12, since the promoter of ZAT12 has a heat shock element (HSE) (Rizhsky 
et al. 2004). Consistently, HSFA4a dominant negative Arabidopsis lines remained 
unaltered APx1 transcript levels in response to light stress (Davletova et al. 2005).

Baniwal et al. (2007) shed light on a negative regulator of HSFA4a. By using 
tobacco mesophyll protoplasts they found HSFA5 interacting with HSFA4a and 
thereby repressing its activity. The transcript levels of HSFA5 are usually lower 
than those of HSFA4a. Upon oxidative stress the HSFA5 transcript amount slightly 
increases. It should be taken into account that three molecules of HSFA4a are nec-
essary to form the functional trimer and merely one HSFA5 molecule is sufficient 
to repress HSFA4a function. Consequently, a small increase in the abundance of 
HSFA5 could be adequate to have a strong repressive effect.

Besides H
2
O

2
 induction of HSFA4a (Davletova et al. 2005), inducibility still has 

to be verified for other HSFs involved in cytosolic APx regulation: HSF1a (syn-
onym: HSF3), HSFA2, and HSF5 (Panchuk et al. 2002; Nishizawa et al. 2006; 
Schramm et al. 2006). Each of these HSF is known to participate in the regulation 
of Arabidopsis cytosolic APx. In transgenic lines overexpressing HSF1a, the HSF 
was shown to induce APx1 and APx2 expression (Panchuk et al. 2002), while 
HSFA2 is involved in regulation of APx2 (Panchuk et al. 2002; Nishizawa et al. 
2006) and HSF5 participates in the induction of APx1 (Davletova et al. 2005) 
(Fig. 6). Recently, HSE-based interlinking of oxidative stress and heat stress 
responses were also postulated for Pennisetum glaucum based on HSF-binding to a 
single HSE in the APx1 promoter (Reddy et al. 2009). From all these data, HSFs 
are good candidates for stress-regulators of cytosolic APx in Arabidopsis and other 
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plants. In the future, the interaction of the postulated factors with the putative HSE 
in APx1 and APx2 promoters needs to be verified.

Regulation via ZAT Factors

ZAT factors are zinc finger transcription factors. They can be sub-grouped into 
C2H2, C2C2, C2HC, C2C2C2C2, and C2HCC2C2 types (for review see: Ciftci-
Yilmaz and Mittler 2008). ZAT7, ZAT10, and ZAT12 are considered to be involved 
in the regulation of Arabidopsis cytosolic APx1 and APx2 (Rizhsky et al. 2004; 
Davletova et al. 2005; Mittler et al. 2006; Ciftci-Yilmaz et al. 2007). They are 
C2H2 type ZAT factors, which contain a DNA binding motif of approximately 30 
amino acids with two conserved cysteine and two conserved histidine residues. 
Besides this, the QALGGH motif is essential for DNA binding (Kubo et al. 
1998).

ZAT7, ZAT10, and ZAT12 are involved in APx regulation (Fig. 5). Like some 
other ZAT-factors, they have an ethylene-responsive-element-binding-factor (ERF)-
associated amphiphilic repression domain (EAR) (Englbrecht et al. 2004), which is 
discussed to mediate transcriptional control (Ohta et al. 2001; Kazan 2006).

ZAT10 recognizes AGTnnnACT or ACTnnnnGGT motifs in promoter sequences 
(Sakamoto et al. 2004) under control of MAPK4 (Pitzschke et al. 2009). ZAT10 
over-expression in Arabidopsis resulted in an increase of the transcript levels of 
APx1 and APx2 as well as Fsd1 during high light treatment (Mittler et al. 2006). 
Consistent with ZAT10 regulation, in ZAT10 knockout lines APx2 and Fsd1 were 
induced to a much weaker extent (Mittler et al. 2006). ZAT10 over-expressing 
Arabidopsis are more tolerant to photoinhibitory light and exogenous hydrogen 
peroxide application due to an increased expression of genes encoding antioxidant 
enzymes (Rossel et al. 2006). Unlike Mittler et al. (2006); Rossel et al. (2006) 
observed that a change in transcript levels of Zat10 was accompanied by altered 
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Fig. 6 Heat shock factors involved in APx1 and APx2 regulation. Proven interactions are marked 
with plain lines, while postulated pathways are dotted
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levels of APx2 and Fsd1 but not of APx1 and Csd2. From these results, it is still in 
question whether ZAT10 is a regulator of both, APx1 and APx2, or only of APx2.

Like Zat10, Zat12 is induced upon cold, high light treatment, and oxidative 
stress (Davletova et al. 2005; Mittler et al. 2006; Vanderauwera et al. 2005). 
Presumably, MAPK4 is also involved in the regulation of ZAT12 expression 
(Pitzschke et al. 2009). Besides this, ZAT12 transcription is regulated by 
HSF4a (Rizhsky et al. 2004; Davletova et al. 2005). Zat12 is essential for the 
expression of the Arabidopsis cytosolic APx1 but also for the defense related 
WRKY25 (Rizhsky et al. 2004; Davletova et al. 2005). Constitutive expression 
of ZAT12 resulted in higher tolerance to high light and osmotic and oxidative 
stress, while the sensitivity was increased when Zat12 was knocked out or sup-
pressed by expression of an antisense construct (Iida et al. 2000; Rizhsky et al. 
2004). In Arabidopsis ZAT12 over-expressors APx1 transcript levels were not 
elevated indicating a rather complex regulatory mechanism (Rizhsky et al. 
2004). Since APx1 was yet still high-light-inducible in ZAT12 knockout plants 
(Rizhsky et al. 2004), a high-light-pathway could exist which is unaffected by 
the absence of ZAT12.

ZAT12 regulates not only the expression of APx1 and WRKY25, but also of 
ZAT7 (Rizhsky et al. 2004). The H

2
O

2
 triggered induction of ZAT7 was abolished 

in Arabidopsis ZAT12 knockout plants. However, when Zat12 was overex-
pressed, no induction of ZAT7 occurred under non-stress conditions. It is tempting 
to assume that ZAT12-mediated ZAT7 induction depends on priming by other 
stress signals (Rizhsky et al. 2004). The transcript level of ZAT7 was elevated in 
Arabidopsis APx1-knockout plants, probably in response to the oxidative stress 
caused by the lack of APx1 activity (Ciftci-Yilmaz and Mittler 2008). Besides this, 
Ciftci-Yilmaz et al. (2007) proposed that ZAT7 suppresses APx1 expression. 
When ZAT7 was constitutively expressed, it conferred an enhanced tolerance to 
salinity and temperature stress, which was dependent on the presence of the EAR 
motif within the transcription factor (Pnueli et al. 2003; Ciftci-Yilmaz and Mittler 
2008). Over-expression of ZAT7 in Arabidopsis thaliana increased the transcript 
levels of alternative oxidase (AOX1) and pathogen defense related WRKY70 
(Pnueli et al. 2003; Ciftci-Yilmaz and Mittler 2008) providing additional stress 
protection.

ZAT12 regulates the expression of WRKY25 and ZAT7 that of WRKY70 
(Rizhsky et al. 2004; Davletova et al. 2005; Ciftci-Yilmaz and Mittler 2008). Both 
WRKYs are considered to regulate defense related genes in response to biotic as well 
as abiotic stresses (Li et al. 2004; Zheng et al. 2007). They have redox-sensitive 
zinc finger DNA binding domains in which two cysteine and two histidine residues 
coordinate a zinc atom (for review see: Eulgem et al. 2000; Eulgem and Somssich 
2007). In addition, they comprise the WRKY motif at their N-terminus 
(WRKYGQK). Their target motifs are W-boxes [(T)(T)TGAC(C/T)] (Rushton 
et al. 1996), which are frequently found in promoters of stress-regulated genes 
(Scarpeci et al. 2008).

ZAT factors coordinate directly or via regulation of other transcription factors, 
such as WRKY, plant defense against biotic and abiotic stressors. They can either 
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directly induce the expression of the desired gene or they repress an expressional 
repressor of the target gene (Ohta et al. 2001; Englbrecht et al. 2004; Davletova 
et al. 2005; Vogel et al. 2005). Alternatively, they influence the expression of target 
genes by impacting on the regulator of the target gene (Rizhsky et al. 2004). With 
APx1 and APx2, and presumably Fsd1, three targets important in antioxidant pro-
tection have been identified (Mittler et al. 2006).

3.2.3  Regulation of Defense Genes via the NPR1-TGA1-as-1-System

As-1 is a well known promoter element, which responds to oxidative stress and 
salicylic acid (Garreton et al. 2002). In as-1, two TGACG motifs bind dimeric TGA 
transcription factors (Xiang et al. 1997; Johnson et al. 2001). They are basic leucine 
zippers (bZIP). Various members of the TGA-family are regulated by Non-repressor 
of PR genes (NPR1) (Fan and Dong 2002; Despres et al. 2003; Shearer et al. 2009), 
which triggers systemic aquired resistance (SAR) (Cao et al. 1994). NPR1 com-
prises two protein-protein interaction motifs called BTB/POZ (Aravind and Koonin 
1999) and ankyrin repeats (Cao et al. 1997). The NPR1 protein can shuttle between 
the cytosol, where it is involved in the crosstalk between salicylic acid- and 
jasmonate-dependent defense signaling, and the nucleus (Despres et al. 2000; Spoel 
et al. 2003). In the nucleus, it interacts with TGA transcription factors, such as 
TGA1 and TGA7 (Shearer et al. 2009). The interaction with NPR1 stimulates bind-
ing of the TGA factors to the as-1 motifs (Despres et al. 2000). As-1 was originally 
described in bacterial and viral promoters and later found to bind TGA transcription 
factors in plants (Lam and Lam 1995). Similar elements designated as asf-1 were 
reported for the promoters of Arabidopsis chloroplast and cytosolic APx (Srivastava 
et al. 2009), suggesting similar regulation.

TGA are known to regulate PR-genes (Lam and Lam 1995; Johnson et al. 2003; 
Van Verk et al. 2009). TGA1 is phosphorylated by MAPK10, which may influence 
its activity (Popescu et al. 2009). In the cytosol, NPR1 exists as uninduced oligom-
ers in which the monomers are linked through disulfide bridges (Mou et al. 2003). 
Upon pathogen attack, these oligomers are reduced. Subsequently, the monomers 
can migrate into the nucleus. The ratio of NPR1 oligo- and monomers can be adjusted 
by the ratio of reduced and oxidized glutathione in the medium. Since the redox 
state of the glutathione pool shifts to more oxidized levels soon after pathogen 
attack (Noctor et al. 2002), it is unlikely that NPR1 localization is directly regulated 
by the thiol redox signature. Laloi et al. (2004) suggested that specific thioredox-
ins, such as cytosolic thioredoxin Trxh5, might influence the activity of NPR1. 
Since the reduction of two cysteine residues in the C-terminus of TGA1 (C260 and 
C266) is a prerequisite for the interaction with NPR1, similar mechanisms may 
prepare TGA1 for its interaction with its regulator (Despres et al. 2003). Laloi 
et al. (2004) additionally suggested that Trxh5 is controlled by WRKY6, which in 
turn may be induced by MEKK1 (Pitzschke et al. 2009) indicating that NPR1 
dynamics are under expressional control.
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3.2.4  Regulation of Catalase Genes by ARE and ABRE

Most higher plants encode three catalase genes (summarized in: Iwamoto et al. 
2000), of which two are regulated by circadian rhythms (Iwamoto et al. 2004). 
Many cDNA array studies (e.g. Fig. 2) report only slight transcript abundance regu-
lation, while regulation is described in RT-PCR and Northern-blot based studies. 
Cat1 (synonyme: CatA) is stress-induced. It responds to H

2
O

2
 and ABA (Guan 

et al. 2000). As shown in ABA-deficient embryos, ABA-signalling takes place by 
two independent pathways and DNA motifs. The ABRE2 motif is activated by 
CBF1 (Cat1-binding factor 1), the ABRE2 motif by CBF2. H

2
O

2
, which was tran-

siently induced in ABA-treated plant material (Guan et al. 2000), is supposed to 
activate the ABA-response indirectly via an ARE (antioxidant response element: 
TGACTCA) localized upstream of ABRE1 and ABRE2.

Similar ARE were observed in the promoters of all three catalase genes of maize 
(Polidoros and Scandalios 1999). They respond, like the maize superoxide dis-
mutase genes SOD3 and SOD4, to various types of ROS, including H

2
O

2
 (Rushmore 

et al. 1991). Signal transduction is supposed to take place via redox-sensitive 
MAPK-cascades (Scandalios 2005) and finally results in binding of a regulatory 
protein (ARE-binding protein; ARE-BP) to ARE. Comparison of the promoter 
structure of the three maize catalase promoters demonstrates distinct positioning of 
AREs and combination with other putative stress-responsive promoter elements. 
While the ARE is in position −470 in the Cat1 promoter, the Cat2-promoter shows 
signatures for a strong ARE in position −56 and a weak one at the transcription 
initiation site (+1). In the Cat 3 promoter ARE is localized in position −145 relative 
to the transcription initiation site (Guan et al. 1996; Scandalios 2005). Although 
many scientists refer to the prediction of ARE in plant promoters (Guan et al. 1996; 
Polidoros and Scandalios 1999; Scandalios 2005), to date the function of the AREs 
seem not to have been confirmed by promoter deletions analysis or reporter gene 
studies and the nature of the ARE-binding protein has not been identified. For 
Arabidopsis, Zimmermann et al. (2006) relate H

2
O

2
-regulation of catalase genes to 

the transcription factor WRKY53 during senescence. It may be triggered by 
MEKK1 (Miao et al. 2007) or a novel DNA-binding protein with HPT-type kinase 
function (Miao et al. 2008).

3.2.5  Peroxiredoxin Regulation: PrxIIB and PrxIIC

Figure 2, like many other array and RT-PCR based transcript abundance studies 
(Horling et al. 2003) reports strong increases of PrxIIB (At1g65980) and PrxIIC 
(At1g65970) transcript levels upon osmotic, UV-B and heat stress. On chromosome 
1 of Arabidopsis thaliana, the two peroxiredoxins are arranged next to each other. 
PrxIIB is encoded upstream of PrxIIC. The exon–intron structure is conserved 
indicating recent gene duplication. In PrxIIB, the two introns are only longer 
than in PrxIIC. While PrxIIB is stronger expressed than PrxIIC (Fig. 2; Horling 
et al. 2003), the regulation amplitude of PrxIIC upon stress is higher than that of 



35713 Regulation of Genes Encoding Chloroplast Antioxidant Enzymes 

PrxIIB (Fig. 2). In a comparions of peroxiredoxin gene expression, Horling et al. 
(2003) reported induction of PrxIIC by H

2
O

2
 and t-butyl hydroperoxides and in 

response to dimaide treatment, which acts as a pro-oxidant by blocking thiol 
groups. Unlike the strongly ascorbate-suppressive chloroplast peroxiredoxins 
2CPA, 2CPB, PrxQ and PrxIIE, the transcript level of PrxIIC is increased in 
response to ascorbate application (Horling et al. 2003). PrxIIC also shows atypical 
regulation in response to osmotic stress: While the transcript levels of most peroxi- 
redoxin genes decrease, PrxIIC transcripts accumulate (Horling et al. 2002).

The 5¢-end of PrxIIC overlaps with the 5¢-end of a gene encoding glutamate decar-
boxylase GAD2 (At1g65960). The genes are expressed in the same tissues at the same 
time of development (information taken from array data summarized in the Arabidopsis 
eFP browser). According to array based comparison of transcript abundance using the 
Arabidopsis eFP browser (Winter et al. 2007) PrxIIC is much stronger expressed than 
GAD2 in seeds, in pollen, following infection with various pathogenes and UV-B 
illumination (data not shown). Transcript abundance regulation may take place by 
antisense interference of the 5¢-ends, since PrxIIC transcript accumulation is accompa-
nied with a decrease of GAD2 transcript levels in seeds and upon pathogen attack.  
A similar post-transcriptional regulation mechanism has been proven for SRO5 and 
P5CDH (Borsani et al. 2005) (Fig. 7). Two types of siRNAs were found to be involved 
in transcript abundance regulation. The siRNAs are generated by the antisense overlap-
ping gene pair of D1-pyrroline-5-carboxylate dehydrogenase (P5CDH) (At5g62530), a 
gene related to stress response, and SRO5 (At5g62520), which is a gene of unknown 
function, but similar to radical induced cell death-1 (RCD1), which is involved in 
controlling ROS-induced cell death (Ahlfors et al. 2004; Borsani et al. 2005; Babajani 
et al. 2009) and presumably participates in regulation of 2CPA via interaction with the 
transcription factor Rap2.4a (J. Shaikhali et al., unpublished data).

The SRO5 mRNA is induced by osmotic and oxidative stress (Borsani et al. 2005). 
It interacts with the constitutively expressed P5CDH mRNA. From the overlapping 
double-stranded RNA (dsRNA) a 24-nt nat-siRNA is generated by DCL2, RDR6, 
SGS3 and NRPD1A (Borsani et al. 2005). This 24-nt nat-siRNA induces the cleavage 
of the P5CDH transcripts. Catalyzed by DCL1 this leads to formation of a 21-nt nat-
siRNA. These two types of siRNA guide the cleavage the P5CDH mRNA. Limitations 
in P5CDH result in accumulation of pyrroline-5-carboxylate (P5C) and, finally, pro-
line. The latter functions as a cytosolic osmoprotectant. Consistently, its biosynthesis 
increases osmotic stress tolerance. However, increasing proline is also accompanied by 
accumulation of ROS (Borsani et al. 2005). SRO5 protein, therefore, mediates ROS 
detoxification and can balance the dangers caused by ROS induction due to reduced 
P5CDH activity (Borsani et al. 2005). In a similar manner than SRO5 and P5CDH, a 
pair of cis-antisense GAD2 – PrxIIC transcripts may regulate PrxIIC expression.

