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Abstract  Plants confront fluctuating and in some cases intense environmental con-
ditions, such as changes in irradiation, water availability, extreme temperatures, 
mineral nutrient accessibility, and air pollutants exposition among others. In order 
to face abiotic stress situations, the redox buffer capacity, mainly represented by 
ascorbic acid (AsA) and glutathione (GSH) pools, is involved in growth–stress 
responses crossroad. These compounds are associated in a set of reactions known as 
AsA-GSH cycle. The main function of the AsA-GSH cycle originally observed was 
the detoxification of reactive oxygen species (ROS) in different subcellular com-
partments such as chloroplast, mitochondria, or cytosol. More recently, the crucial 
participation of the AsA-GSH cycle in the optimization of photosynthesis was 
established. In addition, these antioxidants are considered essential components of 
cell signaling pathways triggering adaptive plant responses. The role of AsA-GSH 
cycle is analyzed regarding the ability of plants to overcome some selected abiotic 
stress situations.
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1  �Introduction

Life is supported through a continuous movement of electrons in mitochondria and 
chloroplasts allowing energy production. These electron flows affect the equilib-
rium of interconvertible redox couples such as NAD+/NADH and NADP+/NADPH 
and in turn impacts cellular redox status (Foyer and Noctor 2009). The balance 
between oxidized and reduced forms of glutathione (GSSG/2GSH couple) in the 
cell is considered to be the major thiol-disulfide cellular redox buffer and could be 
used as an indicator for the redox environment of the cell. Taking into consideration 
its redox potential and concentration, ascorbic acid (AsA) acts as the final antioxi-
dant and its recovery depends on GSH, thus both species are interconnected (Foyer 
and Noctor 2011). The subcellular localization, transport, and participation of both 
redox couples in physiological processes, and their contribution to adaptive 
responses of plants under abiotic stress situations will be discussed in this chapter.

2  �AsA and GSH Functions

2.1  �As Antioxidants

The formation of reactive oxygen species (ROS) is continuous and constitutes an 
integrated part of the metabolism (Table 1). Although ROS are often associated with 
stressful situations that can lead to cell death, they also have an important role trans-
mitting information allowing appropriate cellular responses to developmental and 
environmental changes (Foyer and Noctor 2005). Plant cells are endowed with anti-
oxidant systems to prevent the extension of the oxidative reactions by ROS and 
other oxidative species formed mainly across mitochondrial and chloroplastic elec-
tron transport. These systems include enzymatic and non-enzymatic detoxifying 
mechanisms. GSH (l-γ-glutamyl-l-cysteinyl-glycine) and AsA are the most abun-
dant non-enzymatic antioxidants; they can reach intracellular concentrations from 5 
to 20 mM, respectively (Asada and Takahashi 1987). Even though both species have 
been historically known as antioxidants, their functions in living organisms greatly 
exceed this role. GSH is the most abundant low molecular thiol in plants, discovered 
in 1926 (Hunter and Eagles 1926), and later associated with powerful antioxidant 
functions against lipid peroxides and ROS in general. AsA, in turn, was discovered 
by Szent-Gyorgyi by the same time (Buettner and Schafer 2006) and later identified 
as vitamin C. It is considered the terminal small molecule antioxidant in biological 
systems (Sharma and Buettner 1993), acting as a natural reductant of free radical 
species.

In addition, AsA and GSH are closely related by the so-called AsA-GSH cycle 
(Fig. 1). When H2O2 is generated by the metabolic pathways mainly in chloroplasts, 
peroxisomes, and mitochondria, AsA is oxidized to the radical monodehydroascor-
bate (MDHA) by the reaction catalyzed by ascorbate peroxidase (APX, EC 1.11.1.7) 
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Table 1  Reactive oxygen and nitrogen species

Reactive 
species Sources

Superoxide 
anion

O2
•− Free 

radical
Photosystem I and II, mitochondrial electron transport, 
plasma membrane NADPH oxidase, xanthine oxidase in 
peroxisomes, peroxidases in apoplast

Hydroxyl 
radical

HO• Free 
radical

From H2O2 in the Fe catalyzed Fenton reaction

Singlet 
oxygena

1O2 Non-
radical

Electronically excited chlorophyll

Hydrogen 
peroxide

H2O2 Non-
radical

Glycolate oxidase activity and fatty acid β-oxidation in 
peroxisomes. Oxalate oxidase, amine oxidase, and 
peroxidases in apoplast. Superoxide dismutase

Nitric oxide NO Free 
radical

Apoplast, mitochondria, chloroplasts, peroxisomesb

Peroxynitrite ONOO− Non-
radical

From the reaction between NO and O2
•−

Reactive oxygen species (ROS) are partially reduced or activated forms of oxygen (O2) produced 
during aerobic metabolism. Free radical species contains one or more unpaired electrons and are 
capable of independent existence. Adapted from Mittler (2002)
aThe most stable form is mentioned (1Δg)
bMechanisms of NO synthesis in plants remain to be fully characterized (Santolini et al. 2017)

