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Glutathione (GSH; γ-glutamyl-cysteinyl-glycine), a low-molecular-weight thiol, is the most pivotal metabolite involved in the antioxidative defense system of plants. The modulation of GSH on the plant in response to environmental stresses could be illustrated through key pathways such as reactive oxygen species (ROS) scavenging and signaling, methylglyoxal (MG) detoxification and signaling, upregulation of gene expression for antioxidant enzymes, and metal chelation and xenobiotic detoxification. However, under extreme stresses, the biosynthesis of GSH may get inhibited, causing an excess accumulation of ROS that induces oxidative damage on plants. Hence, this gives rise to the idea of exploring the use of exogenous GSH in mitigating various abiotic stresses. Extensive studies conducted borne positive results in plant growth with the integration of exogenous GSH. The same is being observed in terms of crop yield index and correlated intrinsic properties. Though, the improvement in plant growth and yield contributed by exogenous GSH is limited and subjected to the glutathione pool [GSH/GSSG; the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG)] homeostasis. Therefore, recent studies focused on the sequenced application of GSH was performed in order to complement the existing limitation. Along with various innovative approaches in combinatory use with different bioactive compounds (proline, citric acid, ascorbic acid, melatonin), biostimulants (putrescine, Moringa leaf extract, selenium, humic acid), and microorganisms (cyanobacteria) have resulted in significant improvements when compared to the individual application of GSH. In this review, we reinforced our understanding of biosynthesis, metabolism and consolidated different roles of exogenous GSH in response to environmental stresses. Strategy was also taken by focusing on the recent progress of research in this niche area by covering on its individualized and combinatory applications of GSH prominently in response to the abiotic stresses. In short, the review provides a holistic overview of GSH and may shed light on future studies and its uses.
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INTRODUCTION

Environmental stresses caused by the worsening global warming and climate changes remain one of the biggest challenges in the agricultural sector, significantly limiting the productivity of crops (Jalil and Ansari, 2020; Chaudhry and Sidhu, 2021). As a result of the environmental changes, abiotic stresses such as temperature extremities, drought, salinity, and metal toxicity, have contributed to the reduction of yield as high as 50% for major crops (Stavridou et al., 2018; Francini and Sebastiani, 2019). Due to their sessile nature, plants have various innate mechanisms that generate specific cellular responses to mitigate abiotic stresses (Yadav et al., 2020). Toward improving crop yield and productivity, changes in physiological, biochemical, and metabolic processes of plants affected by the abiotic stresses and their response mechanisms have been studied extensively (Hasanuzzaman et al., 2017; Wilma Sabetta et al., 2017; Debnath et al., 2021).

Generally, abiotic stresses cause excessive production of reactive oxygen species (ROS), either in molecular states like hydrogen peroxide (H2O2) and singlet oxygen (1O2) or in ionic states such as hydroxyl radicals (OḤ) and superoxide anions ([image: image]; Huang et al., 2019). Under normal conditions, ROS is generated as a by-product of aerobic metabolism at basal levels, confined to cellular compartments like mitochondria, chloroplasts, peroxisomes, and scavenged by antioxidant mechanisms, to prevent any damage to the plants. However, under stressed conditions, the overproduction of ROS causes oxidative damage to proteins, lipids, and deoxyribonucleic acid (DNA), possibly leading to plant death (Das and Roychoudhury, 2014). In response, plants rely on their antioxidative defense system, which consists of the enzymatic and non-enzymatic antioxidants, to regulate the ROS, improving the stress tolerance in plants (Hasanuzzaman et al., 2017).