3.2.6  Regulation of Cytosolic MDHAR

MDHAR2 and MDHAR3 are besides APx1, APx2, PrxIIB and PrxIIC, dynamically 
regulated upon stress (Fig. 2). So far very little is known about the mechanisms of 



358 M. Baier et al.

MDAR2 and MDHAR3 regulation. According to array data depicted in the eFP 
browser (Winter et al. 2007), MDHAR2 transcript levels are up-regulated upon 
senescence, while MDHAR3 is almost constitutively expressed during develop-
ment. Recently, based on analysis of T-DNA insertion lines Vadassery et al. (2009) 
reported that MDHAR2, like a glutathione-S-transferase (At1g19570; annotated as 
dehydroascorbate reductase in Vadassery et al. 2009), plays a crucial role for the 
mutalistic interaction between the endophytic function Piriformospora indica and 
Arabidopsis thaliana. Consistent with a protective function upon biotic stress, the 
MDHAR2 transcript level is up-regulated in wild-type plants treated with P. indica. 
The regulation is specific for MDHAR2, since none of the other four MDHAR-
genes or DHAR1, DHAR2 or DHAR3 responded.

Like for PrxIID, the MDHAR2 transcript levels were decreased 48 h aluminium 
application (Kumari et al. 2008). In contrast the transcript levels of organellar 

Osmotic stress
Oxidative stress

DLC2

DLC1

ROS P5C P5CDH

Proline

24-nt
nat-siRNA

24-nt
nat-siRNA

lead to mRNA
degradation

SRO5
(similar to RCD1)

Osmotic and oxidative stress tolerance

SRO5 mRNA P5CDH mRNA

SRO5

P5CDH (constitutive)

Fig. 7 An example for regulation of transcript abundance by antisense constructs. Upon oxidative 
and osmotic stress expression of SRO5 is induced. The 5¢-end of SRO5 interacts with the 5¢-end 
of the constitutively expressed P5CDH transcript. DLC2 recognizes the RNA hybrid and gener-
ates a 24-nt siRNA, which leads to P5CDH RNA degradation
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MDHAR was increased after 6 h and that of cytosolic MHDAR5 after 48 h. In the 
long-term response also the transcript levels of APx2, cytosolic glutathione 
reductase and Fsd1 were elevated, suggesting a global induction of genes encoding 
cytosolic antioxidant enzymes in response to Al (Kumari et al. 2008)

3.3  Regulation of Genes Encoding Chloroplast Antioxidants

Compared to regulation of cytosolic antioxidant defenses, for which APx1 and 
APx2 regulation provide detailed information on signaling pathways and suggests 
an overlap with regulation of the well studied pathogenesis response pathways, 
analysis of the transcriptional regulation of genes encoding chloroplast antioxidant 
enzymes has just started.

3.3.1  Redox-Regulation of 2-Cys Peroxiredoxin-A (2CPA)

The 2CPA gene is used as a model gene for transcriptional regulation of a nuclear 
gene encoding a chloroplast antioxidant enzyme. Transcript abundance analysis 
demonstrated that the transcript level is strongly sensitive to antioxidants. In the 
liverwort Riccia fluitans, the monocot barley and the dicot Arabidopsis the transcript 
levels decreased in response to application of ascorbate (Horling et al. 2001, 2003; 
Baier and Dietz 1997) and glutathione (Baier and Dietz 1997; Horling et al. 2001) 
and the glutathione precursor (Queval et al. 2009) cysteine (Baier and Dietz 1997).

In the 16 years, since we discovered the first plant homologue of 2CP (that time 
designated thiol-specific antioxidant) (Baier 1993; Baier and Dietz 1996), own data 
(especially: Baier and Dietz 1996, 1997; Baier 1997; Horling et al. 2003; Pena-
Ahumada et al. 2006) and in recent years the accumulating array data from various 
labs all over the world (e.g.: Gadjev et al. 2006; Queval et al. 2007; Soitamo et al. 
2008; Vandenbroucke et al. 2008), demonstrate that the transcript levels of 2CPA 
are - unlike many genes encoding extra-plastidic protecting enzymes, e.g. APx1, 
APx2 (Mittler et al. 2006) and many PR genes (Choi et al. 2007) – hardly inducible 
by commonly used oxidative stressors, such as methylviologen and ozone (Baier 
and Dietz 1997; Baier 1997).

2CPA expression is strongly linked to chloroplast development (Baier and Dietz 
1996; Baier et al. 2004; Pena-Ahumada et al. 2006). Recent transcript abundance 
studies in sAPx and tAPx knockout lines demonstrated induction of peroxiredoxins 
in response to insufficient chloroplast antioxidant protection (Kangasjarvi et al. 
2008). In addition, in one of our first expression studies (Baier and Dietz 1996) we 
showed that the 2CP transcript amount increases in barley leaf blades in response 
to ozone, if biosynthesis of the buffering low molecular weight antioxidant gluta-
thione was blocked by application of BSO (buthionine sulfoximine). Based on 
these observations and the response to ascorbate and glutathione, we concluded that 
2CPA expression is redox-responsive in the background of strong developmental 
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regulation. When we used more sensitive tools, such as reporter genes whose read-outs 
accumulate regulation over time, the 2CPA promoter responded also to wounding and 
to H

2
O

2
 mediated oxidative stress (Baier et al. 2004).

Array-based comparison (see: compare mode of eFP browser: http://bar.
utoronto.ca/efp/cgi-bin/efpWeb.cgi, Winter et al. 2007) and cycle number optimization 
in semi-quantitative RT-PCR and qPCR analysis demonstrated that the expression 
level is similar to that of actin-2 (At5g09810) in young Arabidopsis tissues under 
control conditions. The strong expression intensity results in high protein levels. In 
barley, 2CP is one of the most abundant chloroplast proteins with 0.6% ± 0.2% of 
total soluble leaf protein (König et al. 2003). The high background expression 
masks the regulation in many quantitative analytic techniques focusing on the regu-
lation amplitudes, such as quantitative transcriptomics.

Regulation of 2CP expression was analysed first using inhibitors of signal trans-
duction cascades (Baier and Dietz 1996, 1997; Horling et al. 2001) and later by 
mapping the cis-regulatory elements in the promoter and screening for trans-
regulators (Baier et al. 2004). Studies in the liverwort Riccia fluitans demonstrated 
that the ascorbate application strongly decreases 2CP transcript abundance. The 
response can be blocked by application of the serine/threonine-kinase inhibitor 
staurosporin, but not by the protein phosphatase inhibitor okadaic acid, the 
G-protein activator mastoperan and the Ca2+-chelator EGTA (Horling et al. 2001), 
indicating that the antioxidant suppression is kinase-regulated. Using staurosporin, 
it was shown later in Arabidopsis thaliana that kinase-mediated signaling mecha-
nisms control ascorbate-dependent 2CPA transcription (Baier et al. 2004).

By the use of promoter deletion constructs, the cis-regulatory domain of the 
2CPA promoter was mapped to a 216 bp domain, designated “redox-box” (Baier 
et al. 2004). A subsequent yeast-one-hybrid screen resulted in identification of a 
redox-sensitive transcription factor, Rap2.4a (Shaikhali et al. 2008), which binds in 
its dimeric form to a CE3-like element within the redox-box. Dimerization takes 
place at a midpoint potential of −269 mV and, thus, is in the range of physiological 
redox poise control of the cellular glutathione system (mid-point potential: −230 
mV) and the thioredoxin system (mid-point potential: −290 to –300 mV) (Aslund 
et al. 1997, Collin et al. 2003). Upon severe redox imbalances, Rap2.4a oligomer-
izes (Shaikhali et al. 2008) and 2CPA promoter activity decreases (Shaikhali et al. 
2008,;Shaikhali and Baier 2009).

Low ascorbate levels, such as in the ascorbate-biosynthetic mutant vtc1 (Conklin 
et al. 1999), hardly affect 2CPA regulation under control conditions (Wormuth et al. 
2006). In contrast, limitation in the thiol availability, such as by application of the 
thiol-blocking agent diamide (Horling et al. 2003) or application of the glutathione 
biosynthesis blocker BSO (Baier and Dietz 1996), decreases 2CPA transcript 
amount. In addition with the recent observation, that the ascorbate response is light-
dependent, while the glutathione response is not (Shaikhali and Baier 2009), we 
concluded that the 2CPA regulation is controlled by the redox state of the cellular 
thiol pool in a photosynthesis-regulated mechanism. This conclusion is consistent 
with the previous observation that 2CPA promoter activity depends on the acceptor 
availability at photosystem I (Baier et al. 2004). Photosynthetic electron transport 

http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi
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also controls glutathione reduction (Asada 2000) and, therefore, the redox poise of 
the cellular thiol pools (Foyer and Halliwell 1977). According to the transcriptome 
study performed by Piippo et al. (2006), response to the acceptor availability at 
photosystem I may be the major regulator of genes encoding chloroplast proteins 
and could trigger the common regulatory mechanism postulated by Biehl et al. 
(2005) and MacLean et al. (2008) for plastid-nucleus signaling.

Besides redox signals, the 2CPA promoter is responsive to abscisic acid (ABA) 
(Baier et al. 2004). The sensitive cis-element was mapped to the same promoter region 
as the redox-box. However, while Rap2.4a activation upon slight redox shifts 
induces the 2CPA promoter (Baier et al. 2004; Shaikhali et al. 2008), ABA 
suppresses it (Baier et al. 2004). In various studies, including analysis of APx2 
regulation (Rossel et al. 2006), ABA and photooxidative stress have been described 
as positively interacting signals: First, ABA application increases H

2
O

2
 accumula-

tion (Jiang et al. 2003; Pastori et al. 2003; Hu et al. 2005), and second, H
2
O

2
 inhibits 

the phosphatases ABI1 and ABI2, which negatively regulate the ABA-triggered 
MAPK-signaling cascade (Meinhard and Grill 2001; Meinhard et al. 2002). Since 
in 2CPA regulation ABA and H

2
O

2
 trigger inverse responses, independent redox 

and H
2
O

2
-signaling have to be assumed (Baier et al. 2004). Binding of Rap2.4a to 

a cis-element, which shows similarities to ABA-regulated CE3-elements, suggested 
gene regulation through transcription factor competition for common binding sites 
(Shaikhali et al. 2008). However, the transcription factor Rap2.4b (At1g78080), 
whose DNA-binding domain is almost identical to that of Rap2.4a (Nakano et al. 
2006), is induced by osmotic stress and protects plants from ABA-triggered salt 
stress (Lin et al. 2008). Consequently, an effect of Rap2.4-transcription factors on 
either positioning or activation of ABA-regulated transcription factors by the non-
conserved C- and N-terminal domains is more likely. Putative mechanisms may be 
transcription factor interference by protein–protein interactions or protein-dependent 
modeling of the transcription factor contact surface.

In addition, a mutant screen for 2CPA promoter activators (Heiber et al. 2007) 
indicates at least six additional regulators. Five of the isolated mutants, designated 
rimb for the redox-imbalance of gene expression regulation, are actually affected in 
redox regulation of gene expression (Heiber et al. 2007). Rimb1 and rimb2 
are impaired in central elements of the signaling pathways regulating expres-
sion of various chloroplast antioxidant enzymes, including sAPx, tAPx and 
Csd2 (Heiber et al. 2007), which are also miss-regulated in Rap2.4a knockout lines 
(Shaikhali et al. 2008). Crude map positions indicate independence from Rap2.4a 
(H. Hiltscher et al., unpublished data). The affected genes may be trans-regulators 
of Rap2.4a or independent gene activators. In contrast, gene expression analysis 
and comparison of the antioxidant signature of rimb5, rimb6 and rimb7 indicates 
effects on indirect 2CPA expression regulation, such as by increased protection by 
ascorbate and induction of extra-plastidic antioxidant defense mechanisms (Heiber 
et al. 2007).

Comparison of gene expression regulation of plastid and extra-plastidic antioxi-
dant defenses in Rap2.4a knockout lines (Shaikhali et al. 2008) and the rimb-
mutants (Heiber et al. 2007) demonstrated that at least expression of the chloroplast 
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ascorbate peroxidases sAPx and tAPx, Csd2 and 2CPA is controlled independently 
from ROS-responsive pathways, such as the ZAT10-APx2-pathway. Array-data 
collected under severe oxidative stress conditions (Davletova et al. 2005; Gadjev 
et al. 2006) suggest that the induction of genes encoding chloroplast antioxidant 
enzymes is already inhibited when the cellular redox poise shifts to oxidized levels, 
which can fully activate the cytosolic antioxidant defense. This is in consistence 
with the redox-kinetics of Rap2.4a (Shaikhali et al. 2008).

3.3.2  Co-regulation of Chloroplast and Extraplastidic Genes by NDPK2

Gene regulation via the nucleoside diphosphate kinase NDPK2 is an example for a 
redox-responsive link in regulation of plastid and extraplastidic antioxidant 
enzymes. Nucleoside diphosphate kinases (NDPK) sense and control the phospho-
rylation state of nucleosides and desoxynucleosides in cells by catalyzing the 
reversible transfer of the 5¢-terminal phosphate groups from triosphosphate nucleo-
sides and desoxynucleosides to (desoxy-)nucleoside diphosphates and nucleoside 
disphosphates, except ADP (Park and Agarwal 1973).

NDPK2 was shown to be part of the MPK signaling cascade (Moon et al. 2003). 
It interacts with the redox-/H

2
O

2
-sensitive MAPK3 and MAPK6 and enhances the 

activity of MAPK3 (Moon et al. 2003). Overexpression induces expression of vari-
ous genes encoding antioxidant and redox-active proteins, such as catalase-3, sev-
eral cytosolic peroxidases, 2-Cys peroxiredoxin-A and B, thioredoxin, thioredoxin 
reductase, tAPx and glutathione transferase in Arabidopsis (Yang et al. 2003). 
Besides this, it triggers induction of peroxidase, ascorbate peroxidase and catalase 
activities in sweetpotato plants (Ipomoea batatas) (Kim et al. 2009b). Future work 
will have to show, which of the putative target genes predicted from array experi-
ments (Yang et al. 2003) is directly activated by NDPK2 or activated via NDPK2-
regulated transcription factors.

Fukamatsu et al. (2003) showed that the pea homologue of Arabidopsis NDPK1, 
namely NDK-P1, binds to all three tested catalase isoforms in yeast-two-hybrid 
approaches. It also co-migrates with catalases on two-dimentional non-denaturing 
polyacrylamide gels, suggesting that the function of NDPKs in regulation of the 
cellular antioxidant system includes also post-translational effects.

3.3.3  Glutathione Peroxidase Expression in Arabidopsis

Recently, Soitamo et al. (2008) demonstrated that chloroplast GPx1 and cytosolic 
GPx6 are induced by the combination of cold and light, which increases cellular 
ROS formation. The cold induction is light specific, since no significant difference 
in transcript abundance was observed in cold and dark-treated plants. Moderate 
high light increased the transcript level of GPx6, but decreased that of GPx1.

In summary, the data demonstrate that cold inverts the light responsiveness of 
GPx1. For GPx7 the highest regulation amplitudes of all studied genes for chloroplast 
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antioxidant enzymes have been reported in array studies (AtGenExpress Consortium). 
As mentioned above (Section 3.1), the gene is transiently induced 6.22 and 10.59-
fold upon cold and UV-B treatment, respectively. Under control conditions, it is 
barely active. Low background expression activity is very unusual for a gene encod-
ing a chloroplast antioxidant enzyme. When the gene was first described, in contrast 
to its paralog GPx1 no ESTs were reported in the databases (Rodriguez Milla et al. 
2003). Rodriguez Milla et al. (2003) demonstrated by RT-PCR low, but similar tran-
script levels in dry seeds, 10-day old seedlings, rosette leaves, stems, cauline leaves 
and flowers indicating constitutive background expression. In the GPx7-promoter 
they identified several light regulated I- and T-boxes (Donald and Cashmore 1990; 
Chan et al. 2001) besides an ABA-sensitive Myc-ATRD22 motif (Abe et al. 1997). 
None of these elements explains the transient strong induction, since ABA-triggerd 
osmotic stress results in decreased GPx1 expression (Fig. 2).