NADP+ NADPH + H+

GSSGGSH

GR

DHAR

DHA AsA

MDHA

NADPH + H+

NADP+

MDHAR

APX

H2O2

H2O

Non-enzymatic
disproportionation

2,3-diketogulonic acid

Spontaneous
hydrolysis

Fig. 1  Scheme showing the consumption and regeneration of AsA and GSH, and the enzymes 
involved in ascorbate-glutathione (AsA-GSH) cycle. Reactive oxygen species are generated in 
chloroplasts, mitochondria, peroxisomes, cytosol, and apoplast (Table 1). APX Ascorbate peroxi-
dase, DHAR dehydroascorbate reductase, MDHAR monodehydroascorbate reductase, GR glutathi-
one reductase
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in order to transform this reactive species into water. The radical MDHA is less 
reactive than other free radicals and disproportionates spontaneously to dehydro-
ascorbate (DHA) and AsA. Then, AsA is regenerated from DHA by the action of the 
enzyme DHA reductase (DHAR, EC 1.8.5.1) that requires GSH. The GSSG thus 
formed is then reconverted to GSH by the action of the enzyme glutathione reduc-
tase (GR, EC 1.6.4.2) that uses NADPH as cofactor (Fig. 1). GR is in charge to 
maintain high GSH/GSSG ratio in close relationship with NADPH/NADP+ ratio 
(Diaz-Vivancos et al. 2015).

In addition, the enzyme MDHA reductase (MDHAR, EC 1.6.5.4) catalyzes the 
reduction of MDHA to AsA, requiring NAD(P)H. This enzyme has different iso-
forms present in cytosol, chloroplasts, mitochondria, and peroxisomes and is asso-
ciated with plasma membrane too.

It has been demonstrated that the AsA-GSH cycle takes place in mitochondria, 
chloroplasts, peroxisomes, and cytosol (Jiménez et al. 1997) since the enzymes men-
tioned above are present in these subcellular compartments. APX has multiple iso-
forms that are found in the chloroplast stroma (Nakano and Asada 1981), associated 
to chloroplast thylakoids (close to PSI) (Groden and Beck 1979; Miyake and Asada 
1992), cytosol, mitochondria, and peroxisomes (Jiménez et al. 1997). In leaves about 
70–80% of the AsA-dependent H2O2 scavenging enzymes are located in the chloro-
plasts. NADPH-dependent GR is present in the chloroplast stroma (Foyer and 
Halliwell 1976) as in other compartments. GR activity inclines the couple GSH/
GSSG towards GSSG reduction in thermodynamic equilibrium with NADPH/
NADP+ ratio (Jocelyn 1972). As a consequence, GSH is mostly in the reduced form 
and reaches concentration of 3.5 mM in chloroplasts (Foyer and Halliwell 1976). 
This allows keeping a redox environment suitable for the activation and stabilization 
of Calvin cycle and the reduction of DHA to AsA. The GSH:GSSG ratio is usually 
in 20:1 (Mhamdi et al. 2010), with variations in specific compartments, being higher 
in cytosol and lower in vacuole (Meyer et al. 2007; Queval et al. 2011).

Besides the enzymatic reduction of DHA to AsA by DHAR, it is worth to men-
tion that GSH is able to reduce DHA non-enzymatically at pH higher than 7 (Foyer 
and Halliwell 1976), conditions that can be reached in the stroma of illuminated 
chloroplasts. On the other hand, some of the AsA-GSH cycle enzymes were found 
to be active in the apoplast (Podgórska et al. 2017).

2.2  �Other Functions of AsA and GSH

Being GSH the major reduced thiol, there is a close relationship between sulfur 
plant status and GSH content. GSH acts as the main long-distance transport form of 
reduced sulfur from leaves to organs with high demand for protein synthesis, and it 
is also proposed that GSH acts as a signal transported via phloem from shoot, inhib-
iting sulfate uptake in roots, thus regulating plant sulfur homeostasis (Rennenberg 
and Herschbach 2014). Both, external sulfate uptake and assimilation, are inhibited 
by GSH through effects on specific transporters and enzymes (Buchner et al. 2004). 
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GSH acts as the electron donor in the reduction of adenosine 5′-phosphosulfate to 
sulfite in plastids; however, in a complex relationship the same step is also inhibited 
by GSH decreasing adenosine 5′-phosphosulfate reductase (APR) activity, at pro-
tein and mRNA level (Vauclare et al. 2002).

GSH participates in heavy metal and xenobiotic detoxification. Conjugation of 
GSH to a number of xenobiotics is catalyzed by glutathione S-transferase enzymes. 
A variety of hydrophobic compounds, such as herbicides, become more water solu-
ble and less toxic than the original compounds after GSH conjugation, being the 
mechanism of detoxification and the basis of resistance of some plant species to 
certain herbicides (e.g., chloroacetanilides and triazines) (Labrou et al. 2005). GSH 
is also the precursor in the synthesis of phytochelatins [(γ-Glu-Cys)n-Gly, n = 2–11], 
which are important in detoxifying certain heavy metals such as copper (Cu), cad-
mium (Cd), and zinc (Zn), since after chelation they are accumulated in the vacuole. 
Plant cells respond to high concentrations of heavy metals by increasing the synthe-
sis of phytochelatins and decreasing their GSH levels (Tukendorf and Rauser 1990; 
Dixon et al. 1998; Edwards et al. 2000; Sheehan et al. 2001).

GSH forms part of a complex regulatory network underlying growth, stress toler-
ance, and it is also necessary for certain developmental steps, such as gametogene-
sis, seed development, and postembryonic growth, evidenced through the use of 
Arabidopsis thaliana mutants in which the absence of GSH causes embryo lethality 
(Cairns et al. 2006). These results point out that GSH is essential for normal plant 
development.