Among the numerous antioxidants, glutathione (GSH; γ-glutamyl-cysteinyl-glycine) has been known to be one of the most abundant and essential metabolites in the defense system to combat abiotic stresses (Locato et al., 2017). Glutathione is usually present in its reduced form, GSH, and acts as a ROS scavenger, where it is oxidized into glutathione disulfide (GSSG; Wilma Sabetta et al., 2017). Under the normal level of stresses, biosynthesis of GSH is induced to maintain the GSH/GSSG ratio (Locato et al., 2017). However, under extreme stresses, the biosynthesis of GSH may be inhibited, causing an imbalance and a significant decrease in the GSH/GSSG ratio. Thus, leading to the inability to scavenge the overproduced ROS, which will inflict oxidative damage to the plants (Cao et al., 2017). Therefore, studies have been focused on investigating the effects of exogenous application of GSH on plants via foliar spray or seed soaking method to compensate for the decreased level of endogenous GSH, which in an attempt to alter the redox state of GSH/GSSG. Positive results for the exogenous application of GSH were shown especially in mitigating abiotic stresses like drought, salinity, metal toxicity, and temperature extremities and further improving the growth and yield of major plant crops that include rice, wheat, maize, and chickpea (Hussain et al., 2016; El-Beltagi et al., 2020; Li et al., 2021; Wang et al., 2021).

However, the improvement of plant growth parameters contributed by the exogenous application of GSH is limited and subject to the ratio of the oxidized and reduced glutathione, GSH/GSSG. Studies show that a higher dosage of GSH did not correlate to the best growth parameters for all plant species. For example, among concentrations (5 mM, 10 mM, 15 mM and 20 mM), 10 mM of GSH resulted in the best growth parameters for rice species MR 253, while 20 mM of GSH resulted in the best growth parameters for rice species MR220 (Teh et al., 2015). Hence, in recent years, researchers have started to investigate the sequenced or combined application of GSH together with different bioactive compounds, categorized as plant metabolites such as proline, citric acid, ascorbic acid, melatonin; biostimulants such as putrescine, Moringa leaf extract, selenium and humic acid; and microorganism like cyanobacteria, in attempt to improve the stress tolerance further and overcome the limitations of possessed by GSH in conferring growth and yield of plants (Semida et al., 2018; Zaki et al., 2019; Goodarzi et al., 2020; Rehman et al., 2021; Zeng et al., 2021). Therefore, this review discusses the recent progress (2017–2021) in the individual and combined application of GSH with other bioactive compounds while reinforcing our understanding of the biosynthesis, metabolism, and roles of GSH when mitigating abiotic and biotic stresses.



GLUTATHIONE


Origin

De Rey-Pailhade first discovered glutathione in 1888 from extracts of yeast, egg whites and many other animal tissues (Alanazi et al., 2015). Due to the discovery of glutathione’s functions in human body fluids, studies on its structure and functions began extensively in the 1960s. At the same time, its metabolism was confirmed in 1983 by Dr. Alton Meister (Meister, 1988). Roles of glutathione (GSH) as a plant growth regulator along with its structures and metabolism are elaborated in the sections below.



Localization

GSH, a low-molecular-weight thiol, is found innately and abundantly in plant tissues, typically present in millimolar concentrations (Wilma Sabetta et al., 2017). Generally, GSH is found in the roots and leaves of plants, with the highest concentrations primarily found in the mitochondria, followed by nuclei, peroxisomes, cytosol, plastids, and trace concentrations found in chloroplast and vacuoles (Hasanuzzaman et al., 2012; Wilma Sabetta et al., 2017).



Biochemical and Molecular Characterization

Chemically speaking, GSH is a tripeptide composed of three amino acids which are glutamate (or glutamic acid), cysteine and glycine, making up γ-glutamylcysteinylglycine (γ-Glu-Cys-Gly) as shown in Figure 1 (Wilma Sabetta et al., 2017). GSH has a unique bond between glutamate and cysteine. The link occurs through the γ-carboxyl group instead of the expected α-carboxyl group of glutamate, making the molecule stable, which will not be degraded by aminopeptidases (Lu, 2013). It is soluble in water due to the presence of hydrophilic groups, consisting of two carboxylic groups (COOH), one amine group (NH) and one thiol group (SH). Overall, the most chemically reactive group of GSH is the thiol (SH) group in cysteine. It is responsible for most biochemical functions like redox reactions and nucleophilic displacements, which are essential to carry out the detoxification of xenobiotics (Hasanuzzaman et al., 2017).