The either cytosolic or mitochondrial GPx6 is the strongest stress inducible GPx 
gene of Arabidopsis thaliana. Its transcript level is low in most vegetative tissues 
and induced by NaCl and heat according to Rodriguez Milla et al. (2003) and 
oxidative stress, osmotic stress and UV-B according to data provided by the 
AtGenExpress (Fig. 2). In the GPx6 promoter, stress sensitive motifs such as 
W-boxes (Yu et al. 2001), similar to those found in the promoter of the TGA-
regulatory redox-sensitive protein NPR1 (Despres et al. 2003; Shearer et al. 2009), 
drought-responsive elements (DRE; Kizis and Pages 2002) and Myb2AT (Urao 
et al. 1993; Abe et al. 1997) were reported (Rodriguez Milla et al. 2003). In Lotus 
japonicus, the GPx1 and GPx6 promoters have motifs with similarity to redox-
regulated antioxidant response elements (ARE) of maize catalase2 (GGTGACCTTGC) 
(Scandalios 2005; Guan et al. 1996) in their promoters (Ramos et al. 2009). Lotus-
GPx1 is homologous to Arabidopsis GPx6 and Lotus-GPx6 to chloroplast-targeted 
Arabidopsis GPx1 and GPx7 (Ramos et al. 2009). The homology of these GPx 
genes suggests similar regulatory elements in Arabidopsis.

4  Post-transcriptional Regulation of Superoxide Dismutase 
Expression by Small RNAs, Chaperones and Heterocomplex 
Formation

In oxidative defense systems, superoxide dismutases (SOD) constitute the first line 
of defense against superoxide radicals by rapidly converting superoxide to H

2
O

2
 

(Fridovich 1995). Quiet early, Kliebenstein et al. (1998) systematically compared 
transcript abundance regulation of superoxide dismutases in Arabidopsis. Based on 
Northern-Blot hybridization, they demonstrated co-induction of cytosolic Csd1 
with chloroplastic Csd2 and inverse regulation of chloroplast Fsd2 compared to 
presumably extra-plastidic Fsd1 in response to photoinhibitory high light irradia-
tion. Recent work demonstrates that post-transcriptional and also post-translational 
events, such as control of Cu2+-binding, play crucial roles in regulating the tran-
script abundances of superoxide dismutase encoding genes.
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4.1  The Cu availability Controls Csd1 and Csd2 Transcript 
Levels of Small RNAs

Gene expression analysis demonstrated that small non-coding 21- to 25-nt long 
RNAs can strongly impact on transcript stability (Carrington and Ambros 2003; 
Bartel and Chen 2004; He and Hannon 2004). The small RNAs can be classified 
into two classes (Bartel and Chen 2004): (i) short endogenous interfering RNAs 
(siRNAs). The siRNAs are synthesized from long double-stranded RNAs (Borsani 
et al. 2005). RNAs encoding specific gene functions interact locally with each 
other, such as in case of SRO5 and P5CDH and, presumably, PrxIIC and GAD2 
(Section 3.2.4; Fig. 7). (ii) In contrast microRNAs (miRNAs; µRNAs) are small 
non-coding RNAs. They are processed from longer hairpin precursors by the 
Ribonuclease III-like enzyme Dicer (Bernstein et al. 2001; Ketting et al. 2001).

The biochemical machinery involved in siRNA and miRNA formation consists 
of four Dicer-like (DCL) proteins (Schauer et al. 2002), six predicted RDRs 
(Mourrain et al. 2000), and ten predicted Argonaute proteins (Morel et al. 2000) in 
Arabidopsis. siRNA guided cleavage of primary transcripts processes 24-nt trans-
acting siRNAs (ta-siRNA) involving RNA-Dependent RNA Polymerase-6 (RDR6) 
and Suppressor of Gene Silencing-3 (SGS3) (Peragine et al. 2004; Vazquez et al. 
2004). The 24-nt ta-siRNA directs then the biogenesis of 21-nt natural antisense 
transcript-derived siRNAs (nat-siRNAs) by DCL1. These nat-siRNAs guide cleav-
age of, for example, P5CDH mRNAs (Sunkar et al. 2006). In another case, siRNAs 
(24 nt) is generated by DCL3, RDR2 and NRPD1A by processing RNAs from 
transposons, 5S rRNA genes and other repeats (Sunkar et al. 2006). Compared to 
siRNAs, miRNAs are at first incorporated into an RNA induced silencing complex 
(RISC) (Hannon 2002; Meister and Tuschl 2004), and induce sequence-specific 
translational inhibition or transcript cleavage by targeting complementary mRNAs 
(Bartel and Chen 2004).

Recent studies indicated that miR398 regulates two Cu/Zn superoxide dis-
mutases, cytosolic CSD1 (At1g08830) and chloroplastic CSD2 (At2g28190) 
(Fig. 8). miR398 was discovered in Arabidopsis thaliana and Oryza sativa and is 
conserved in other flowering plants, suggesting that miR398 regulation is con-
served over a wide range of plants.

The miR398 family is encoded by three loci in Arabidopsis thaliana (Bonnet 
et al. 2004; Jones-Rhoades and Bartel 2004; Sunkar and Zhu 2004). The two 
expressed variants bind to a complementary site in the coding region of CSD1 and 
CSD2 transcripts and cause post-transcriptional cleavage of the mRNAs (Sunkar 
et al. 2006). In oxidative stress or under the influence of high Cu2+ concentrations, 
miR398 is down-regulated (Sunkar et al. 2006). In response, CSD1 and CSD2 
transcripts accumulate, the encoded proteins bind Cu2+-ions and protect plants from 
oxidative stress. Sugars induce miR398 expression and, therefore, result in decreased 
CSD transcript levels (Dugas and Bartel 2008). Post-translational regulation by 
miR398 can explain the co-regulation of Csd1 and Csd2 transcript abundances 
upon stress as reported by Kliebenstein et al. (1998).
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Recently, Yamasaki et al. (2009) demonstrated that miR398 expression is under 
control of SQUAMOSA promoter binding protein 7 (SPL7). SPL7 binds to a 
GTAC motif in the miR398c promoter under low copper conditions. Since the pro-
tein also regulates miR397, miR408 and miR857 it is postulated to be a master 
regulator of miRNA-controlled copper proteins.

Besides the two Csd genes, miR398 regulates Cox5b-expression post-transcrip-
tionally. However, while in Csd-transcripts the complementary sites are highly 
conserved between Arabidopsis, pea, poplar, rice and Glycine max, conservation of 
Cox5b-binding sites are more variable indicating less conserved post-transcriptional 
regulation (Dugas and Bartel 2008).

4.2  The Metallo-Chaperone CCS Links Cu Regulation of Csd1 
and Csd2 Expression

In Arabidpopsis thaliana, the transcript abundance of Csd2 is strictly correlated with 
the transcript levels of the metallo-chaperone CCS (At1g12520). The small CCS pro-
tein delivers Cu to chloroplasts and controls integration of copper into Csd (Abdel-
Ghany et al. 2005; Chu et al. 2005). Arabidopsis thaliana encodes one CCS gene. The 
transcript has two in-frame ATG-start sites, which give either a cytosolic CCS or a 
CCS-preprotein with an organellar targeting signal (Chu et al. 2005). In 10 out of 13 
tested 5¢-RACE products, the transcript started only one nucleotide upstream of the 
first ATG suggesting transcript variability. One nucleotide upstream of an ATG may 
be too short for ribosome binding (Kozak 1991), thus, avoid translation of the chloro-
plast targeting signal. Without detailed experimental proofing, Chu et al (2005) and 
Wintz and Vulpe (2002) concordantly suggest alternative transcription initiation.

Copper

Sucrose

miR398

CSD1/CSD2

Oxidative tolerance

Oxidative stress
CSD1/CSD2 transcripts

CSD1/CSD2

Fig. 8 Transcript abundance of Csd1 and Csd2 is regulated by miR398 in response to oxidative 
stress, copper availability and sucrose
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From 125 stress array data sets of Arabidopsis thaliana generated in different 
labs, a Pearson correlation coefficient of 0.99 was calculated for the relative tran-
script abundances of Csd1/Csd2 and CCS (M. Baier, unpublished data). This strong 
co-regulation indicates fine-controlled transcriptional and/or post-transcriptional 
regulation. However, computational mRNA analysis did not show a miR398 target 
element in Arabidopsis, rice and poplar (Bonnet et al. 2004; Jones-Rhoades and 
Bartel 2004; Sunkar et al. 2005; Fahlgren et al. 2007). In an experimentally vali-
dated approach, Cohu et al (2009) recently identified a 21-nt sequence stretch with 
high similarity to miR398 in the CCS transcript. The hypothesis on post-transcrip-
tional regulation of CCS by miR398 was confirmed by comparison of CCS tran-
script levels in constitutive miR398 over-expressor lines and miR398a and miR398c 
double knockout lines (Cohu et al. 2009). In addition, Cohu et al (2009) showed 
that the levels of Csd1 and Csd2 are strongly decreased in CCS-knockout lines, 
which suggests additional post-transcriptional cross-talk.

4.3  The Cu Regulation of Csd1 and Csd2 Expression Is Affected 
by Plastocyanin Expression

Since plastocyanin is the most prominent Cu-binding protein in plants, the copper 
homeostasis is altered in plastocyanin-deficient mutants. In response, the mutants 
accumulate Csd1, Csd2 and CCS (Abdel-Ghany 2009) demonstrating a strong 
Cu-mediated link between Csd1, Csd2 and plastocyanin expression.

Plastocyanin is an electron carrier protein at the luminal site of thylakoids. It 
transfers electrons from the cytochrome b

6
f complex to photosystem I. According 

to Schöttler et al. (2004), the concentration of plastocyanin controls the electron 
transfer efficiency and, in consequence, the assimilation capacity of photosynthesis. 
If the photosynthetic electron transfer efficiency decreases, more activation energy 
and electrons can escape from the photosynthetic electron transport chain and acti-
vate oxygen (Mehler 1951; Fridovich 1995). Thus, regulation of Csd1 and Csd2 
expression by the plastocyanin-controlled Cu availability links protection against 
superoxide accumulation to photosynthetic electron transport efficiency and photo-
oxidative superoxide formation. In summary, Cu-controlled miRNA regulation 
provides an ideal system to control Csd availability in chloroplasts and in the cyto-
sol relative to the risks caused by photooxidative ROS generation.

4.4  Regulation of Fsd Expression Is Controlled by Redox 
Signals, Its Activity by Heterocomplex Formation

Various authors report that stromal FeSOD activity is proportionally up-regulated 
if Csd1 and Csd2 are suppressed under Cu-limited conditions (Abdel-Ghany et al. 
2005; Cohu and Pilon 2007; Yamasaki et al. 2007). Since no miRNA mechanism 
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similar to Csd1 and Csd2 regulation can be assumed for Fsd regulation, one may 
follow the suggestion by Cohu and Pilon (2007) that Fsd expression is up-regulated 
to replace Csd activity. In other words, this reciprocal regulation of Csd and Fsd 
expression indicates that Fsd expression is under control of Csd expression. So far, 
no molecular mechanisms have described. Since Cohu et al. (2009) recently 
showed co-suppression of Csd1, Csd2 and Fsd1 in CCS-knockout lines, a direct 
link between Csd and Fsd1 expression can be excluded. Most likely, Fsd1 responds 
to oxidative stress signals, such as signals related to ROS accumulation (Apel and 
Hirt 2004), and, consequently, more sensitive to the redox status and the concentra-
tion of ascorbate and glutathione than Csd expression. Comparison of transgenic 
with increased Zat10 levels (Mittler et al. 2006), suggests regulation of Fsd1 via the 
MAPK4-Zat-pathway depicted in Fig. 5.

Decreased transcript levels of chloroplast Fsd2 upon photooxidative stress 
(Kliebenstein et al. 1998) and reciprocal regulation of Fsd1 and Fsd2 suggest addi-
tional levels of regulation controlling the SOD activity. Unfortunately, Kliebenstein 
excluded Fsd3 from their gene-specific expression analysis, since the protein did 
not cluster with other plant Fsd2 in their phylogenetic analysis. Recent studies 
demonstrated that Fsd2 and Fsd3 proteins form hetero-complexes in chloroplast 
nucleosides (Myouga et al. 2008). Transgenic Arabidopsis over-expressing Fsd2 
and Fsd3 were more tolerant to oxidative stress than single Fsd-over-expressing 
lines, although the single proteins retained SOD activity on their own. In Fsd2 over-
expressors, the Fsd3 transcripts were decreased, in Fsd3 over-expressors Fsd2 
transcripts and in Csd2 over-expressors Fsd2 and Fsd3 indicating that Fsd2 and 
Fsd3 transcript abundance is negatively correlated with superoxide dismutase activ-
ity. This correlation is unidirectional, since over-expression of Fsd2 and Fsd3 
resulted in higher Csd2 transcript levels.

The transcript levels of Fsd2 and Fsd3 rapidly accumulated in response to 
methyl viologen, which promotes superoxide formation at the thylakoid mem-
brane (Fujibe et al. 2004), and other photooxidative stress promoting treatments 
(Myouga et al. 2008). It is indicated that the two genes are most likely co-regu-
lated by redox singals. Various signal transduction pathways have been postulated 
for chloroplast-to-nucleus redox signaling (Baier and Dietz 2005; Pfannschmidt 
et al. 2007; Kleine et al. 2009). However, the precise molecular mechanisms actu-
ally regulating Fsd2 and Fsd3 expression still have to be investigated. Hetero-
complex formation of Fsd2 and Fsd3 proteins demands for co-regulation and 
suggests complexities including post-transcriptional and post-translational 
regulation.

5  Redox-Regulation of Protein Import into Chloroplasts

Compared to extra-organellar antioxidant enzymes, the chloroplast antioxidant 
enzymes have to pass the two envelope membranes prior to comprising their activ-
ity. Compartmentalization and availability of chloroplast antioxidant enzymes can 
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be regulated by post-translational processes (Section 3.2.1), by transcriptional and, 
like Csd1 and Csd2 (Section 4.1), by post-transcriptional regulation.

So far little attention has been paid on specific regulation of organellar import of 
the antioxidant enzymes within the group of approximately 3,000 nuclear encoded 
chloroplast proteins (Leister and Schneider 2003). Various alternative cytosolic 
factors, such as the differentiation of 14-3-3/Hsp70 (May and Soll 2000) and Hsp90 
guidance complexes (Qbadou et al. 2006), signal recognition particles which bind 
mRNA to translation-import complexes (St Johnston 2005), and vesicle based pro-
tein sorting (Nanjo et al. 2006) can interact with pre-proteins in the cytosol, stabi-
lize them and guide them into distinct protein import pathways. The variability 
implicates that protein import can be differentially regulated and indicates a func-
tion of protein import in inter-compartment signaling pathways (Kessler and 
Schnell 2009). Recently, Kakizaki et al. (2009) demonstrated with protein-import 
affected Arabidopsis lines that nuclear gene expression is coupled to plastid protein 
import. Defects in the protein import machinery (caused by silencing of TOC159) 
resulted in down-regulation of the nuclear expression of photosynthesis-related 
genes. Based on transcriptome analysis, they suggested that the G-box-binding fac-
tor GLK1 may be involved in coordination of gene expression. Consistent with 
their assumption, over-expression of GLK1 partially restored the gene expression 
defect in TOC159-silenced lines.

With respect of antioxidant function, redox regulation of protein import may be 
an important regulatory mechanism. Chloroplast protein import takes place via two 
translocon machineries present in the outer (OEM) and inner envelope membrane 
(IEM). They are dedicated TOC (translocon at the outer envelope of chloroplasts) 
and TIC (translocon at the inner envelope of chloroplasts) (Inaba and Schnell 2008; 
Jarvis 2008; Stengel et al. 2008; Benz et al. 2009). For most chloroplast proteins, 
pre-proteins with a N-terminal transit peptide are translated at cytosolic ribosomes. 
The transit peptides are recognized by receptor proteins on the organellar surface 
of the outer chloroplast envelope. Via TIC and TOC, the proteins are translocated 
through both envelope membranes. At the stromal site of the inner chloroplast 
envelope, a stromal processing peptidase (SPP) cleaves the transit peptide off, 
thereby generating the mature form of the protein (Bruce 2000).

Translocation across the envelope is a bottleneck in the transport process (Benz 
et al. 2009). For correct supply of chloroplasts with proteins, protein traffic needs 
to be tightly regulated. The TOC and TIC translocons impose a regulatory control 
of incoming pre-proteins. Members of the TIC complex are integrated in the inner 
chloroplast membrane and are, therefore, closest to the origin of the signal. Via 
connection to TOC, TIC can transmit the signals to the outer membrane and control 
channel activity of the TIC–TOC-complex.

In the TIC complex, eight proteins have been implicated with respect to pre-
protein import at the IEM of higher plant chloroplasts. For each component a con-
tact with the precursor proteins or a close interaction with one of the established 
TIC core proteins has been demonstrated (Benz et al. 2009). It is postulated that 
Tic110 and Tic20 form the translocon channel (Chen et al. 2002; Heins et al. 2002; 
Teng et al. 2006). The heat shock protein 93 (Hsp93)/caseinolytic protease C 
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(ClpC) is a putative constituent of the import motor (Chou et al. 2003). Furthermore, 
the co-chaperone Tic40 is part of the complex (Chou et al. 2003). Tic32, Tic55 and 
Tic62 are translocon-associated, while Tic22 is an associated soluble protein of 
inter-membrane space and might participate in TIC–TOC supercomplex formation 
by interaction with TOC proteins (Balsera et al. 2009a) (Fig. 9). Tic21 is the most 
recently added component of the TIC (Teng et al. 2006).