GSH is required in the regulation of the plant cell cycle through the control of the 
G1–S transition. The recruitment of GSH into the nucleus in the G1 phase affects 
the redox state of the cytoplasm, where GSH concentration decreases, modifying 
the expression of transcripts associated with proteins involved in the oxidative sig-
naling and stress tolerance (Diaz-Vivancos et al. 2010). GSH movement between 
cellular compartments has a profound effect on localized redox state, affecting the 
redox-sensitive motifs (i.e., cysteine residues, metal cofactors) of cell cycle-
regulatory proteins. Thus, it has been suggested that the balance between ROS pro-
duction and subsequent removal through the action of antioxidants impacts on cell 
proliferation (Menon and Goswami 2007). Similarly, vtc2 mutants with low AsA 
show increased level of oxidation in the nuclei and a delay in the progress of the cell 
cycle in the proliferation zone of embryonic roots (de Simone et al. 2017).

GSH is also required for the synthesis of pathogen defense-related molecules 
and disease resistance, protecting against biotic stress (Noctor et al. 2012). In addi-
tion, GSH is a source of sulfur for the synthesis of secondary metabolites, and it is 
found in high concentrations in nitrogen-fixing nodules, where GSH or homogluta-
thione, have proved to be essential for proper development of the root nodules dur-
ing the interaction of legumes and rhizobia (Frendo et  al. 2005). GSH protects 
against a broad spectrum of abiotic stress in addition to heavy metal, including 
drought, salinity, UV radiation, cold, and heat (Srivalli and Khanna-Chopra 2008).

One of the most important protein modification, known as protein thiolation, is 
produced through the redox signaling pathway mediated by dithiol/disulfide transi-
tions carried out by the activity of thioredoxins (TRX), and participates in plant cell 
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death-mediated defense responses (Kuźniak et al. 2013). One specific form of pro-
tein thiolation that depends on the presence of GSH is called S-glutathionylation, 
considered an important redox post-translational mechanism regulating protein 
activity. In addition, an important interaction of GSH consists in the reaction with 
nitric oxide (NO) leading to the formation of S-nitrosoglutathione (GSNO) which 
constitutes a form to transport the bioactive molecule NO and also involves the 
modulation of protein activity through the post-translational pathway known as 
S-nitrosylation (Lyndermayr et al. 2005).

Besides its antioxidant function, AsA participates in many physiological pro-
cesses such as photosynthesis, hormone biosynthesis, growth and development 
regulation; and in plant acclimation responses to adverse environmental conditions. 
The wide collection of AsA mutants has facilitated the identification and description 
of the processes in which AsA is involved.

In the photosynthetic apparatus, AsA plays an important role in photoprotection 
either as a direct antioxidant, scavenging ROS, or as a cofactor of enzymes of the 
xanthophyll cycle and electron donor. The xanthophyll cycle constitutes the non-
photochemical quenching (NPQ), an essential process by which excess light energy 
is dissipated in order to avoid photoinhibition. When plants are exposed to high light 
intensity, light harvesting complexes receive more energy that could be driven to 
photosynthesis through electron transport chain. In other words, to prevent photooxi-
dative damage mainly of photosystem II, zeaxanthin, located at antenna complexes, 
is able, in conjunction with low pH, to dissipate energy safely as heat and drive 
excited chlorophyll to its basal state (Demmig-Adams and Adams 1996; Jahns and 
Holzwarth 2012). Zeaxanthin is synthesized by the reaction catalyzed by violaxan-
thin de-epoxidase. This thylakoid lumen located enzyme requires AsA as cofactor 
and low pH to be active (Hager and Holocher 1994; Bratt et al. 1995). In addition, 
AsA can act as an alternative photosystem II electron donor and thus, support elec-
tron transport when oxygen-evolving complexes are inactivated (Tóth et al. 2009).

AsA is also involved in biosynthetic pathways including dioxygenases in their 
steps. These enzymes require Fe2+ and AsA as cofactors (Prescott and John 1996). 
One example is the 1-aminocyclopropane-1-carboxylate oxidase which catalyzes 
the final step of ethylene synthesis (Smith et al. 1992). Other dioxygenases partici-
pate in gibberellin (GA) biosynthesis. Gibberellin 20-oxidase and 
GA20-3β-hydroxylase use AsA as co-substrate (Lange 1994; Smith et  al. 1990). 
Dioxygenases are also present in secondary plant metabolism pathways as flavo-
noids and alkaloids biosynthesis. Flavanone 3-hydroxylase catalyzes the formation 
of dihydroflavonols which are intermediates in the biosynthesis of many secondary 
metabolites such as flavonols, anthocyanidins, and proanthocyanidins, and it 
requires AsA (Britsch and Grisebach 1986). AsA is also needed for the activity of 
anthocyanidin synthase, flavone synthase I, and flavonol synthase (Saito et al. 1999; 
Britsch 1990; Britsch et al. 1981).

Moreover, AsA plays an important role in plant growth and stress responses 
through hormone signaling. It has been reported that A. thaliana plants deficient in 
AsA synthesis (vtc1) showed increased abscisic acid (ABA) levels (Pastori et al. 
2003; Kerchev et al. 2011). This leads to plant growth arrest. In leaves, water deficit 
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leads to an increase in ABA levels, triggering H2O2 accumulation and the subse-
quent stomatal closure (Zhang et al. 2001). In this process, the AsA levels and its 
redox status are crucial in order to reach the H2O2 level needed to trigger stomatal 
movement (Chen and Gallie 2004).

Apoplastic AsA participates in cell growth and cell signaling (Horemans et al. 
1998). Shoot growth in response to auxin involves the AsA redox state; when reduced 
apoplastic AsA is diminished, there is a loss of response to auxin (Pignocchi et al. 
2006). It is worth to mention here that the AsA oxidase is involved in regulating the 
apoplastic AsA redox state by catalyzing its oxidation to MDHA (Pignocchi et al. 
2003). AsA influences cell-wall composition and mechanical characteristics as 
cofactor of prolyl hydroxylases enzymes that catalyze the formation of hydroxyproline-
rich glycoproteins (HRGPs) present in the cell wall (De Tullio et al. 1999).

3  �Subcellular Localization and Transport of AsA and GSH

The first step of GSH synthesis occurs in plastids; cysteine and glutamate are con-
verted in γ-glutamylcysteine (γ-EC) by the enzyme γ-EC synthetase (Wachter et al. 
2005). The second and final step adds glycine and converts γ-EC in GSH through 
the activity of glutathione synthetase (GSHS). Both γ-EC and GSH can be trans-
ported outside plastids; in fact, it is assumed that GSH synthesis occurred mostly in 
the cytosol where GSHS is also present (Noctor et  al. 2012; Lim et  al. 2014). 
Cytosol and plastids have similar GSH concentration, around 3.2–3.5 mM (Krueger 
et al. 2010), and GSH concentration is clearly higher in leaves than in roots (Noctor 
et al. 2002). In agreement, sulfate reduction is several times higher in green leaves 
than in other plant organs, and the reaction is strongly stimulated by light (Fankhauser 
and Brunold 1978). This light enhancement is to be expected because of the require-
ment for GSH and ferredoxin as reductants for adenosine-5′-phosphosulfate and 
sulfite, respectively.

In some plant species, glycine is replaced by alanine or serine in the 
γ-glutamylcysteinylglycine tripeptide, as in homo-GSH (γ-Glu-Cys-β-Ala), found 
in many legumes or hydroxymethyl GSH (γ-Glu-Cys-Ser) present in cereals, with 
similar functions to GSH (Marschner 2012).

Compartment-specific alterations in GSH levels impact on metabolism and 
defenses, and it is worth to note that a measurement of total content of GSH and 
GSSG in tissues does not necessarily reflect the redox environment in subcellular 
compartments such as the nucleus, mitochondria, or chloroplasts (Diaz-Vivancos 
et al. 2015). As an example, GSH content found in trichomes of Arabidopsis resulted 
two or three times higher than in basal and epidermal cells (Gutierrez-Alcala et al. 
2000). GSH concentration in different compartments or cell types is controlled 
through its biosynthesis, redox state, use, degradation, and transport (Foyer et  al. 
2001). Long-distance transport of GSH occurs since it has been found in xylem and 
phloem (Schneider et al. 1994), being the most abundant thiol in phloem, and exchange 
between phloem and xylem sap also takes place (Mendoza-Cózatl et al. 2011).
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Plasma-membrane transport systems for GSH and GSSG are important in main-
taining adequate levels in vacuole and apoplast. In particular, in apoplast GSH 
reaches low concentration with a probable role in defense against pathogens 
(Vanacker et al. 1998). If GSSG is generated in apoplast, it should be reduced after 
re-entering to the cytosol since there is no enzyme for GSH recovery in apoplast. It 
was also demonstrated a recycling of GSH and its efflux from the root cells with a 
net increase in the external medium; however, the presence of GSH transporter in 
the plasma membrane has not been demonstrated (Ferretti et al. 2009). Efflux of 
GSH from cells probably occurs through MRPs (multidrug-resistance-associated 
protein) belonging to the ATP binding cassette (ABC) protein family, known as 
ATP-driven pumps for GS-X and GSH across membranes in animals (Foyer et al. 
2001). GSH uptake through high and low affinity components was characterized in 
several plant species, and also a specific symport system exists for GSSG uptake 
(Foyer et al. 2001). Chloroplasts are able to uptake GSH, in addition to synthesize 
it (Noctor et  al. 2002), while GS-X and GSSG are transported into the vacuole 
detoxifying conjugated xenobiotics from the cytosol. Enzymatic activities acts recy-
cling GSH/GSSG to amino acids in apoplast and vacuole, both compartments with 
low GSH:GSSG ratios (Foyer et al. 2001).

In mammalians, it has been suggested a role for GSH in the export of iron from 
cells, mainly through the formation of GSH-Fe-NO complexes that could be trans-
ported by MRP system (Richardson and Lok 2008). Similar compounds, with the 
structure (NO)2-Fe-GSH have shown adequate membrane permeability (Ueno et al. 
1999), and could have a role delivering a safe form of Fe in plants (Buet and 
Simontacchi 2015; Ramirez et al. 2011).

AsA is a ubiquitous molecule, it is found in all cellular compartments, cytosol, 
mitochondria, chloroplasts, vacuole, peroxisomes, and apoplast. Its concentration 
ranges from 2 mM in the vacuole to 20 mM in cytosol. In spite of its abundance and 
its presence in most cell compartments, it took almost 50  years to elucidate its 
synthesis pathway in plants. Nowadays, this biosynthetic pathway is known as the 
Smirnoff-Wheeler pathway (Please see Chap. 6) (Fig. 1).