TIC proteins sense at least two types of signals, which may be important for 
linking import of chloroplast antioxidant enzymes to the chloroplast redox state: (a) 
redox-signals, mediated by the stromal NADP+/NADPH ratio (and possibly also 
thioredoxins (Bartsch et al. 2008) and glutathione (Oreb et al. 2008), might provide 
information about the metabolic state of the chloroplast (Chigri et al. 2006; Stengel 
et al. 2008) and (b) calcium signals, which are controlled by chloroplast calmodulin 
(CaM) (Chigri et al. 2006) and can be perceived as second messenger in redox regu-
lation (Gomez et al. 2004). Up to now four putative targets have been identified for 
redox-regulation of protein import: Tic62, Tic32, Tic55 and recently Tic110 
(Fig. 9a and b):

 1. Tic62 and Tic32 are classified as short-chain dehydrogenases/reductases (SDRs). 
They are peripherally attached to the stromal side of the inner envelope and share 
a NADP(H)-binding site. Tic62 can interact with ferredoxin-NADP-oxi-
doreductase (FNR) (Kuchler et al. 2002; Stengel et al. 2008), which transfers 
redox power from reduced ferredoxin to NADP+. Consequently, Tic62 repre-
sents a good candidate for being the NADP+/NADPH sensor of the TIC–TOC-
protein import machinery.

Tic32 comprises a calmodulin-binding domain (Hormann et al. 2009), indi-
cating sensing of Ca2+-signals. If the NADP+/NADPH ratio shifts to more oxi-
dized values, Tic32 and Tic62 are closely associated with TIC, while reduced 
conditions lead to translocon disassembly (Chigri et al. 2006; Stengel et al. 
2008). Tic62 also shifts between a soluble stromal and a membrane-attached 
form, depending on the chloroplast redox state (Stengel et al. 2008). Since the 
soluble form of Tic62 binds NADPH and attaches more strongly to FNR 
(Balsera et al. 2007), Tic62 regulation is likely to support protein up-take under 
oxidizing conditions. Under these conditions, better import of antioxidant 
enzymes may support protection against photooxidative damage.

 2. Tic55 is anchored to the inner envelope membrane and exposes a large soluble 
domain to the stroma. This domain contains a Rieske-type iron–sulfur centre and 
a mononuclear iron-binding site (Caliebe et al. 1997). The iron–sulfur centre has 
been suggested to serve as a sensor for photosynthesis-coupled redox-active 
compounds like glutathione or thioredoxin (Oreb et al. 2008). In fact, it has 
recently been identified in a screen for thioredoxin targets (Bartsch et al. 2008). 
Thus, translocation could also be linked to thiol-mediated regulative processes 
(Balsera et al. 2009b).

 3. The channel protein Tic110 has six conserved cysteines that potentially could be 
redox-controlled by stromal thioredoxins (Balsera et al. 2009a). Besides this, the 
N-terminal region of Tic110 interacts with the redox-regulated subunit Tic32 



Cytoplasm

a

b

TOC

Tic62

FNR

Tic32
Tic55

Tic110

Hsp93
(2Fe-2S)

NADP

CAL
GSSG

Trx

Tic20 Tic21

Tic22

Tic40

OEM

IMS

IEM

Stroma

Tic32

SDR active
site motifs

NADPH
binding site

Fe2+

binding site

Rieske (2Fe-2S)
domain

Hydrophobic patch

NADPH
binding site

FNR binding repeats

CysXXCys

TM TM

TM TM TM TM TM

CaM
binding

N

N

N

N

C

C

C

C

Tic55

Tic62

Tic110
Cys134 Cys445 Cys492Cys506 Cys890

Cys674

Fig. 9 Redox regulation of protein import. (a) The redox-regulated subunits of the Tic translocon. 
Under oxidizing conditions, FNR assembles with Tic62 activating the translocon. Oxidized gluta-
thione (GSSG) and thioredoxin are postulated to influence the iron–sulfur cluster of Tic55. Under 
reducing conditions, NADPH induces the release of calmodulin (Cal) from Tic32 and the release 
of Tic32 and possibly Tic62 from the translocation complex and finally of the translocon. Adapted 
from Oreb et al. (2008). (b) Schematic overview showing predicted functional domains and topol-
ogy of Tic32, Tic55, Tic62 and Tic110. Transmembrane domains are marked with TM. Regions 
involved in NADPH binding are indicated in red. Cysteine residues possibly involved in regulation 
by thioredoxins are indicated in brown (Adapted from Benz et al. 2009)
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(Hormann et al. 2009). For at least two chloroplast proteins, the non-photosynthetic 
ferredoxin (Fd3) and the FNR isoform 2 (FNR2), differentially regulated import 
has been shown so far (Hirohashi et al. 2001), which may be depend on different 
redox states caused by photosynthetic activity (Balsera et al. 2009b). Consequently, 
in the light the unprocessed precursors of Fd3 and FNR2 were miss-localized to 
the inter-membrane space for chloroplast envelopes. In the dark, they were 
efficiently imported into the stroma and processed to its mature form.

As shown by application of different types of disulfide-reducing agents (Stengel 
et al. 2009), also the formation and reduction of intermolecular disulfide bridges in 
the TOC receptors and TOC translocation channel strongly influence the import of 
pre-proteins. Redox regulation of the chloroplast protein import machinery might 
be a final control step in the expressional control of chloroplast antioxidant and 
redox-active enzymes. In the green algae Chlamydomonas reinhardtii, import con-
trol is partially overcome by coupling protein import into chloroplasts to translation 
(localized translation control; Uniacke and Zerges 2009). With respect to chloro-
plast antioxidant enzymes, translational import control can be assumed for the 
2-Cys peroxiredoxin genes and organellar type-II peroxiredoxin (N.T. Pitsch, 
B. Witsch, M. Baier (2010) submitted).

With special attention on chloroplast antioxidant enzymes and cellular redox 
regulation, the future biochemical analysis of the protein import machinery in con-
text of the cellular redox metabolism will show more refined pattern, which adjust 
chloroplast redox control function to the dangers of photooxidative stress. 
Additional control mechanisms can be expected from analysis of translational and 
post-translational regulation. In theory, separation of translation and function 
between chloroplasts and the cytosol provides a high potential to discover addi-
tional regulatory mechanisms, which support coordination of extra-plastidic gene 
expression to chloroplast function.

6  Conclusions and Perspective

Transcriptomics and specific analyses of gene expression regulation by studying 
transcript abundance regulation and promoter activities demonstrated that individ-
ual regulatory mechanisms have evolved to regulate expression of genes encoding 
chloroplast and extra-plastid antioxidant enzymes. Exemplarily, the regulatory 
pathways have been studied in detail for individual genes. The most advanced studies 
arose from characterization of the ROS-responsive ZAT10/12-pathway regulating 
expression of cytosolic APx1 and APx2 expression under control of the MAPK-
signaling cascade (Kovtun et al. 2000; Mittler et al. 2006) and from RAp2.4a – 
ABA-antioxidant regulation of chloroplast 2-Cys peroxiredoxin-A by the acceptor 
availability at photosystem I (Baier et al. 2004). The regulation amplitudes differ 
by a factor of more than 100 and the preferred directions of regulation are inverted. 
Links, such as the co-activation by MAPK3/MAPK6 (Yang et al. 2003; Kovtun 
et al. 2000), demonstrate coordination. In contrast, distinct subsequent signaling 
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pathways, such as ZAT10/ZAT12 and Rap2.4a-dependent regulation allow indi-
vidual responsiveness, such as the induction of APx2, but suppression of 2CPA in 
Rap2.4a knockout lines (Shaikhali et al. 2008). Recent analysis of superoxide dis-
mutase expression (Section 4) and NDPK2-regulation (Section 3.3.2) demonstrated 
that regulation of the chloroplast and extra-plastidic antioxidant defense systems 
shares transcriptional and post-transcriptional links. The exemplary studies sum-
marized in this review let assume a complex regulatory network, in which master 
switches are controlled by gene-specific regulatory mechanisms on all levels of 
gene expression regulation.

Further analysis of signaling cascades and detailed characterization of promoter 
regulation of additional genes will provide the basis for exploring this signal trans-
duction networks. The examples described here let assume, that we are just at the 
beginning of understanding the mechanisms which act in concert to protect plants 
from oxidative stress. There still is a highly complex stet of undiscovered signaling 
and regulatory pathways controlling the expression of the extra-plastid and plastid 
antioxidant defense system.
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Abstract Peroxisomes are unique organelles with intricate biochemical machinery  
involved in oxidative stress management and signaling. Peroxisomal metabolism is 
characterized by its plasticity because the organelle’s enzyme composition varies 
depending on the cell type, stage of development, and environmental conditions. 
The present chapter reviews recent progress in understanding the metabolism of 
reactive oxygen species (ROS) in plant peroxisomes. The ascorbate–glutathione 
(AsA–GSH) cycle is the second line of defense to cope with hydrogen peroxide 
(H

2
O

2
) generated by peroxisomal flavin oxidases particularly under stress condi-

tions when catalase becomes inactivated. The cycle has been studied comprehen-
sively at the biochemical and physiological level and its role been elucidated under 
biotic and abiotic stress conditions. The last two members of the peroxisomal AsA–
GSH cycle, glutathione reductase and dehydroascorbate reductase, have recently 
been identified by proteome analysis of Arabidopsis leaf peroxisomes and been 
established as peroxisomal proteins by in vivo targeting analysis. The identification 
of all cycle members now opens new doors with which to study the function of the 
cycle in vivo, including reverse genetics. The release of ROS signaling molecules, 
such as H

2
O

2
, from plant peroxisomes adds new functions in the cross-talk events 

among organelles and cells under physiological and stress conditions.
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1  Overview of Peroxisomal Reactive Oxygen  
Species Metabolism

Peroxisomes are subcellular organelles with a single boundary membrane and a 
rather simple morphological structure, but with intricate biochemical machinery 
involved in oxidative stress management and signaling. Peroxisomal metabolism 
and physiological functions are plastic as the organelle’s enzyme composition is 
modulated depending on the cell type, stage of development, and prevailing envi-
ronmental conditions (del Río et al. 1992, 2002; Johnson and Olsen 2001; Hayashi 
and Nishimura 2006). With reference to their major physiological functions, 
plant peroxisomes have been classified as glyoxysomes in germinating seedlings, 
leaf peroxisomes in photosynthetic tissue, gerontosomes in senescing tissue, and 
unspecialized peroxisomes (Johnson and Olsen 2001; Kamada et al. 2003; Hayashi 
and Nishimura 2006). Since the enzymatic differences among some peroxisome 
variants and intermediate forms might be subtle, the term “peroxisome” is recom-
mended to commonly refer to all plant peroxisomal variants (Pracharoenwattana 
and Smith 2008).

Plant peroxisomes perform a plethora of functions, including photorespiration, 
lipid and nitrogen metabolism, detoxification reactions, synthesis of plant hormones, 
back-conversion of polyamine, metabolism of reactive oxygen and nitrogen species 
(ROS and RNS), and urate catabolism (Beevers 1979; Hayashi and Nishimura 
2003; del Río et al. 2006; Moschou et al. 2008; Kaur et al. 2009; Palma et al. 2009). 
Newly uncovered functions of plant peroxisomes include, for instance, their 
involvement in the biosynthesis of phylloquinone (Babujee et al. 2010). Apart from 
these diverse metabolic functions, plant peroxisomes play essential roles in photo-
morphogenesis and plant–pathogen interactions (Hu et al. 2002; Taler et al. 2004; 
Koh et al. 2005; Lipka et al. 2005; McCartney et al. 2005; Bednarek et al. 2009). 
Peroxisome functions are also essential for embryogenesis and seed germination, as 
demonstrated by lethal plant phenotypes of knock-out mutants deficient in peroxi-
some biogenesis proteins (PEX, Hu et al. 2002; Rylott et al. 2003; Schumann et al. 
2003; Sparkes et al. 2003; Fan et al. 2005).

One of the major functions of plant peroxisomes is the compartmentalization of 
metabolic reactions that produce harmful by-products such as hydrogen peroxide 
(H

2
O

2
) and their immediate detoxification at the site of production. These functions 

are common to all peroxisome variants. Massive amounts of H
2
O

2
 are produced 

during photosynthesis in peroxisomes by glycolate oxidase as part of the photo-
respiratory cycle, and in oilseeds, such as Arabidopsis seeds, during germination by 
acyl-CoA oxidase as part of fatty acid b-oxidation (Beevers 1979; Tolbert 1980, 
1981; Graham and Eastmond 2002). Other peroxisomal H

2
O

2
-producing enzymes 

include superoxide dismutase, polyamine oxidase, uricase, and sulfite oxidase 
(for review see del Río et al. 2002; Kaur et al. 2009).

Peroxisomal H
2
O

2
 is scavenged primarily by catalase, which is the most abundant 

peroxisomal protein in the matrix. Despite being the key enzyme in H
2
O

2
 metabolism, 

catalase is very inefficient in removing H
2
O

2
 at low concentrations because of its 

high Km value for H
2
O

2
 (~1 M, Huang et al. 1983). Moreover, catalase is inactivated 
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and degraded under high light conditions (Feierabend and Engel 1986; Feierabend 
et al. 1992; Hertwig et al. 1992).

The ascorbate (AsA)–GSH cycle is one of the major lines of defense in most cell 
compartments to cope with H

2
O

2
. The cycle includes the cooperative activities of 

ascorbate peroxidase (APX), monodehydroascorbate reductase (MDAR), dehy-
droascorbate reductase (DHAR), and glutathione reductase (GR) (Foyer and Noctor 
2003). The cycle is initialized by APX, which catalyzes the reduction of H

2
O

2
 to 

water, coupled to the oxidation of ascorbate to monodehydroascorbate (Asada 
1992). Monodehydroascorbate is converted back into ascorbate by MDAR in an 
NADH-dependent manner (Hossain and Asada 1984; Asada and Takahashi 1987). 
Dehydroascorbate is produced as a side-product either by a non-enzymatic reaction 
of ascorbate with superoxide or H

2
O

2
 or by the spontaneous disproportionation of 

monodehydroascorbate. Dehydroascorbate is reduced to ascorbate by DHAR using 
reduced glutathione as a co-factor (Hossain and Asada 1984). Oxidized glutathione 
is reduced by GR with NADPH as the reductant. In plant cells, the AsA–GSH cycle 
is present in several cell compartments, including the chloroplast stroma, mitochondria, 
peroxisomes, and the cytosol (Asada 1999).

In peroxisomes, the AsA–GSH cycle is the second line of defense to cope with 
high concentrations of H

2
O

2
 generated by peroxisomal flavin oxidases, particularly 

under stress conditions when catalase becomes inactivated. The peroxisomal cycle 
includes all four enzymes, which are partly soluble and partly membrane associated 
(Yamaguchi et al. 1995; Bunkelmann and Trelease 1996; Jiménez et al. 1997; 
Mullen et al. 1999; Karyotou and Donaldson 2005; Leterrier et al. 2005; Lisenbee 
et al. 2005). The peroxisomal AsA–GSH cycle has been studied comprehensively at 
the biochemical and physiological level in pea (del Río et al. 2002) and partly at the 
molecular level in Arabidopsis, as summarized below (Section 2). In this book chapter 
we also summarize the literature regarding the regulation of peroxisomal AsA–GSH 
cycle enzymes and the organelle’s redox state under environmental conditions 
(Sections 3 and 4), as well as the available data on the release of peroxisomal H

2
O

2
 as a 

signaling molecule (Section 5).

2  Molecular Identification of the Arabidopsis Enzymes

Despite the peroxisomal isozymes of the AsA–GSH cycle having been identified 
by biochemical or cell biology techniques in different plant species (Corpas et al. 
2001), their identification at the molecular level in a model plant species such as 
Arabidopsis is important to understand these metabolic pathways and enzymatic 
functions in sufficient detail. Isoform redundancy in several cell compartments long 
prevented the cloning of three enzymes of the peroxisomal AsA–GSH cycle. The 
possibility that biochemical data on peroxisomal enzymes were compromised by 
the co-purification of plastidic, mitochondrial, peroxisomal, or cytosolic contaminants, 
could eventually be excluded by cDNA identification and in vivo peroxisome 
targeting confirmation. Proteome research of Arabidopsis peroxisomes was proven 
to be a particularly important new technology to identify candidate isoforms, upon 
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which their peroxisome targeting could then be verified by straight-forward in vivo 
analyses (Reumann et al. 2007, 2009) (Fig. 1).