Since the final step of AsA synthesis takes place in mitochondria, it needs to be 
transported to the rest of plant cell compartments. AsA is capable of crossing the 
plasma membrane through AsA/DHA-specific transporters/exchangers that showed 
a greater affinity for DHA (Horemans et al. 1997). The AsA/DHA exchanger in the 
plasma membrane is particularly important given that the DHAR and the enzymes 
of the AsA-GSH cycle are not present in the apoplast. This exchanger uptakes DHA 
into the cytosol and translocate AsA to the apoplast, and it is essential to maintain 
AsA levels and redox homeostasis owing to the mentioned processes where it is 
involved. In this regard, it has been identified high redox potential b-type cyto-
chrome (known as cytb561) that is present in the plasma membrane of higher plants 
(Asard et al. 2001; Nanasato et al. 2005). It is able to operate such as transmem-
brane MDHAR, using cytoplasmic AsA as the electron donor and apoplastic MDHA 
as the electron acceptor (Nanasato et al. 2005; Horemans et al. 1994). Another iso-
forms of this cytochrome are located in the tonoplast (Griesen et al. 2004). In chlo-
roplasts, AsA is taken up as the monoanionic form through a saturable carrier in the 
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chloroplast envelope that presents a relatively low affinity (5  mM) (Foyer and 
Lelandais 1996). Recently, Miyaji and collaborators (2015) showed that the phos-
phate transporter AtPHT4;4 functions as an AsA transporter in the chloroplast 
envelop enabling the AsA entrance from the cytosol. A small fraction (10–20% of 
chloroplastic AsA) reaches the thylakoid lumen through a fast process but none 
transporter has been described.

It has been reported that AsA can be transported over long distances from source 
tissues to newly and non-photosynthetic tissues. It can be taken up by roots and 
transported by xylem and translocated from leaves via phloem (Mozafar and Oertli 
1993; Franceschi and Tarlyn 2002; Tedone et  al. 2004). In phloem they are also 
present the enzymes that participate in AsA biosynthesis with the exception of 
l-galactono-γ-lactone dehydrogenase (Hancock et al. 2003). This could be relevant 
in the supply of AsA precursors to sink tissues, but this contribution remains to be 
elucidated.

4  �Role of AsA-GSH Cycle Under Stress Conditions

4.1  �General Considerations

Plants are subjected to continuous changes of the environment. Normal fluctuations 
of irradiance, temperature, and other external factors affect processes such as pho-
tosynthesis or respiration. Small or large changes in the physiological status may 
occur during the day, as for example, the reduction in the water status of the leaf 
cells as a result of increasing evaporation conditions at midday due to temperature 
and light variations. Additionally, plants may be affected in the long term by the 
restriction or excess of resources such as water or mineral elements. Beyond the 
extension and kind of environmental changes, physiological disorders provoke a 
common feature: the increase in ROS generation (Miller et al. 2010). Under condi-
tions where the amount of photons reaching the leaves is in excess compared to that 
required for CO2 fixation, the ROS production increases (Asada 2006). This involves 
that part of the reducing equivalents getting in excess into the photosynthetic elec-
tron transport chain may be derived to the univalent reduction of O2 forming ROS 
(Asada 2006). Consequently, ROS steady-state concentration may be continuously 
changing in chloroplasts (but also in other subcellular compartments). AsA-GSH 
cycle links plant metabolism with ROS production through the detoxification of 
H2O2 in chloroplast, mitochondria, or peroxisomes (Foyer and Halliwell 1976; 
Asada 1999). This formation of ROS can be modulated under harmful surrounding 
conditions by AsA-GSH cycle channeling the excess of reducing power to the safety 
formation of water (Asada 1999). Oxidative modifications may take place as a con-
sequence of increased level of ROS especially under extreme environmental condi-
tions. Increases in the oxidized state of antioxidants, oxidative damage to 
macromolecules or ROS steady-state levels were originally considered as detrimen-
tal for different physiological processes but now arise a new role as signaling 
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function for them in plants (Foyer et al. 2017). These changes in the antioxidant-
ROS network can be conceived as signals defining the fate of plant cells.

Foyer and Noctor (2016) proposed that the antioxidant defense is designed to 
modulate the accumulation of ROS instead of completely abolishing them. This 
concept is particularly important for physiological processes requiring a redox stim-
ulus. Sensing mechanisms of ROS production may control plant growth and devel-
opment. Physiological processes such as abscission zone formation, root hair 
growth or stomata closure depend on the ROS generation mediated by NADPH 
oxidases (Sakamoto et al. 2008; Jones et al. 2007; Kwak et al. 2003).

This association of plant metabolism with the steady-state levels of ROS (or 
eventually changes in the redox state of antioxidants or in the increment of oxidative 
damage to macromolecules) may represent integrators of signals from the environ-
ment with plant functions (e.g., hormone-related processes). An interaction of redox 
signaling with hormones such as auxins for the control of plant development and 
growth has been proposed (Schippers et al. 2016). Depending on the developmental 
stage, this network defines plant physiological status such as growth or dormancy 
establishment. This is illustrated in tree buds presenting high AsA content in a 
reduced state during active growth in spring/summer and a low concentration of 
AsA in a highly oxidized state during the rest period in autumn/winter (Gergoff 
Grozeff and Bartoli 2014).

Researchers asked themselves what are the protective processes exerted by anti-
oxidants in this scenario. It is suggested that the antioxidant network may regulate 
ROS production keeping a steady state of ROS high enough to trigger cell protect-
ing mechanisms (e.g., hormone action, gene expression, or others) (Noctor et al. 
2017). Alternatively, it may control the extension of oxidative damage to macromol-
ecules that would participate as specific signals depending on the subcellular com-
partment where they are generated (Møller et al. 2007). In addition, these reactions 
produce changes in the oxidized/reduced ratio of AsA or GSH that may be good 
indicators/sensors of redox status of plant cells (Noctor et al. 2016). All this compo-
nents may act in conjunction for triggering adaptive responses of plant metabolism 
to a challenging environment.