As the starting point of the AsA–GSH cycle, APX catalyzes the reduction of 
H

2
O

2
 to water coupled to the oxidation of ascorbate to monodehydroascorbate 

(Asada 1992). In Arabidopsis, the peroxisome-associated isoform is ascorbate 
peroxidase 3 (APX3, Table 1), which is integral to the peroxisomal membrane with 
the catalytic domain facing the cytosol (Zhang et al. 1997; del Río et al. 2002). In 
concert with membrane-associated MDAR4 both enzymes are thought to detoxify 
H

2
O

2
 as it leaks out of peroxisomes, thereby preventing oxidative damage to other 

cell compartments (Yamaguchi et al. 1995; Mullen and Trelease, 1996) (Fig. 2). 
The high affinity of APX for H

2
O

2
 (spinach: Km = 74 mM) makes the enzyme suitable 

to fulfil this scavenging function (Mittler and Zilinskas 1991; Ishikawa et al. 1998). 
Overexpression of APX3 has been reported to increase plant protection against 
oxidative stress (Wang et al. 1999). In a reverse genetic study, APX3 loss of function 

Fig. 1 Model of the sub-compartmental localization of the ascorbate–glutathione cycle in 
Arabidopsis peroxisomes. Abbreviations: APX, ascorbate peroxidase; ASC, reduced ascorbate; 
DHA, dehydroascorbate; DHAR, dehydroascorbate reductase; GR, glutathione reductase; GSH, 
reduced glutathione; GSSG, oxidized glutathione; MDA, monodehydroascorbate; MDAR, mono-
dehydroascorbate reductase
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Table 1 Arabidopsis Asc–glutathione cycle enzymes localized in peroxisomes

Enzyme Acronym AGI code
Intraperoxisomal 
localization PTS Reference

Ascorbate peroxidase 
isoform 3

APX3 At4g35000 Integral membrane 
protein 
exposed to the 
cytosolic side

mPTS Zhang et al. 
1997

Monodehydroascorbate 
reductase isoform 1

MDAR1 At3g52880 Soluble protein AKI> Lisenbee et al. 
2005

Monodehydroascorbate 
reductase isoform 4

MDAR4 At3g27820 Integral membrane 
protein exposed  
to the matrix  
side

mPTS Lisenbee et al. 
2005

Dehydroascorbate 
reductase isoform 1

DHAR1 At1g19570 Soluble protein Unknown Reumann 
et al. 2009

Glutathione reductase 
isoform 1

GR1 At3g24170 Soluble protein TNL> Kataya and 
Reumann 
2010

Fig. 2 Peroxisomal immunogold electron microscopy  
localizations of several enzymes of the ascorbate–glutathione 
cycle. Panel (a): electron micrograph showing the immunocy-
tochemical localization of APX in peroxisomes of cucumber  
cotyledons (Reproduced, with permission, from Corpas et al. 
1994). Panel (b): electron micrograph showing the immunocy-
tochemical localization of GR in pea leaves peroxisomes 
(Reproduced, with permission, from Romero-Puertas et al. 2006). 
Panel (c): electron micrograph showing the immunocytochemical 
localization of MDAR in pea leaves peroxisomes (Reproduced, 
with permission, from Leterrier et al. 2005). CW, cell wall; P,  
peroxisome; M, mitochondrion; CH, chloroplast. Bar = 0.5 µm

did not affect Arabidopsis growth and development suggesting that its peroxidase 
function could be compensated for by other antioxidant enzymes (Narendra et al. 
2006).

It currently remains unknown whether a soluble APX isoform is also part of the 
peroxisomal AsA–GSH cycle, similar to MDAR (see below). Arabidopsis is 
predicted to have eight to nine APXs (Jespersen et al. 1997; Panchuk et al. 2002; 
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Fig. 3 Gene expression analysis of the five Arabidopsis enzymes of the peroxisomal AsA–GSH 
cycle at different developmental plant stages. The expression data derive from microarray experi-
ments and were retrieved using Genevestigator (www.genevestigator.com; Zimmermann et al. 
2004, 2005). High and low expression levels are reflected semi-quantitatively by dark and light 
blue coloring, respectively. The numbers indicate the number of underlying microarrays

Chew et al. 2003; Narendra et al. 2006). Based on similarities in sequence and 
secondary structure, and the presence of predicted peroxisome targeting signals 
type 1 or type 2 (PTS1/2), APX5 and APX4 (LKL>) have been proposed to be 
integral to the peroxisome membrane and localized in the matrix, respectively 
(Panchuk et al. 2002). However, experimental evidence for their association with 
peroxisomes is not yet reported.

The expression and activity of catalase and APX (and possibly MDAR, DHAR, 
and GR) must be coordinated to control intraperoxisomal H

2
O

2
 levels generated 

under physiological or adverse environmental stress conditions, as well as the 
release of H

2
O

2
 release from peroxisomes. However, data yielding insight into the 

regulation of the Asc–glutathione cycle at the transcriptional or post-translational 
level are extremely scarce. The five genes involved in the peroxisomal AsA–GSH 
cycle are constitutively expressed at significant levels at all developmental stages, 
indicating a constitutive detoxification function under standard growth conditions 
(Fig. 3). In addition, several genes are reported to be further induced by abiotic and 
biotic stress (see Section 3).

In addition to gene induction, the peroxisomal AsA–GSH cycle might be regu-
lated at the post-translational level. An isoform of the 14-3-3 protein family, G-box 
regulating factor 6 (GRF6), also annotated as GF14l, has been detected in a yeast 
two-hybrid screen and characterized to interact with APX3 (Yan et al. 2002). 
14-3-3 proteins generally bind to phosphorylated proteins and regulate signal 
transduction and protein activity (DeLille et al. 2001), suggesting that APX3 activity 
or protein–protein interactions might be regulated by reversible phosphorylation. 
The same 14-3-3 protein (GF14l) has been identified, along with APX3 itself, in 
the proteome of Arabidopsis leaf peroxisomes. Together with the absence of 

http://www.genevestigator.com
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predicted matrix targeting signals, the data strongly suggest that GF14l associates 
with leaf peroxisomes by its physical interaction with the cytosolic domain of 
APX3 (Reumann et al. 2009). In vivo validation of such an indirect protein targeting 
mechanism to peroxisomes might not be trivial and remains to be reported.

Monodehydroascorbate generated by APX is converted back into ascorbate by 
MDAR using NAD(P)H as the reductant (Hossain and Asada 1984; Asada and 
Takahashi 1987). Arabidopsis peroxisomes possess two MDARs; MDAR1 is a PTS1-
containing matrix enzyme (AKI>), whereas MDAR4 is an integral membrane protein 
with its catalytic domain facing the matrix side (Lisenbee et al. 2005) (Fig. 2). The 
differential sub-compartmental localization of the two enzymes indicates slightly 
divergent roles in AsA recycling, i.e., detoxification of H

2
O

2
 escaping from peroxi-

somes (MDAR4, see above) and clearance of intra-peroxisomal H
2
O

2
 (MDAR1). By 

application of a forward genetic screen, Eastmond (2007) demonstrated that MDAR4 
is essential to prevent oil bodies from incurring oxidative damage, when in close 
proximity to peroxisomes, and triacylglycerol lipase from inactivation. The loss-of-
function mutant is conditionally seedling-lethal because its seeds are unable to break 
down storage oil to provide carbon skeletons and energy for early seedling growth.

Dehydroascorbate, produced nonenzymatically from AsA or monodehydroascor-
bate, is reduced to ascorbate by DHAR using reduced glutathione as the reducing 
co-factor (Hossain and Asada 1984). Arabidopsis encodes five DHAR isoforms 
that are either shown to be or predicted to be cytosolic or mitochondrial/plastidic 
(Chew et al. 2003). DHAR1 (At1g19570) was detected in Arabidopsis leaf peroxi-
somes by proteomics and confirmed to be peroxisome-localized by in vivo subcellular 
targeting analysis (Reumann et al. 2009). Similar to a number of newly identified 
matrix proteins, DHAR1 does not carry a predicted PTS neither type 1 nor type 2, 
and is thus predicted to be imported by a novel import pathway.

Glutathione reductase (GR) is a major enzyme of the antioxidative defense 
system and plays an important physiological role in maintaining and regenerating 
reduced glutathione in response to biotic and abiotic stresses in plants (Romero-
Puertas et al. 2006). GR mediates the reduction of GSSG to GSH by using NADPH 
as an electron donor. In contrast to the large gene families of APX, MDAR, 
and DHAR in Arabidopsis, only two GR isoforms are encoded in the Arabi-
dopsis genome. Proteomic experiments identified GR1 (At3g24170) in Arabidopsis 
peroxisomes from both mature leaves and suspension-cultured cells (Eubel et al. 
2008; Reumann et al. 2007, 2009). GR1 orthologs were previously reported to be 
cytosolic. However, expression of GR1 as an N-terminal fusion protein with a 
fluorescent reporter protein, GR1 has validated its peroxisomal localization (Kataya 
and Reumann 2010). The efficiency of peroxisome targeting, however, was weak 
upon expression from a strong promoter, consistent with the idea that the enzyme 
is dually targeted to peroxisomes and the cytosol in vivo. The C-terminal tripeptide 
of GR1, TNL>, was shown to represent a novel, albeit weak, PTS1 (Kataya and 
Reumann 2010).

Arabidopsis GR1 is the first plant protein that is dually targeted to peroxisomes 
and the cytosol. Strikingly, Arabidopsis GR2 is likewise dually targeted, namely to 
chloroplasts and mitochondria (Creissen et al. 1995). Nonetheless, the underlying 
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regulatory mechanism of dual targeting to chloroplast and mitochondria remains 
unknown. Dual targeting of GR1 orthologs to both peroxisomes and the cytosol 
appears to be conserved across Viridiplantae and might partly be determined by the 
weak peroxisome targeting efficiency of TNL>. Additionally, in light of the impor-
tance of the peroxisomal AsA–GSH cycle under sudden conditions of catalase 
inactivation (Feierabend and Engel 1986), the ratio of GR1 distribution between 
peroxisomes and the cytosol may be dynamic and adjustable depending on H

2
O

2
 

overproduction in the matrix by post-transcriptional and/or post-translational 
mechanisms (Kataya and Reumann 2010). Since GR1 provides reduced glutathione 
not only for DHAR but also for several glutathione-dependent enzymes that have 
recently been discovered in plant peroxisomes (see below), the physiological function 
of peroxisomal GR can hardly be overestimated.

3  Peroxisomal AsA–Glutathione Enzymes Under 
Environmental Stress Conditions

Plants are exposed to continuous environmental changes. In many cases, these 
changes can induce oxidative stress that provokes cellular damage. Therefore, 
plants have developed a battery of antioxidative enzymatic and non-enzymatic 
mechanisms to attenuate or overcome the negative effects of ROS. In this context, 
the AsA–GSH cycle is, together with catalase, superoxide dismutase (SOD) and 
other peroxidases, a first line of defense against the deleterious effect of ROS. 
Usually, the antioxidant systems are located close to the place of ROS generation, 
including cytosol, chloroplasts, mitochondria and peroxisomes. Under environmental 
stress conditions, H

2
O

2
 may be overproduced in the peroxisomal matrix, causing 

oxidation of proteins, lipids, metabolites, and co-factors in the matrix, the peroxi-
some membrane and likely, upon diffusion across the membrane, other cell 
compartments. Thus, the presence of all components (enzymatic and non-enzymatic) 
of the AsA–GSH cycle in plant peroxisomes is an auxiliary strategy for plant cells 
to maintain the H

2
O

2
 level in this cell compartment, which could have a relevant 

significance under adverse stress conditions.

3.1  Abiotic Stress Conditions

The term abiotic stress includes many environmental factors that can cause an 
increased formation of ROS, including high light, extreme temperature, heavy metals, 
salt, and drought. Knowledge of the specific contribution of peroxisomes in the 
mechanism of response against these stresses is very limited. Even less is known 
about the AsA–GSH cycle, considering that the description of this cycle in peroxi-
somes is relatively new. Table 2 summarizes the available data of some of the 
components of the AsA–GSH cycle from isolated peroxisomes from different 
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organs and plant species. Peroxisomal isoenzymes of the AsA–GSH cycle must be 
investigated in isolated peroxisomes to avoid an overlap with the non-peroxisomal 
isoenzymes, which points to some of the difficulties in analyzing peroxisomal 
enzymes and their activities.

3.2  Biotic Stress Conditions

During pathogen infection, it has been proposed that peroxisomes are involved 
mechanistically in systemic defense responses (Kimura et al. 2001). Peroxisomes 

Table 2 Peroxisomal Asc–glutathione enzyme activities and gene expression under environmental 
stress conditions

Plant species
Abiotic or biotic stress 
condition Peroxisomal enzyme Reference

Pea (Pisum 
sativum)

Dark induced senescent 
leaves

Decrease in APX and 
MDAR activities

Jiménez et al. 
1998

Cadmium (50 µM) Increase in APX and GR 
activities

Romero-Puertas 
et al. 1999, 
2006

Wounding, low temperature 
(8°C), 2,4-dichloropheno- 
xyacetic acid (2,4-D)

Increase in MDAR 
expression

Leterrier et al. 
2005

Nitrate-fed and nodulated 
plants at two different 
growth stages (9 and 12 
weeks)

Decrease in APX and 
MDAR activities, 
increase in DHAR  
and GR activities

Palma et al. 2006

Barley (Hordeum 
vulgare)

Heat, salt, and abscisic acid 
treatments

Increase in the transcript 
level of APX

Shi et al. 2001

Grey mangrove 
(Avicennia 
marina)

Light stress (500 mE m−2 s−1), Increase in the transcript 
level of APX

Kavitha et al. 
2008NaCl (500 mM), H

2
O

2
 

(90 mM), Fe(III) citrate 
(1.0 mM)

Tobacco (Nicotiana 
tobacum)

Oxidative stress damage 
caused by aminotriazole

Overexpression of 
Arabidopsis APX3

Wang et al. 1999

Pepper (Capsicum 
annuum)

Fruit ripening during the 
transition from green  
to red fruit

Decrease in GR activity Mateos et al. 
2003

Tomato 
(Lycopersicon 
esculentum)

NaCl (100 mM) Increased APX and 
MDAR activities and 
reduced GR activity

Mittova et al. 
2003, 2004

Botrytis Decrease in APX, GR, 
MDAR,  
and DHAR activities

Kuzniak and 
Skłodowska 
2005a

Wheat (Triticum 
aestivum)

Powdery mildew Enhanced APX 
expression

Chen et al. 2006

APX, ascorbate peroxidase; MDAR, monodehydroascorbate reductase; DHAR, dehydroascorbate 
reductase; GR, glutathione reductase
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are involved in the production of lipid-based signaling molecules, such as jasmonic 
acid, as well as in the generation of ROS and the modulation of antioxidative 
enzymes (Koo et al. 2006; del Río et al. 2006). For example, it has been reported 
that pathogens can induce rapid changes in H

2
O

2
 leading to a variety of physiological 

responses in plants (Bolwell 1999; Shetty et al. 2007). It remains to be demonstrated 
to what extent peroxisomes contribute to the overall oxidative burst. Catalase has 
been reported to be activated by calcium/calmodulin (Yang and Poovaiah 2002). 
This regulatory mechanism might play a role in pathogen-induced ROS production. 
However, to our knowledge, little information is available on how the AsA–GSH 
pathway is affected by pathogen attack. For example, tomato peroxisomes exhibit 
a decrease in the activities of APX, GR, MDAR, and DHAR when infected by the 
fungus Botrytis cinerea, which was also accompanied by a significant decrease in 
AsA and GSH concentrations (Kuzniak and Skłodowska 2005a).

4  Peroxisomal Redox Status of Ascorbate, Glutathione  
and NADPH Under Environmental Stress Conditions

For the function of the AsA–GSH cycle, there is a close interplay among AsA, 
GSH, and NADPH. These multifunctional redox metabolites play essential roles in 
both the AsA–GSH cycle and in mediating signaling processes. Moreover, the 
concentrations of these metabolites can be greatly modified in response to a variety 
of environmental factors, mainly those that cause increased oxidative stress. Several 
of these molecules have been clearly detected in plant peroxisomes by different 
approaches, but the available information remains incomplete (Donaldson 1982; 
Jiménez et al. 1997).

Glutathione (g-Glu-Cys-Gly) is one of the major, soluble, low molecular weight 
antioxidants, as well as the major non-protein thiol in plant cells (0.2–10 mM, 
Foyer and Noctor 2003). Glutathione not only fulfils multiple metabolic functions, 
such as detoxification of xenobiotics, ROS, and heavy metals (Tausz et al. 2004), 
but also acts as an independent redox-signaling molecule (Foyer and Noctor 
2005). In this sense, GSH can also react with nitric oxide (NO) to form 
S-nitrosoglutathione (GSNO), which may function as an intracellular NO reservoir. 
GSNO may also act as a vehicle for NO throughout the cell, as a connection 
between ROS and RNS (Corpas et al. 2008). Glutathione has a wide distribution 
in the different subcellular compartments including mitochondria, nuclei, chloro-
plasts, cytosol and also in peroxisomes (Müller et al. 2004; Fernández-García 
et al. 2009). The peroxisomal localization of GSH has been demonstrated by either 
HPLC in isolated peroxisomes or by electron-microscopic immunogold cytochem-
istry in different plant species under normal and adverse conditions (Jiménez et al. 
1997; Mateos et al. 2003; Müller et al. 2004; Zechmann et al. 2008; Fernández-
García et al. 2009; Kolb et al. 2009). In pumpkin plants infected by zucchini yel-
low mosaic virus (ZYMV), a general rise in GSH has been described in older 
leaves (as evaluated by electron microscopic immunogold cytochemistry) 



39714 The Peroxisomal Ascorbate–Glutathione Pathway: Molecular Identification

with GSH levels 1.7-fold higher in peroxisomes, 1.6-fold in the cytosol, 1.4-
fold in mitochondria, and 1.2-fold in nuclei when compared to control cells 
(Zechmann et al. 2007). Even beyond its function in the peroxisomal AsA–GSH 
cycle, glutathione is now recognized as a major co-factor of metabolic reactions in 
plant peroxisomes. For instance, several glutathione-S transferases have recently 
been discovered in peroxisomes (Reumann et al. 2007, 2009; Dixon et al. 2009).