4.2  �The Role of AsA-GSH Cycle Under Different Abiotic 
Stress

4.2.1  �Drought

Since ROS and antioxidants (enzymatic and non-enzymatic components) form a 
network that may be conceived as a sensor of environmental conditions, the contri-
bution of AsA-GSH cycle on plant tolerance was largely studied under challenging 
environments in several species. The closure of stomata aiming at water loss avoid-
ance under drought conditions entails lowering CO2 uptake limiting Calvin cycle, 
leading to a typical increase in ROS production in plant cells (Noctor et al. 2014). 
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The participation of AsA and GSH in both antioxidant and signaling functions has 
been demonstrated by several experimental evidences. Leaves of a wheat cultivar 
with high concentration of AsA show lower oxidative damage compared with leaves 
of a cultivar with low AsA under drought conditions (Bartoli et al. 2004). Plants 
with increased AsA content display higher photochemical quenching and non-
photochemical quenching than plants with lower AsA (Tambussi et al. 2000) dem-
onstrating the role of AsA-GSH cycle ameliorating photosynthetic activity under 
water stress. The GSH/GSSG ratio can be determined by the use of the redox-
sensitive GFP. It was reported that this antioxidant becomes more oxidized during 
drought (Jubany-Mari et  al. 2010) suggesting a signaling function of this redox 
couple during abiotic stress conditions (Noctor et al. 2014).

4.2.2  �Salinity

Salinity in plants induces nutritional alterations as a consequence of ion toxicity as 
well as osmotic stress. The increments in Na+ concentrations are toxic, producing a 
decrease in the uptake and concentration of K+ due to the chemical similarity of Na+ 
and K+, leading to a metabolic disorder (Acosta-Motos et al. 2017). Besides ROS 
production as by-products of plant metabolism, abiotic stresses induce the activity 
of the apoplastic NADPH oxidase catalyzing O2

− formation that then originates 
H2O2. Evidences demonstrate that this NADPH oxidase-dependent synthesis of 
ROS is crucial for the adaptive responses of plants to salinity such as regulation of 
Na+/K+ balance (Ma et al. 2012). NADPH oxidase inhibitors avoid the induction of 
antioxidant enzymes, particularly APX and GR under saline conditions (Ben Rejeb 
et al. 2015). Furthermore, the expression of genes involved in the early response of 
plants to salt stress is also induced by H2O2 treatment (Schmidt et al. 2013). These 
experiments, among many others, demonstrate the active role of AsA and GSH in 
the response of plants to saline stress.

4.2.3  �Light

Chloroplasts constitute the main source of ROS in leaves derived from photosyn-
thetic activity (Foyer and Noctor 2016). AsA-GSH cycle has a crucial role keeping 
compatible steady-state levels of ROS with plant metabolism under increasing irra-
diance conditions. Tomato plants with very low AsA present a severe oxidative 
damage when they are moved from a low to a high light environment (Baldet et al. 
2013). Mutant plants lacking stromal and thylakoidal APX are prone to photooxida-
tive damage under high light conditions (Kangasjärvi et  al. 2008). Furthermore, 
distinct gene expression and enzyme activity are observed after high irradiance 
treatments in these mutants compared with wild type plants.

Besides the amount of light, the red/far red light ratio (R/FR) indicates the qual-
ity of light reaching the surface of the leaves. High or low R/FR represents a signal 
of sunny or shadow conditions, respectively, and determines the accumulation of 
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both high or low AsA and GSH concentrations (Bartoli et al. 2009). Increments of 
both antioxidants under high R/FR illustrate a plant response to avoid the potential 
risk of oxidative damage under a sunny light environment.

These results demonstrate the involvement of APX and antioxidants in both pho-
toprotection and redox signaling functions as integrants of the AsA-GSH cycle 
under changing light conditions.

4.2.4  �Chilling

Low temperatures induce photooxidative stress in plants, especially in those species 
adapted to a warm climate. Light-dependent increments in ROS production and 
reductions in antioxidant (i.e., AsA and GSH) concentrations have been observed 
under chilling conditions (Wise and Naylor 1987). Plants with lower capacity to syn-
thesize AsA (Wang et al. 2013; Yang et al. 2017) or with decreased activity of thyla-
koid APX (Duan et al. 2012) or GR (Shu et al. 2011) are more susceptible to chilling 
stress. On the other hand, H2O2 treatments improve the tolerance of plants exposed to 
subsequent low temperatures giving an evidence of signaling participation of ROS in 
the adaptive response (Yu et al. 2003; Wang et al. 2010a). Furthermore, plants with 
reduced thylakoidal APX activity show increased expression of stress related genes 
showing compensatory increments of other antioxidants (Duan et al. 2012). As previ-
ously mentioned for other abiotic stresses, the antioxidant-ROS network has protec-
tive and signaling functions in plants under low temperatures.