Ascorbate is the most abundant non-thiol (10–100 mM) small molecule anti-
oxidant in plants (Foyer and Noctor 2003). Ascorbate has also been detected 
in plant peroxisomes by HPLC, and its concentrations were shown to be 
dynamic and affected by different growth conditions. For example, during natural 
and induced leaf senescence, the peroxisomal Asc content increased (Jiménez 
et al. 1998; Palma et al. 2006). Similar antioxidant changes have been described 
in peroxisomes isolated from pepper fruits where the concentration of peroxi-
somal AsA increased during fruit ripening (conversion of green to red peppers), 
while the concentration of peroxisomal GSH remained constant (Mateos et al. 
2003). In contrast, the infection of tomato plants by Botrytis cinerea caused a 
significant reduction in the concentration of both AsA and GSH in peroxisomes 
(Kuzniak and Skłodowska 2005b). Likewise, a reduction in the concentration of 
Asc in root tomato peroxisomes has been reported under salinity stress (100 mM 
NaCl, Mittova et al. 2004).

NADPH is the specific donor of reducing equivalents to GR. Therefore, the 
production of this pyridine nucleotide inside of peroxisomes is required for a func-
tional AsA–GSH cycle. The presence of NADP(H) in peroxisomes was reported 
by Donaldson (1982), where isolated glyoxysomes from castor beans contained 
16% of the total NADP(H); although, to our knowledge, there is not any additional 
data. It has been reported that the recycling of NADPH from NADP can be carried 
out in plant peroxisomes by at least three dehydrogenases: glucose-6-phosphate 
dehydrogenase (G6PDH), 6-phosphogluconate dehydrogenase (6PGDH), and 
isocitrate dehydrogenase (ICDH) (Corpas et al. 1998, 1999, 2001). Specific 
Arabidopsis isoforms of both 6PGDH and ICDH have been localized to peroxisomes 
in vivo (Reumann et al. 2007; Eubel et al. 2008). Consequently, any factors that 
could affect the activity of these peroxisomal dehydrogenases may also affect the 
function of the AsA–GSH cycle.

5  Release of Peroxisomal H2O2 and ROS Signaling Molecules

Hydrogen peroxide is relatively stable and has been shown to act as a signaling 
molecule in different physiological and phytopathological processes (Alvarez 
et al. 1998; Bolwell 1999; López-Huertas et al. 2000; Orozco-Cárdenas et al. 
2001; Shetty et al. 2007). A theoretical model, based on the latency of peroxisomal 
catalase from rat liver, concludes that the peroxisomal membrane represents a 
barrier to the free diffusion of H

2
O

2
. However, it could not be excluded that 

around 2% of the H
2
O

2
 produced in peroxisomes can diffuse out of the organelle 
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(Poole 1975). In support of this prediction, Mueller et al. (2002) have demon-
strated the release of H

2
O

2
 using a chemiluminescence method combined with 

in vitro analysis of isolated rat liver peroxisomes. Interestingly, the diffusion 
of H

2
O

2
 out of peroxisomes appears to be controlled not only by the compart-

mentalization function of the peroxisomal membrane, but also at second level 
where the highly packed peroxisomal matrix itself seems to act as an additional 
diffusion barrier (Fritz et al. 2007). While catalase generally removes matrix 
H

2
O

2
 efficiently, its spatial separation from urate oxidase prevents the removal 

of H
2
O

2
 derived from urate oxidation. It has been demonstrated that urate 

oxidase can directly release H
2
O

2
 into the cytoplasm via 5-nm primary 

tubules in crystalline cores (Fritz et al. 2007).
Plant peroxisomes can be considered more efficient in keeping H

2
O

2
 under 

control as compared to mammalian and fungi peroxisomes because they have 
catalase in the matrix and APX in the membrane (Fig. 2). However, under stress 
conditions, the generation of ROS can overcome the capacity of the peroxisomal 
antioxidative system. Consequently, it has been hypothesized that some ROS, 
mainly H

2
O

2
, can be released to the cytosol where they may trigger some signal 

transduction pathways (Corpas et al. 2001). In plants, there is some evidence 
that support this hypothesis. For example, in catalase-deficient Arabidopsis 
plants exposed to high light intensity (1,600–1,800 µmol m−2 s−1 for 3–8 h), 
there is a correlated increase of cellular H

2
O

2
 levels with the up-regulation of 

349 transcripts and the down-regulation of 88 genes. Under these high light 
conditions, H

2
O

2
 seems to play a key role in the transcriptional up-regulation of 

small heat shock proteins (Vandenabeele et al. 2004; Vanderauwera et al. 2005). 
On the other hand, electron microscopic analysis of leaves from cadmium-
treated pea plants showed a significant H

2
O

2
 accumulation in the membrane of 

peroxisomes when in close contact with chloroplasts and the tonoplast 
(Romero-Puertas et al. 2004).

6  Conclusions

Considering that metabolism of peroxisomes is very dynamic because it is adapted 
to many physiological and adverse conditions, the Asc–glutathione pathway must 
be studied in great detail at the molecular level and in relation with other peroxisomal 
components, such as the NADPH-recycling system and RNS. At the enzymatic level, 
reverse genetics must be applied to all genes to investigate the exact physiological 
function of all enzymes, including pathway regulation at the transcriptional, post-
transcriptional and post-translational level and the regulation of dual targeting. Our 
understanding of sub-compartmentalization of the peroxisomal AsA–GSH cycle 
into membrane-bound and matrix-located pathways remains fragmentary and 
might require the identification of additional isoforms (e.g., soluble APX).  
A significant gap concerns the transfer of pathway intermediates across the peroxi-
some membrane. Future research must also focus on interactions among the different 
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molecules present in these organelles, such as H
2
O

2
, AsA, GSH, nitric oxide (NO) 

and S-nitrosoglutathione (GSNO), and their metabolic enzymes. All of these 
molecules are also involved in signaling processes and consequently in the cross-
talk among the different cell compartments.
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Abstract Up to half of the ~6.8 billion people living on planet earth live on less 
than $3 a day and also suffer from at least one micronutrient deficiency especially 
in Africa and Southeast Asia. Human lacks the capacity to synthesize vitamin 
C (ascorbic acid) and its deficiency causes scurvy. As excess vitamin C cannot 
be stored in the human’s body, there is the need to regularly consume fruits and 
vegetables to supply this essential compound. In plants, it is multifunctional and 
indispensable. Overexpression of heterogonous genes to introduce novel traits into 
plants offers an effective way to increase the vitamin content of crops. Although 
many alternative biosynthesis routes for vitamin C have been proposed, the 
Smirnoff–Wheeler (l-galactose) pathway has been proven to be the functional 
pathway in Arabidopsis and many other fruit-bearing plants. Identifying limiting 
genes in the biosynthesis pathways and overexpression of such genes severally and 
collectively as well as in combination with genes from ascorbate recycling pathway 
may lead to the generation of transgenic plants with ‘substantial’ amount of vitamin 
C for both human nutrition leading to reduced ‘hidden hunger’ and agronomic 
purposes. Proper dissemination of scientifically proven safety information about 
such transgenic plants will also increase public confidence in selecting and 
consuming such nutritionally enhanced genetically modified food crops.
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1  Ascorbic Acid in Living Organisms

According to the Food and Agriculture Organization of the United Nations, close 
to 50% of the world’s population are suffering from diseases caused by lack of 
essential minerals and vitamins (FAO 2006). The developed societies have taken 
measures to reduce such diseases by ensuring that fruits and vegetables are included 
in their diet. These fruits and vegetables are rich sources of antioxidants that have 
also been found to reduce the risk of certain cancers and cardiovascular diseases 
(Hancock and Viola 2005a). Unfortunately, malnutrition is widespread in the develop-
ing world where the populace depends upon monotonous cereal-rich diets that lacks 
the essential vitamins and minerals (Timmer 2003).

Many vertebrates synthesize ascorbic acid. Fish, amphibians and reptiles synthesize 
ascorbic acid in the kidney; mammals on the other hand produce it in the liver 
(Chatterjee 1973; Moreau and Dabrowski 1998). African trypanosome, Trypanosoma 
brucei, and the American trypanosome, Trypanosoma cruzi have been shown to 
synthesis ascorbic acid in a single-membrane organelle, the glycosome (Wilkinson 
et al. 2005). Although the biosynthesis capacity of most eukaryotic organisms 
appeared early in the evolutionary history especially the fish (Moreau and Dabrowski 
1998); many including human, have lost the capacity to synthesize the compound. 
The mutation and non-functional l-gulono-1,4-lactone oxidase, the enzyme catalyzing 
the last step in the biosynthesis of ascorbic acid, incapacitated human’s ability to 
synthesize the compound (Chatterjee 1973). Most plant species studied so far have 
been found to synthesize ascorbic acid (Davey et al. 2000; Smirnoff et al. 2001) 
including the photosynthesizing algae Euglena gracilis (Ishikawa et al. 2008). 
Yeasts are unusual in that they predominantly synthesize erythroascorbate, a five-
carbon analogue of ascorbic acid that possesses all of its biochemical properties 
(Huh et al. 1998).

It took more than a century from the time the Scottish doctor James Lind found 
that administration of fresh citrus fruits could cure scurvy to the time it was first 
isolated by Svent Gyorgy (Davey et al. 2000). The studies on the biosynthesis of 
ascorbic acid in plants have been very interesting as it generates many direct and 
indirect connecting routes to the final product and has been reviewed by many 
authors (Smirnoff and Wheeler 2000; Valpuesta and Botella 2004; Hancock and 
Viola 2005b). It was towards the close of the last century that Wheeler et al. (1998) 
proposed a functional biosynthesis pathway for ascorbic acid (Fig. 1). The pathway 
has since been supported by genetic, molecular and biochemical proves (Conklin 
et al. 2006; Dowdle et al. 2007; Linster et al. 2007).

Ascorbic acid is present in all subcellular compartments such as mitochondria, 
apoplast (cell wall), cytosol, vacuoles, chloroplasts (Rautenkranz et al. 1994; 
Smirnoff and Wheeler 2000), with concentration ranging from 20 to 300 mM 
depending on the location within the plant. Except the last enzyme in the biosyn-
thetic pathway that is localized in the inner mitochondria, the whole pathway is 
cytosolic (Smirnoff 2000). Under normal condition, the ascorbic acid pool in plant 
is maintained at close to 90% in the reduced state (Foyer 1993). Ascorbate oxidase 
and Ascorbate peroxidase are the two enzymes that catalyze the oxidation of ascorbic 
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acid and formation of monodehydroascorbate (MDHA) radical (Fig. 2). MDHA 
reductase uses NAD(P)H as a reductant to reduce MDHA back to ascorbic acid in 
the cytosol or chloroplast. In the chloroplast, thylakoid-associated ferredoxin has 
been found to reduce MDHA more effectively than MDHAR (Asada 1999). 
However MDHA emanating from the thylakoid lumen as a result of the action of 
violaxanthin deepoxidase is not always available as a substrate for both reductants; 
thus a drop in pH of the lumen causes MDHA to just disproportionate into 
dehydroascorbate (DHA) and ascorbic acid (Asada 1999). DHA reductase uses 
glutathione as a reductant to reduce DHA back to ascorbate leading to the ascorbate–
glutathione cycle (Fig. 2). In cases where there are not enough DHA reductase 

Fig. 1 Biosynthetic pathway of ascorbic acid. The pathway D represent the animal pathway. 
The flow in B represents the Smirnoff-Wheeler (l-galactose) pathway and the network of other 
alternative pathways are shown in A, C and E. The reactions are catalyzed by: 1. phosphoglucose 
mutase; 2. phosphoglucose isomerase (EC 5.3.9.1); 3. phosphomannose isomerase (EC 5.3.1.8); 
4. phosphomannose mutase (EC 5.4.2.8); 5. GDP-mannose pyrophosphorylase (VTC1) (EC 
2.7.7.22); 6. GDP-mannose-3′,5′-epimerase (EC5.1.3.18); 7. GDP-l-galactose phosphorylase;  
8. l-galactose 1-phosphate phosphatase (VTC4); 9. l-galactose dehydrogenase; 10. l-galactono-
1,4-lactone dehydrogenase (EC 1.3.2.3); 11. nucleotide pyrophosphatase or sugar-1-P guanylyl-
transferase; 12. sugar phosphatase; 13. sugar dehydrogenase; 14. UDP-glucose pyrophosphorylase; 
15. UDP-glucose dehydrogenase; 16. UDP-glucuronate pyrophosphorylase; 17. Glucuronate 
1-kinase; 18. d-glucuronate reductase; 19. Aldonolactonase (EC 3.1.1.18); 20. l-gulonolactone 
oxidase or dehydrogenase; 21. myo-inositol 1-P synthase; 22. myo-inositol 1-P phosphatase;  
23. myo-inositol oxygenase; 24. (pectin) methylesterase (EC 3.1.1.11); 25. d-galacturonate 
reductase (EC 1.1.1.203)
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(as the apoplast does not have much DHA reductase and glutathione) to reduce 
DHA to ascorbic acid, the excess DHA which is very unstable above pH7 undergoes 
irreversible hydrolysis to 2,3-diketogulonic acid. The degradation of ascorbic acid 
has been extensively discussed (Hancock and Viola 2005b).

Since micronutrients are highly invaluable in human diets and more so billions 
of people in the developing countries suffer from at least one micronutrient 
deficiency, till date many multinational companies like Roche, BASF, and Cognis 
Health and Nutrition are spending millions of euros to increase their vitamin 
production facilities (Herbers 2003).

2  Functions of Ascorbic Acid

2.1  Antioxidant

Adverse environmental conditions and normal aerobic metabolic processes such as 
photosynthesis or respiration leads to the generation of reactive oxygen species 
(ROS) in the form of superoxide, singlet oxygen, ozone, and hydrogen peroxide. 
ROS are very toxic to the plants and if the amount generated are not controlled it 

Ascorbic Acid
(Vitamin C)

Monodehydroascorbic acid
(MDHA)

Dehydroascorbic acid
(DHA)

2,3 Diketogluconic acid
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Fig. 2 The ascorbate–glutathione (Halliwell–Foyer–Asada) cycle. The enzymes catalyzing the 
reactions are as follows; AO: Ascorbate oxidase (EC 1.10.3.3); GR: Glutathione reductase (EC 
1.8.1.7); DHAR: Dehydroascorbate reductase (EC 1.8.5.1); MDHAR: Monodehydroascorbate 
reductase (EC 1.6.5.4); APX: Ascorbate peroxidase (EC 1.11.1.11). GSH: Glutathione; GSSH: 
Oxidized Glutathione. The reaction mechanism is discussed in the text. The disproportionation of 
MDHA at low pH is shown with broken arrows
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can lead to oxidation of protein resulting in adverse effect on plants (Smirnoff 
1996). Ascorbic acid acts as an antioxidant wherein it protects plant by detoxifying 
the ROS through decomposition (Conklin 2001).

2.2  Enzyme Co-factor

Ascorbic acid is highly involved in the regeneration of a-tocopherol commonly 
called vitamin E from the tocopheroxyl radical thus providing membrane protection 
(Thomas et al. 1992). About 10–20% of the ascorbate is found in the thylakoid 
lumen of plant where it functions greatly as a co-factor for the enzymes violaxanthin 
de-epoxidase (the enzyme catalyzing the formation of the pigment zeaxanthin from 
violaxanthin and antheroxanthin in the xanthophyll cycle where it is necessary for 
dissipation of excess excitation energy), and ethylene forming enzyme (necessary 
for the ripening of various fruits), 2-oxoacid-dependent dioxygenases (important in 
the synthesis of abscisic acid and gibberellic acid) (Eskling et al. 1997; Davey et al. 
2000; Smirnoff 2000; Arrigoni and De Tullio 2002).

2.3  Cell Division and Growth

Large concentration of ascorbate is found in the meristematic tissues that are the 
major sites for cell division (Conklin 2001) and it has been shown to be involved in 
cell division and expansion (Kato and Esaka 1999, 2000, see review by Davey et al. 
2000). Tobacco Bright Yellow-2 cells with antisense l-galactono-1,4-lactone 
dehydrogenase grew with abnormal shapes as well as a reduction in cell growth 
because the ascorbate content was only 70% of the wild type (Tabata et al. 2001). 
On the other hand when the same gene was overexpressed in tobacco BY2 cells the 
mitotic index was higher in the transgenic cells than the wild type (Tokunaga et al. 
2005). Keller et al. (1999) also reported that transgenic potatoes with antisense 
GDP-mannose pyrophosphorylase are smaller in size, had lower ascorbate content 
and the leaves undergo senescence faster compared to the wild type. All these 
strongly support the involvement of ascorbic acid in growth and cell division.