4.2.5  �Heat Shock

Heat shock induces oxidative stress in plants (Larkindale and Knight 2002). Mustard 
plant seedlings exposed to an elevated temperature treatment show increments in 
H2O2 production followed by increments in the AsA and GSH concentration and 
activities of antioxidant enzymes such as APX and GR (Dat et al. 1998a, b). This 
exposition to high temperature induces thermotolerance (Dat et  al. 1998a, b). 
Furthermore, non-lethal heat-shock treatments are applied to increase abiotic stress 
tolerance and have been proved to be useful to extend the postharvest life of different 
plant organs. For example, mild heat treatment (40  °C for 3.5  min) produces an 
increase in mitochondrial H2O2 in spinach leaves keeping high reduced/oxidized ratio 
of AsA and GSH, and extends their storage in the dark after detachment (Gómez et al. 
2008). However, heat-shock treatment at higher temperatures (55 °C for 10 min) pro-
vokes reduction in the concentrations of AsA and GSH and a high Fe-dependent ROS 
production (non-mitochondrial source) triggering root cell death (Distéfano et  al. 
2017). Notably, this cell death is prevented with external GSH supplementation 
(Distéfano et al. 2017). These results suggest that the extension of the abiotic stress 
(and hence, oxidative stress) determines the recovery or death of plant cells.
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5  �Manipulating AsA and GSH Levels in Plants: A Promise 
to Deal with Abiotic Stress Improving Yield and Health 
Properties of Fruits and Vegetables

In recent years, there has been an increasing concern in consuming fruits and veg-
etables due to the importance for human nutrition and health. Fruits and vegetables, 
the main source of antioxidants in the diet, are associated with a lower risk of degen-
erative diseases, being a great opportunity improving health by increasing con-
sumption (Ames et  al. 1993). Due to the significance of antioxidants for plant 
productivity and stress tolerance, and also for human health, the manipulation of 
AsA and GSH metabolism in plants has become an important issue of research.

Under this scenario, genetic engineering strategies may provide a promising tool 
to optimize tolerance traits (Cushman and Bohnert 2000). Genetic engineering may 
increase the quantity of certain compound (or group of compounds) changing the 
expression of a gene (or genes), overcoming rate-limiting enzymatic steps in the 
biosynthetic pathways (Verpoorte and Memelink 2002). The recent advances 
regarding AsA synthesis pathways and biotechnology make feasible the possibility 
to improve AsA levels in plants (Zhang et al. 2007). Bulley et al. (2009) employing 
expression studies in kiwifruit, and gene over expression in Arabidopsis, reported 
that GDP-l-galactose guanyltransferase is a major regulating point in AsA biosyn-
thesis through the l-galactose pathway (Fig.  2). These studies highlighted the 
potential importance of this rate-limiting step for breeding experiments, and showed 
the necessity to combine expression studies with other physiological experiments, 
since gene expression may not reflect enzyme activity. Baldet et  al. (2013) also 
described that several tomato mutant lines defective in genes encoding enzymes 
from the AsA biosynthetic pathway (GDP-D-mannose pyrophosphorylase and the 
GDP-l-galactose phosphorylase genes) showed reduced AsA content and suffered 
from severe bleaching upon exposure to high light intensity.

The main efforts to enhance AsA content in plants have been focused in increas-
ing not only the biosynthetic pathway enzymes, but also in improving the regenera-
tion of the oxidized forms of this antioxidant (Lorence and Nessler 2007; Zhang 
et  al. 2007). In addition, other strategies are destined to inhibiting degradation, 
introducing alternative pathways [by exogenous novel gene(s)], or switching the 
localization of key enzymes [summarized by Zhang et al. (2007)].

Regarding GSH, as its synthesis involves three amino acids and two enzymes in 
two steps ATP-dependent reactions (Fig. 2), the manipulation of GSH metabolism 
may be suitable also for crop species. However, manipulation of GSH partitioning 
seems difficult due to the limitation on the GSH high affinity transporters identifica-
tion (Maughan and Foyer 2006). Also, being cysteine supply the key limiting factor 
for GSH synthesis, it should be essential to take into account solutions that also 
modulate sulfur assimilation for further enhance the capacity of plants to synthesize 
GSH (Maughan and Foyer 2006).
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In order to achieve successful strategies, information at multiple levels including 
genes, enzymes, compartmentalization, transport, and accumulation should be encour-
aged (Verpoorte and Memelink 2002). Also, the regulation of multiple genes or the 
combination of more than one strategy would be better than the manipulation of a 
single gene or enzyme (Zhang et al. 2007). This could be particularly interesting in the 
case of AsA and GSH due to their connected metabolism. In this sense, Le Martret 
et al. (2011) have observed that the simultaneous expression of DHAR and GR led to 
a more pronounced reduction of H2O2 levels in leaf discs, than in lines expressing 
DHAR alone, improving chilling tolerance. Expression of both enzymes also con-
ferred methyl viologen-induced oxidative stress tolerance (Le Martret et al. 2011).

The potential to counteract environmental stress became relevant due to the con-
cern about climatic change. Plant productivity is limited by different kind of stresses. 
Most of the limitations can be attributed to the abiotic stresses that can appear dur-
ing the lifetime of the plants, such as drought, salinity, extreme temperatures, light, 
UV radiation, heavy metals, nutrient deficiency, air pollution, herbicides, and many 
others (Boyer 1982; Bhattachrjee 2005). The understanding of the processes 
involved in the stressed plant physiology can lead to the development of new tools 
to manage stress situations and the design of strategies to overcome or prevent the 
damage (Nelson et al. 1998). In this context, some genetic strategies developed to 
manipulate AsA and GSH concentrations in plants leading to increased tolerance to 
abiotic stress are summarized in Table 2.

Fig. 2  Biosynthetic pathways for GSH and AsA.  The GSH synthesis pathway is outlined in 
orange. ECS corresponds to the γ-EC synthetase and GSHS, to the GSH synthetase. This latter 
enzyme is present in chloroplasts and cytosol. The main AsA synthesis pathway in leaves is out-
lined in blue. VTC1 corresponds to the GDP-mannose pyrophosphorylase VTC2 and VTC5 to 
GDP-l-galactose phosphorylase, VTC4 to l-galactose-1-phosphate phosphatase, L-GalDH to 
l-galactose dehydrogenase, and L-GalLDH, to the l-galactono-γ-lactone dehydrogenase. This lat-
ter enzyme is located in the inner mitochondrial membrane and delivers electrons to the mitochon-
drial electron transport chain
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Abiotic stress studies also comprise an interesting source of information to 
develop new tools to manipulate vegetables and fruits during postharvest, specially 
related to oxidative stress (Cisneros-Zevallos 2003; Toivonen 2003a, b). The analy-
sis of the reports about pre- and postharvest biology field in fruits and vegetables 
shows several works dealing with the effect of abiotic stress in perishables 
(Pedreschi and Lurie 2015). Fruit ripening involves the coordinated expression of 
hundreds of genes, as it can be seen in peach (The International Peach Genome 

Table 2  Increased abiotic stress tolerance and antioxidant concentration in plants genetically 
modified in genes related with the synthesis and regeneration of ascorbic acid (AsA) and 
glutathione (GSH)

Gene expression Abiotic stress AsA GSH Plant species Reference

MDHAR (from 
Malpighia glabra)

NaCl ↑ nd Nicotiana 
tabacum

Eltelib et al. 
(2012)

MDHAR (from 
Avicennia marina)

NaCl ↑ nd Nicotiana 
tabacum

Kavitha et al. 
(2010)

DHAR (from rice) NaCl cold ↑ ↑ Nicotiana 
tabacum

Le Martret 
et al. (2011)

DHAR:GR (from 
rice and E. coli)

Paraquat ↑ ↑ Nicotiana 
tabacum

Le Martret 
et al. (2011)

DHAR (from 
wheat)

Ozone ↑ ↑ Nicotiana 
tabacum

Chen et al. 
(2003)

Zea mays Chen and 
Gallie (2005)

DHAR (from 
human)

Cold NaCl paraquat ↑ ↓ (and 
↑GSSG)

Nicotiana 
tabacum

Kwon et al. 
(2003)

DHAR (from rice) NaCl ↑ 
slight

nd Arabidopsis 
thaliana

Ushimaru 
et al. (2006)

DHAR (from 
Arabidopsis)

High light, high 
temperature, 
paraquat

↑ ↑ Arabidopsis 
thaliana

Wang et al. 
(2010b)

GR (from E. coli) Paraquat and SO2 nd ↑ Nicotiana 
tabacum

Aono et al. 
(1993)

GR (from E. coli) Paraquat nd ↑ Nicotiana 
tabacum

Aono et al. 
(1995)

GR (from E. coli) Photoinhibition nd ↑ Populus 
tremula x alba

Foyer et al. 
(1995)

GR (from E. coli) Paraquat ↓ 
slight

Without 
change

Nicotiana 
tabacum

Foyer et al. 
(1991)

GSHS (from E. 
coli)

Heavy metal (Cd) nd ↑ under Cd 
exposure

Brassica 
juncea

Zhu et al. 
(1999)

GalUR (from 
strawberry)

NaCl ↑ ↑ Solanum 
tuberosum

Upadhyaya 
et al. (2011)

GalLDH (from 
Rosa roxburghii)

NaCl and paraquat ↑ nd Nicotiana 
tabacum

Liu et al. 
(2013)

DHAR dehydroascorbate reductase, MDHAR monodehydroascorbate reductase, GR glutathione 
reductase, GSHS glutathione synthetase, GalUR D-galacturonic acid reductase, GalLDH l-
galactono-1,4-lactone dehydrogenase, nd non determined
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Initiative 2013) or in tomato (The Tomato Genome Consortium 2012). To under-
stand several processes involved in growth and development, the abiotic stress 
physiology can give us some new insights of complex processes such as fruit ripen-
ing (Gapper et al. 2013). Actually, some strategies designed to improve the content 
of antioxidant compounds in plants may involve the establishment of stress condi-
tions increasing plant defense responses, raising the content of specific compounds. 
These strategies may involve, in some cases, the employment of a low (or sub-
lethal) dose of an agent capable of inducing a physical or chemical stress (Costa 
et al. 2006). Postharvest treatments with UV radiation increased AsA content in 
some fruits like tomato (Jagadeesh et  al. 2011) and apple (Hagen et  al. 2007). 
UV-C treatments in strawberry fruits enhanced the activities of GR, MDHAR, and 
DHAR enzymes, increasing GSH and GSSG, and delaying the fruit decay compar-
ing to control (Erkan et al. 2008).

Overall, the knowledge of plant responses to abiotic stress at molecular and met-
abolic level should converge to improve plant breeding strategies leading to crops 
best adapted to fluctuating environmental conditions. However, not only genetic 
engineering approaches, but also combined postharvest strategies should converge 
to obtain optimal antioxidant levels improving nutritional and health properties of 
fruits and vegetables.

6  �Conclusions

Plant growth, productivity, and nutritional quality are affected by constant chal-
lenges from the surrounding. ROS-antioxidant networks are integrated to cell 
metabolism, and constitute crucial signals for important plant decisions, including 
developmental and adaptive processes. In this sense, plants show a tight interaction 
of ROS and antioxidants with hormonal signaling.

Evidence from the last years shows that enhancement of the own antioxidant 
defenses through the modulation of genes affecting the AsA-GSH cycle improves 
the performance of plants when they face a broad spectrum of environmental stress-
ful conditions. This points out a positive association between the redox state of 
antioxidants with the capacity to withstand oxidative stress.
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