3  One Product (Ascorbate) with Multiple Pathways

3.1  Inversion and Non-inversion Routes

The synthesis of ascorbate in plant was thought to be similar to that of animal where 
the compound was synthesized from UDP-d-Glucose through the “inversion” pathway 
in which the C1 of glucose becomes C6 of ascorbate and C6 becomes C1 (Smirnoff 
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and Wheeler 2000). Although plants were capable of converting d-galacturonic 
acid derivatives (Mapson and Isherwood 1956) and l-galactono-g-lactone to ascorbate 
(Mapson et al. 1954) just as the animals could convert d-glucuronate into l-gulono-
1,4-lactone and finally to ascorbate; when labeled hexoses were fed to plants it 
disproves the synthesis of ascorbate through “inversion” of carbon (Loewus et al. 
1958; Loewus 1963). An alternative pathway involving “non-inversion” of carbon 
was later proposed in which ascorbate was formed directly from glucose via 
d-glucosone (d-arabino-hexos-2-ulose) and l-sorbosone (l-xylo-hexo-2-ulose) 
(Loewus et al. 1990). Although the reaction takes place at a very slow rate, the 
enzyme catalyzing the last step of the reaction involving NADP-dependent oxidation 
of l-sorbosone to ascorbic acid was partially purified (Loewus et al. 1990) to justify 
the existence of the pathway. Unfortunately, there were no strong evidences to 
support the first two reactions which involve the conversion of d-glucose to 
d-sorbosone and epimerization of d-glucosone to l-sorbosone, and so the pathway 
was not regarded as a major route to ascorbate biosynthesis.

Available evidences support l-glactono-1,4-lactone as an effective precursor of 
ascorbate (Ostergaard et al. 1997; Davey et al. 1999) but there were uncertainties 
as to whether it is present in plant and also the possibility to synthesizing it without 
“inversion” of the hexose carbon. Over a decade ago Wheeler et al. (1998) were 
able to demonstrate the presence of l-galactose dehydrogenase in pea and also the 
NAD+ dependent oxidation of l-galactose at C1 to l-galactono-1,4-lactone thus 
proposing the Smirnoff–Wheeler (l-galactose) pathway. In this newly proposed 
biosynthetic pathway, GDP-galactose formed from GDP-mannose undergoes two 
sequential oxidation reaction leading to l-galactono-1,4-lactone and ascorbic acid 
without the inversion of carbon chain. Recent works on fruit bearing plants such as 
blackcurrant, peach, kiwifruit, and acerola show correlation between ascorbic acid 
content of these fruits and gene expression of the enzymes involved in the 
Smirnoff–Wheeler pathway (Hancock et al. 2007; Imai et al. 2009; Bulley et al. 
2009; Badejo et al. 2009a).

In some of the early radiolabel experiments with detached strawberry, it was 
shown that ascorbic acid could be synthesized in vivo from d-glucuronic acid, 
d-glucuronolactone, and d-galacturonic acid methyl ester with little redistribution 
of radiolabel and also without the inversion of carbon chain (Loewus et al. 1958). 
In linking this to the proposed pathway by the Wheeler group, the d-galacturonic 
acid methyl ester in plant could possibly be reduced by a non-specific aldo-
keto reductase activity, to form l-galactono-1,4-lactone which is the substrate for 
l-galactono-1,4-lactone dehydrogenase (Davey et al. 2000). Unfortunately, the 
conversion of d-glucuronolactone, d-glucuronic acid methyl ester and l-gulonolac-
tone to ascorbic acid did not surface in the Smirnoff–Wheeler pathway (Wheeler 
et al. 1998) thus the suggestion for the possibility of a separate uronic acid pathway 
(Smirnoff et al. 2001). It was not long before the d-galacturonic acid reductase was 
cloned and characterized from strawberry fruits thus providing molecular evidence 
for the uronic acid pathway in which pectin-derived d-galacturonic acid is reduced 
to l-galactonic acid and later to the terminal substrate in the synthesis of ascorbic 
acid (Agius et al. 2003). Another key enzyme in this uronic acid pathway is 
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Aldonolactonase which is highly vital to the synthesis of ascorbate in photosynthesizing 
algae Euglena gracilis (Ishikawa et al. 2008). Till date Aldonolactonase and/or its 
orthologs have not been cloned from plants neither has it been found in among 
higher plants data base (Ishikawa et al. 2008).

3.2  Other Alternative Routes

The isolation of Arabidopsis vitamin C (vtc1) mutant that encodes GDP-mannose 
pyrophosphorylase (GMP) lends credence to the Smirnoff–Wheeler pathway 
(Conklin et al. 1999; Conklin 2001) at the same time opened up yet another 
possible link to the synthesis of ascorbic acid in higher plant. GMP catalyzes the 
conversion of d-mannose-1-P to GDP-d-mannose. GDP-mannose-3¢,5¢ epimerase 
has been known to catalyze the conversion of GDP-d-mannose to GDP-l-galactose 
(Wolucka et al. 2001). The same group also found that another product, GDP-l-
gulose, is formed alongside GDP-l-galactose in the epimerization reaction 
(Wolucka and Van Montagu 2003). While GDP-l-galactose is formed through the 
3¢,5¢-epimerization of GDP-d-mannose, GDP-l-gulose is formed through the 
5¢-epimerization. This reaction product established a new branch of ascorbic acid 
biosynthesis pathway in plants with a link to the biosynthesis pathway in animals 
(Wolucka and Van Montagu 2003; Valpuesta and Botella 2004).

Lorence et al. (2004) showed molecular and biochemical evidence for a possible 
biosynthetic route using myo-inositol (MI) as the initial substrate. In the MI pathway, 
the conversion of d-glucose-6-phosphate to myo-inositol 1-phosphate by myo-inositol 
1-phosphate synthase (IPS) precedes the dephosphorylation of myo-inositol-1-
phosphate by the enzyme myo-inositol-1-phosphate phosphatase to form MI. 
Myo-inositol oxygenase (MIOX) then catalyzes the oxidation of MI to d-glucuronate 
(Lorence et al. 2004) before undergoing additional steps in which l-gulonate and 
l-gulono lactone are formed prior to ascorbic acid synthesis. It is worth noting that 
myo-inositol was not considered as a major precursor to ascorbic acid. Furthermore 
no correlation could be found between the gene expression of MI pathway genes 
(IPS and MIOX) and high ascorbate accumulation in kiwifruit (Bulley et al. 2009). 
All these alternative pathways reveal a complex picture of ascorbic acid biosynthesis 
in planta than had been expected (Valpuesta and Botella 2004).

4  Key Ascorbate Biosynthesis Enzymes of Smirnoff–Wheeler 
Pathway

4.1  Phosphomannose Isomerase (PMI)

On the basis of sequence similarity, three classes of PMI (EC 5.3.1.8) have been 
defined. Bacteria and human PMIs belong to the type1 (Coulin et al. 1993). PMI 
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activity has been confirmed from ManA (Rv3255c), an enzyme that has been 
shown to be essential for mycobacterial growth in vitro (Patterson et al. 2003). 
Unfortunately, PMI is often not expressed in plants (Gao et al. 2005; Zhu et al. 
2005; Badejo et al. 2009b) which makes the origin of the d-mannose 6-phosphate 
unclear. Furthermore, PMI has been used as an antibiotic-free positive selection 
marker in plant biotechnology (Wenck and Hansen 2005). Recently, two putative 
PMI genes were identified in Arabidopsis thaliana (PMI1, At3g02570; and PMI2, 
At1g67070), and have been used to show that under normal growth conditions, 
PMI1 but not PMI2 is essential for the biosynthesis of AsA in A. thaliana leaves 
(Maruta et al. 2008).

4.2  Phosphomannomutase

Phosphomannosemutases (PMM; EC 5.4.2.8) are phosphotransferases belonging to 
the superfamily of haloalkanoic acid dehalogenases. In the functional AsA biosyn-
thetic pathway, PMM catalyzes the interconversion of mannose 6-phosphate and 
mannose 1-phosphate, and is required for the synthesis of GDP-d-mannose 
(Wheeler et al. 1998; Dowdle et al. 2007). It has also been found that PMM is 
constitutively expressed in both the vegetative and reproductive organs of plants 
(Qian et al. 2007; Badejo et al. 2009b). PMM is required in the synthesis of d-mannose 
which is vital not only for AsA biosynthesis but also in post-translational modifica-
tions, such as protein glycosylation and glycosylphosphatidylinositol (Hoeberichts 
et al. 2008). In human a mutation in the PMM gene was reported to result in a fatal 
clinical disorder that provokes impaired neurological development and increased 
childhood mortality (Van Schaftingen and Jaeken 1995). Most plants contain a 
single PMM gene (Qian et al. 2007; Hoeberichts et al. 2008; Badejo et al. 2009b) 
and till date no PMM knockout mutants have been reported. Efforts to generate 
knockdown mutants were unsuccessful (Hoeberichts et al. 2008). Two point muta-
tions were located on the first exon of the PMM gene outside the conserved 
DXDX(T/V) motif characteristic of the phosphotransferases. Sequence comparison 
with the wild type shows that the first mutation resulted in a GGA to AGA codon 
change (codon 7), leading to a substitution of a neutral glycine residue with a basic 
arginine; while in the second a CGA to CAA codon change (codon 37) occurred 
thereby replacing an arginine with a neutral glutamine (Hoeberichts et al. 2008).

4.3  GDP-d-Mannose Pyrophosphorylase

GDP-d-mannose pyrophosphorylase (GMP; EC 2.7.7.22), localized to the cytosol, 
is the enzyme that catalyzes the synthesis of GDP-mannose (the activated form of 
mannose), an important step in the formation of all guanosine-containing sugar 
nucleotides in plants. Prokaryotes and eukaryotes use this GDP-mannose in the 
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synthesis of complex structural proteins. It is highly essential for the synthesis of 
three different structural carbohydrates in the plant cell wall – mannans, l-fucose 
and l-galactose (Bewley et al. 1997; Bonin et al. 1997; Wheeler et al. 1998). The 
vitamin C deficient Arabidopsis mutant VTC1 locus encodes GMP (Conklin et al. 
2000). The vtc1-1 mutant which is ozone-sensitive was isolated from ethylmethane-
sulfonate-mutagenized pools and is incapable of properly converting glucose and 
mannose to ascorbate thus possessing only about a quarter of the wild-type ascorbate 
content (Conklin et al. 1999; Conklin 2001).

4.4  GDP-d-Mannose-3¢,5¢-Epimerase

GDP-d-mannose-3¢,5¢-epimerase (GME; EC 5.1.3.18) represent the intersection 
between the pathway that leads to AsA synthesis and that of the cell wall polysac-
charides and glycoprotein in plants. Upon the formation of GDP-d-Mannose by 
GMP, GME catalyzes the formation of GDP-l-galactose from GDP-d-mannose. It 
is one of the most highly conserved proteins involved in the biosynthesis of AsA 
(Wolucka and Van Montagu 2007). In reporting an alternative pathway for the 
biosynthesis of AsA, Wolucka and Van Montagu (2003) identified another 
epimerization product, GDP-l-gulose, released by the catalytic action of GME in 
addition to the already established GDP-l-galactose. GME is unique as it performs 
three chemical reactions-oxidation, epimerization and reduction- at the same active 
site (Major et al. 2005). The conserved NAD binding domain in rice GME 
compared to that of Arabidopsis reflected on the reaction it catalyzed; as GME was 
inhibited by GDP and strongly assisted by NAD+ (Watanabe et al. 2006).

4.5  GDP-l-Galactose Phosphorylase

l-galactose-1-P has been described as the first metabolite in the Smirnoff–Wheeler 
pathway that is dedicated wholly to ascorbate biosynthesis. The enzyme GDP-l-
galactose phosphorylase (GGP) catalyzes the conversion of GDP-l-galactose to 
l-galactose-1-phosphate (Laing et al. 2007). Vitamin C deficient Arabidopsis 
mutants were first identified as ozone sensitive, with characteristically low vitamin 
C contents and later mapped to a locus on chromosome 4 that was designated VTC2 
(vitamin C 2) (Conklin et al. 2000; Conklin 2001). The mutated gene identified as 
At4g26850 was found to encode a novel protein. At4g26850 shows high similarity 
to another Arabidopsis gene At5g55120 both of which were uncharacterized (Laing 
et al. 2007). In attempt to characterize the protein sequence predicted for 
At4g26850, it was found by BLAST (Basic Logic Alignment Search Tool) that it 
shared similarities with HIT (histidine triad) protein family with the characteristic 
HXHXH (where X is a hydrophobic amino acid) motif (Laing et al. 2007). The HIT 
enzymes share a lot in common with the VTC gene. All the known HIT enzymes 
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use the second His residue (His238 in Arabidopsis VTC2) of the HIT motif in a 
covalent nucleotidylylation reaction where the intermediate enzyme can then be 
broken down by simple hydrolysis, phosphrolysis or a specific phosphorylated 
compound (Linster and Clarke 2008).

VTC2 and kiwifruit homolog were found to specifically convert GDP-l-galactose 
to l-galactose-1-P and to require the presence of a guanylyl acceptor other than 
water to catalyze the reaction (Linster et al. 2007; Dowdle et al. 2007; Laing et al. 
2007). Linster et al. (2008) went on to provide evidence for covalent guanylylation 
of the second His residue of the HIT motif of Arabidopsis VTC2 thus proving that 
VTC2 is a member of the phosphorylasetransferase (but not hydrolase) branch of the 
HIT protein superfamily.

Laing et al. (2007) named the Arabidopsis At4g26850 gene as GDP-l-
galactose-d-mannose-1-phosphate guanyltransferase proving with an indirect 
enzyme coupled assay that the gene is able to use a range of hexose-1-P sugars. 
The inability of the enzyme to effectively transfer guanosine monophosphate 
from GDP-l-galactose-1-phosphate to either pyrophosphate or phosphate led to 
the conclusion that it is neither a pyrophosphorylase nor a phosphorylase (Laing 
et al. 2007). One the other hand two other independent groups (Dowdle et al. 
2007, Linster et al. 2007) referred to the same gene as GDP-l-galactose pyro-
phosphorylase because they were able to find high VTC2 activities in the 
presence of inorganic phosphate. This little but highly controversial enzyme 
activity led to the proposed VTC2 cycle (Wolucka and Van Montagu 2007). 
Further works by the Linster group was able to clarify that VTC2 acts as a phos-
phorylase forming GDP, and not a transferase in which GDP-hexose is formed at 
the end of the reaction (Fig. 3) because the VTC2 has phosphorylase activity that 
was 100-fold higher than the transferase activity (Linster et al. 2008; Linster and 
Clarke 2008).

At5g55120 was also found to be GGP and was designated VTC5 (Dowdle et al. 
2007). The kinetic data and sequence identity of VTC5 is highly similar to those of 
VTC2 but the gene expression of VTC2 in reproductive and vegetative tissues of 
Arabidopsis was far greater than those of VTC5 (Dowdle et al. 2007).

4.6  l-Galactose-1-Phosphate Phosphatase

l-Galactose-1-phosphate phosphatase (GPP) was previously classified as myo-
inositol-1-phosphate phosphatase but phylogenetic analyses as well biochemical 
characterizations have been used to clarify the differences (Laing et al. 2004; 
Conklin et al. 2006). GGP purified from kiwifruit is highly specific in its hydro-
lysis of l-galactose-1-phosphate in a reaction that is highly dependent on Mg2+ 
with concentration less than 2 mM to form l-galactose (Laing et al. 2004). 
Ascorbate deficient Arabidopsis mutant VTC4 encodes the gene GPP. Alignment 
shows high identity between Arabidopsis and kiwifruit GPP and both are highly 
active against l-galactose-1-phosphate compared to myo-inositol-1-phosphate 
(Laing et al. 2004).
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4.7  l-Galactose Dehydrogenase (GDH)

l-Galactose dehydrogenase (GDH; EC 1.1.1.117) catalyzes the penultimate step 
involving the conversion of l-galactose to l-galactono-1,4-lactone in an irreversible 
reaction by oxidizing the C1 of l-galactose in the Smirnoff–Wheeler pathway 
(Wheeler et al. 1998). GDH purified from spinach has high substrate specificity 
toward l-galactose but none for l-fructose, l-mannose, l-xylose, l-arabinose, 
d-galactose, d-glucose, l-fucose, d-mannose and d-arabinose (Mieda et al. 2004). 
Among the characteristics of this cytosol localized gene is that it has a Km of 0.43 
and 3.7 mM for l-galactose and l-gulose respectively in pea and can be inhibited 
up to 65% and 90% by 5 mM oxidized glutathione and 1 mM N-ethylmaleimide 
respectively (Gatzek et al. 2002). The spinach GDH activity was enhanced by 
more than 15% in 1 mM DTT and 1 mM glutathione (Mieda et al. 2004). Antisense 
suppression of GDH activity in A. thaliana reduces foliar ascorbate concentration 
but was not thought to have pleiotropic effect on other enzymes required for 
regenerating ascorbate from its oxidized state; however overexpression of the gene 
in plant was only able to increase GDH activity but not the ascorbate content 
(Gatzek et al. 2002).

GDP-L-galactose Guanylated Enzyme
Intermediate

GDP

GDP-D-mannose

Transferase Reaction

Phosphorylase Reaction

VTC2-His238+
VTC2-His

238

L-galactose-1-P

GDP-L-galactose L-galactose-1-PVTC2

Fig. 3 The proposed reactions catalyzed by VTC2 adapted from Linster and Clarke (2008). The 
reaction undergoes two sequential steps in which l-galactose-1-P is formed when guanylated 
enzyme (guanylylated active site His) intermediate emerges upon the use of a-phosphate of GDP-
l-galactose. In the latter reaction the dominant phosphorylase reaction (depicted with thick arrow) 
generates GDP while the less dominant transferase reaction (depicted with the thin) forms GDP-
d-mannose. The broken arrows on the left and right represent reactions from d-glucose to GDP-
l-galactose and from l-galactose 1P to ascorbic acid respectively
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4.8  l-Galactono 1,4 Lactone Dehydrogenase (GalLDH)

l-Galactono 1,4 lactone dehydrogenase (GalLDH; EC 1.3.2.3) catalyzes the last step 
in the biosynthesis pathway for ascorbate in plants. It is localized to the inner mem-
brane of the mitochondria (Siendone et al. 1999) and uses cytochrome c as an electron 
acceptor (Ostergaard et al. 1997; Imai et al. 1998). GalLDH is incapable of catalyzing 
the synthesis of ascorbate in the presence of potassium cyanide, an inhibitor of cyto-
chrome c oxidase (Bartoli et al. 2000). It is one of the enzymes in the Smirnoff–
Wheeler pathway (Wheeler et al. 1998) whose activity in plant has been known for a 
long time (Mapson et al. 1954). The enzyme has been purified from a number of plant 
species including potato and cauliflower (Oba et al. 1995; Ostergaard et al. 1997). 
Unlike the animal l-gulono-1,4-lactone oxidase that can utilize l-gulono-1,4-lactone 
and l-galactono-1,4-lactone, GalLDH uses l-galactono-1,4-lactone as a specific 
substrate (Oba et al. 1995; Ostergaard et al. 1997).

5  Factors Affecting Ascorbate Biosynthesis and Accumulation

Researches have shown that many factors control the ascorbic acid contents in 
plants. It has been shown earlier that ascorbate content of plant changes with the 
light intensity available to the plant (Tabata et al. 2002). The AsA content is diur-
nally regulated in a number of plant species where the peak of accumulation is 
recorded when daylight intensity is maximal and this correlates with the photosyn-
thetic activity (Tamaoki et al. 2003; Chen and Gallie 2004). Total foliar ascorbate 
of potato leaves was found to be dependent on the age of the leaves in the plant 
(Bartoli et al. 2000). The ascorbate content of the young leaves was ten times more 
than those of leaves undergoing senescence (Bartoli et al. 2000). Ascorbate is also 
found in different concentrations in the vegetative and reproductive organs of 
plants. The highest concentrations was recorded in the fruits of acerola (Badejo 
et al. 2007) while the flowers and roots of Arabidopsis has the highest and lowest 
concentrations respectively (Lorence et al. 2004). Various cell compartments in 
plants also accumulate ascorbate to different degrees. The chloroplast and cyto-
plasm have relatively higher concentration compared to the vacuole of plant cell 
(Foyer et al. 1983; Davey et al. 2000). Two major substrates in the biosynthesis 
pathway, namely GDP-d-mannose and l-galactose, are of great importance in the 
control of ascorbate concentration (Wheeler et al. 1998). GDP-d-mannose and the 
major epimerization product, GDP-l-galactose, are channeled not only to ascorbate 
biosynthesis but also to cell-wall polysaccharide (xyloglucan and rhamnogalactur-
onans) and/or glycoprotein biosynthesis (Roberts 1971; Rayon et al. 1999). The 
diversion to cell-wall polysaccharide and protein glycosylation will put pressure on 
the de novo GDP-d-mannose available for ascorbate biosynthesis. The steps from 
l-galactose-1-P are fully committed to ascorbate biosynthesis as l-galactose is only 
a minor component of cell wall polysaccharide (Roberts 1971).
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6  Targeted Genes for Ascorbate Improvement

6.1  Genes from Smirnoff–Wheeler Pathway

The overexpression and virus-induced gene silencing knockdown experiments 
performed on Arabidopsis and tobacco (Nicotiana benthamiana), respectively, 
indicated that PMM is playing an active role in ascorbic acid biosynthesis 
(Hoeberichts et al. 2008). With viral-vector mediated ectopic expression in N. 
benthamiana, PMM expression increased thereby resulting in an increase in the 
ascorbate content of the transgenic plant by 20~50% compared to the wild type 
(Qian et al. 2007). In the same research the Qian team also performed the trans-
genic expression of Arabidopsis thaliana PMM–GFP fusion protein in Arabidopsis 
which also increased ascorbate content by 25–33%. Transgenic tobacco overex-
pressing acerola (Malpighia glabra) PMM was found to have ascorbate level that 
was threefold that of the wild type plant (Badejo et al. 2009b).

It has been shown that biosynthesis in situ rather than translocation contributed 
to the accumulation of ascorbate in blackcurrant fruits with metabolic and genetic 
proofs that ascorbate is synthesized through the Smirnoff–Wheeler pathway 
(Hancock et al. 2007). The gene expression studies on kiwifruit (Actinidia spp.) 
showed that there is a correlation between the rise in ascorbate concentration and 
the expression of the Smirnoff–Wheeler pathway biosynthetic genes especially 
GDP-l-galactose guanyltransferase (GDP-l-galactose phosphorylase (GGP)) 
(Bulley et al. 2009). In the fruits of Actinidia eriantha, not only GGP was found to 
correlate with the increase in ascorbate concentration, the expression of GDP-
mannose-3,5-epimerase (GME) was also found to be vital in regulating the ascorbate 
concentration (Bulley et al. 2009). When GGP gene was over expressed in 
Arabidopsis and transiently in tobacco it was found to elevate ascorbate level by 
more than threefold (Laing et al. 2007; Bulley et al. 2009). Transgenic tobacco 
transformed with GME and GGP, showed an increase in the ascorbate content that 
was twice the amonut observed with either genes over expressed alone (Bulley 
et al. 2009). The ascorbate content of tomatoes in which GME gene was silenced 
by RNAi were found to be reduced by 20–40% in the fruits 20 days post anthesis, 
and by 40–60% in the young fully expanded leaves (Gilbert et al. 2009). Analysis 
of the fruit pericarp of the RNAi transgenic tomatoes showed a significant reduction 
in both the cell number and cell size (Gilbert et al. 2009).

With acerola fruits having a high ascorbate content, it was found that the ascor-
bate concentration of the fruit is positively correlated with the genes in the 
Smirnoff–Wheeler pathway especially GDP-d-mannose pyrophosphorylase (GMP), 
GME and GDP-l-galactose phosphorylase (GGP) (Badejo et al. 2008, 2009a). In 
attempt to understand why acerola has such high ascorbate content, the transcript 
expressions of the biosynthesis genes were compared to that of the model plant A. 
thaliana and it found that transcript expression of acerola was 5–700-fold higher 
(Badejo et al. 2009a). Antisense inhibition of GMP activity in potato resulted in a 
decrease in the ascorbate content of the transgenic potato as well as the mannose 
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content of the cell wall polysaccharide (Keller et al. 1999), but when acerola GMP 
gene was overexpressed in tobacco it resulted in two- to threefold increase in the 
ascorbate content of the transgenic tobacco (Badejo et al. 2008).

The Bulley team found it difficult to clone the last gene in the ascorbate biosyn-
thesis pathway, l-galactono-1,4-lactone dehydrogenase (GalLDH) with degenerate 
primers. The expression of GalLDH could not be measured because there were no 
kiwifruit orthologues in the HortResearch Actinidia EST database. In acerola 
however GalLDH was cloned and its transcript level in the leaves was found to be 
the lowest among the five genes involved in the Smirnoff–Wheeler pathway that 
were analyzed (Badejo et al. 2009a). Although GalLDH expression have been 
found to correlate with ascorbate content (Badejo et al. 2009a; Pateraki et al. 2004; 
Tamaoki et al. 2003), it does not seem to exert strong control on ascorbate flux 
neither did the penultimate gene GDH (Gatzek et al. 2002). When GalLDH was 
knocked out in tomato, no change was recorded in the total ascorbate content of the 
young leaves and fruits (Alhagdow et al. 2007).

6.2  Genes from d-Galacturonate Pathway

Agius et al. (2003) have been able to show that ascorbate could be synthesized 
through d-galacturonic acid derived from the pectin of ripening strawberry fruits. 
The d-galacturonic acid which is also an abundant component in the cell wall of all 
plants is reduced to l-galactonic acid by the enzyme d-galacturonate reductase 
(Smirnoff 2003). This gene has expression correlating with ascorbate content in 
ripening strawberry fruits (Agius et al. 2003). Overexpression of the gene in 
Arabidopsis thaliana resulted in two- to threefold increase in the ascorbate content 
of the transgenic plants (Table 1). Although Aldonolactonase has not been reported 
in higher plants, RNAi silencing of Aladonolactonase in photosynthetic algae 
Euglena gracilis halted the cell growth, only to be restored on supplementation 
with one of l-galactono-1,4-lactone, d-galacturonate or d-glucuronate (Ishikawa 
et al. 2008).

6.3  Genes from Animal Pathway and myo-Inositol Route

At the beginning of the millennium, Jain and Nessler (2000) showed that ascorbate 
content of plants could be increased with overexpression of the rat gene l-gulono-
g-lactone oxidase (GLO) (Table 1). Interestingly the same rat gene was also able to 
rescue the ascorbate content of the Arabidopsis vitamin C mutants including vtc1 
when overexpressed in them (Radzio et al. 2003). However, plants overexpressing 
rat GLO still uses and prefers l-galactono-g-lactone of the Smirnoff–Wheeler path-
way as a precursor over l-gulono-g-lactone (from the animal pathway) when fed 
artificially to the tobacco leaves (Jain and Nessler 2000). In the animal pathway 
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glucuronate reductase catalyzes the formation of l-gulonic acid from l-glucuronic 
acid and the latter is acted upon by aldono lactonase to form the penultimate 
substrate to ascorbate synthesis (Fig. 1). The d-glucuronic acid can be formed 
through the action of myo-inositol oxygenase (Fig. 1). Lorence et al. (2004) showed 
that ectopic expression of myo-inositol oxygenase doubled the ascorbate content of 
transgenic Arabidopsis thaliana (Table 1). Also overexpression of purple acid 
phosphatase gene AtPAP15 which is involved in myo-inositol metabolism was also 
found to double the ascorbate content of transgenic A. thaliana (Zhang et al. 2008).

6.4  Genes from Ascorbate Recycling Pathway

Poplar tree hybrids expressing ascorbate recycling gene glutathione reductase 
showed slight increase in ascorbate concentration and were able to withstand oxidative 
stress (Foyer et al. 1995). When A. thaliana MDHA reductase that is essential for 
maintaining reduced ascorbate in plant was overexpressed in tobacco, it resulted in 
about twofold higher ascorbate contents in the transgenic plant compared to the 
wild type (Eltayeb et al. 2007). DHAR, which regenerates the reduced form of 
ascorbate, elevated the ascorbic acid content of transgenic tobacco in which it was 
overexpressed (Chen et al. 2003).

7  Factors for and Against Genetic Engineering

Since most staple foods are low in ascorbate content, consumption of the recom-
mended dietary allowance is being achieved by adding chemically synthesized 
vitamin C to foods (fortification), or by taking vitamin C pills (supplementation). 
Supplementation and fortification have been plagued with many demerits such as 
the increasing resistance among consumers to the use of additives in foods and a 
tightening of the legislation on foods and drinks especially in the developed world 
(Hancock and Viola 2005a). The recurrent cost, inadequate distribution system and 
lack of industrial food system makes implementation very difficult in developing 
countries (Bouis 2002). All these pose a great challenge to supplementation and 
fortification of foods. Biofortification, which is the process of enriching the nutrient 
content of crops as they grow by employing genetic engineering of genes in the 
plants, is a promising and viable option to nutrient enhancement in plants (Naqvi 
et al. 2008).

Genetic modifications in the past decade have been used to elucidate the biosyn-
thetic pathways for important health components of crops. Research progress made 
in the area of genomics of food science and nutrition has improved the understanding 
of how common dietary chemicals affect human and animal health by altering the 
expression and/or structure of the genome (van Ommen 2004). Genetic engineering 
certainly increases the nutritional contents of plants. One important factor that has 
deterred the progress of genetic engineering technology when considered in the 
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past decade is insufficient support from the upstream and downstream sectors and 
the importance of genetically engineered crops/foods have been watered down in 
many literatures lacking scientific facts (Vain 2006). Bioavailability of the nutrient 
in the transgenic plants is very vital to its acceptability, as increased levels of nutrients 
are not necessarily correlated with enhanced bioavailability (Jeong and Guerinot 
2008). Further scientific research into the bioavailability of nutritionally enhanced 
genetically modified crops/foods will either debunk or strengthen the non-science 
based speculations and fears about the acceptance of transgenic crops. Also, there 
has been the need to cope with meager funding, the hostile market conditions 
combined with the tight regulatory frame work surrounding transgenic crops.

8  Genetic Engineering-Solution to Food Security  
and Malnutrition

‘Hidden hunger’, described as the micronutrient malnutrition inherent in human 
diets that are adequate in calories but lack vitamins and/or mineral elements (White 
and Broadley 2009), is ravaging a significant portion of the world population. 
Genetic engineering is one area of science that offers the opportunity to exponentially 
increase the rate of food production by avoiding losses due to diseases and pests 
and by increasing tolerance under adverse conditions (Bhalla 2006) as in the case 
of ascorbic acid that play roles in resistance to environmental stresses such as 
ozone, high temperature and UV radiation (Conklin et al. 1996; Sanmartin et al. 
2003; Chen and Gallie 2005). Genetic engineering is also laden with potentials to 
breed crops with novel desirable characteristics, such as reduced allergenicity 
(Herman et al. 2003), improved nutritional qualities (Paine et al. 2005; Diaz de la 
Garza et al. 2007; Naqvi et al. 2008; Badejo et al. 2008, 2009b, c), hybrid seed 
production (Bhalla and Smith 1998) and improved plant productivity (Sakamoto 
et al. 2005). Many of the crops to which genetic engineering is being applied are 
the same as those being targeted for many years by plant breeding (Dale 1993). 
Genetically engineered foods have the potential to reach relatively remote rural 
populations that conventional interventions are not now reaching and with increased 
agricultural productivity (Bouis 2002).

Most diets rich in fruits and vegetables are associated with decreased risk of 
certain cancers and cardiovascular diseases, and this has been attributed to the high 
concentrations of antioxidants such as ascorbic acid in such foods. Production of 
these fruits and vegetables could also be enhanced through the application of mineral 
fertilizers. There is an increasing use of nitrogen fertilizers on agricultural soils 
worldwide resulting in the accumulation of ammonium in those soils (Britto et al. 
2001). It was reported recently that mutation in GMP, one of the vital genes in the 
biosynthesis of vitamin C and essential for the synthesizing of d-mannose, confer 
hypersensitivity to ammonium (Qin et al. 2008). Defective protein glycosylation in 
the root rather than decreased vitamin C content in the mutant was reported to 
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account for the hypersensitivity to ammonium (Qin et al. 2008). Genetic manipulation 
of GMP through over expression in plant has resulted in an increase in vitamin C 
content (Badejo et al. 2008). d-mannose formed through the activity of GMP is not 
channeled to vitamin C biosynthesis only but also to protein glycosylation and 
many other cellular processes. GDP-l-fucose is a constituent of glycoprotein and it 
is also synthesized from GDP-mannose (Bonin et al. 1997). The deficiency and/or 
a null mutant of GMP gene may be lethal (Conklin et al. 1999). Any genetic 
manipulation that increases the de novo synthesis of d-mannose or its activated 
form, GDP-mannose, may possibly increase ascorbate content as well as improve 
on protein glycosylation. Theoretically the same manipulation should doubtless 
reduce the sensitivity to ammonium in the natural and industrial fertilizers thereby 
enhancing the growth of plants. Also biofortification of crops through the application 
of mineral fertilizers, combined with breeding varieties with an increased ability 
to acquire mineral elements, has been advocated for incorporating essential 
mineral elements into the staple foods commonly consumed worldwide (White and 
Broadley 2009).

9  Concluding Remarks

The first decade of this millennium has witnessed an unprecedented progress in the 
study relating to improving ascorbate concentration in plants. Most of the overex-
pression of ascorbate biosynthesis genes have been performed on the leafy 
‘vegetables’ and ‘unfortunately’ it is only the rat gene l-gulono-g-lactone oxidase 
overexpressed in lettuce that yielded sevenfold increase (Jain and Nessler 2000). 
Albeit attractive, incorporation of a rat gene in readily consumable vegetable may 
not be a great choice for a willing consumer. Overexpression of genes from a high 
ascorbic acid containing plant, acerola, did not increase ascorbic acid content of 
plants beyond threefold (Badejo et al. 2008, 2009b, c) neither has the genes from 
Arabidopsis raised ascorbate content exponentially (Ishikawa et al. 2006). Thus, 
integrating increased biosynthesis with increased recycling capacity by overex-
pressing not only single but a combination of plant genes from ‘all’ ascorbate 
biosynthesis pathways and the ascorbate–glutathione recycling pathway may aid in 
tailoring plants with improved ascorbate contents at will and this is going to be of 
great benefit to many people worldwide. It will also ensure the generation of plants 
that is highly resistance to pathogens and environmental stress. While it is worth 
noting that genetic engineering only is not a panacea for all nutritional deficiencies, 
it can be a promising and cost-effective additional tool, complementing existing 
micronutrient interventions. It is still very difficult to discuss genetically modified 
foods without dividing people into different schools of thought as the expected 
benefits are given less credence than the feared risks, however a ban on genetically 
modified crops, as Conner et al (2003) described, could limit the options of farmers 
and be imprudent rather than precautionary especially to the developing world 
where the technology will have a lot to offer.
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