[image: Figure 1]

FIGURE 1. Chemical structure of glutathione (GSH), a tripeptide made up of glutamic acid, cysteine, and glycine.




Biosynthesis and Redox Regulation

The biosynthesis of GSH occurs in a two-step reaction involving two adenosine triphosphate (ATP) molecules catalyzed by two enzymes, namely, γ-glutamylcysteine synthetase (γ-ECS) and glutathione synthetase (GSHS). First, the γ-ECS catalyzes the formation of an intermediate product γ-glutamylcysteine (γ-EC) and acts as a ligase between the amino acid glutamate and cysteine. In the second step, GSHS catalyzes the synthesis of another intermediate product, acylphosphate, at the C-terminal of the first intermediate γ-EC. The biosynthesis is followed by displacing an inorganic phosphate linking the third amino acid glycine, producing GSH (Musgrave et al., 2013; Wilma Sabetta et al., 2017). γ-ECS have been found primarily on chloroplasts, a type of plastid. In contrast, GSHS has been found in both cytosol and plastids, proving that the biosynthesis of GSH is a compartmentalized process. γ-EC may also move from the chloroplast or plastid to the cytosol as a substrate of GSHS to carry out the biosynthesis of GSH in the cytosol. Upon completion, GSH can either be transported back into the chloroplast or to the mitochondria (Hasanuzzaman et al., 2017).

The glutathione system, comprising the reduced form, GSH and oxidized form, GSSG, plays a crucial role in maintaining the redox balance in plants (Bela et al., 2017a). During stressed conditions, the enzyme glutathione peroxidase (GPX) uses GSH as a reducing agent to remove excess H2O2 induced by abiotic stresses, into the oxidized glutathione, GSSG. In defense against the overproduced ROS during stresses, the enzyme glutathione reductase (GR) then reduces GSSG back into GSH, further maintaining the GSH/GSSG homeostasis (Cao et al., 2017; Bela et al., 2017b). Evidently, various studies showed up-regulation of genes encoding GPX and a significant increase in GR activities in plants that were subjected to abiotic stresses such as metal toxicity, salinity, drought, and temperature extremities (Nahar et al., 2015; Ding et al., 2016; Hussain et al., 2016; Li et al., 2021). The overall biosynthesis of GSH in the chloroplasts, mitochondria, and cytosol is shown in Figure 2.

[image: Figure 2]

FIGURE 2. Illustration of biosynthesis and simple metabolism of GSH in plant organelles.




Modulation in Stressed Plants

Aside from maintaining the cellular redox homeostasis and its oxidized form GSSG, GSH is also a key component in the ascorbate-glutathione (AsA-GSH) and glyoxalase cycle. GSH removes the excess H2O2, a stable form of ROS, and reduces MG levels in response to environmental stresses (Cao et al., 2017). Furthermore, GSH also participates in the modulation of gene expression that activates redox-sensitive transcriptional factors and enzymatic activities by regulating the redox state of plants. Besides that, GSH detoxifies xenobiotics, catalyzed by glutathione S-transferase (GST), and sequestration of heavy metals into vacuoles through the formation of phytochelatins (PC). Figure 3 shows an overview of the roles of glutathione and its metabolism-related enzymes in response to abiotic stresses.

[image: Figure 3]

FIGURE 3. Overview of biosynthesis and roles of GSH along with its metabolism-related enzymes in response to abiotic stresses.


From Figure 3, a process labelled (1) shows the biosynthesis of GSH where GSH is synthesized from its constituent amino acids, cysteine, and glutamate, through a two-step ATP-dependent reaction catalyzed by the enzymes γ-ECS and GSHS. As a result of abiotic stresses, ROS species (colored in red), such as [image: image], hydroperoxides (ROOH), H2O2, and MG is typically produced. Process (2) in the right top corner of Figure 3 shows the unstable [image: image] anion produced is converted into H2O2, a stable form of ROS, by an antioxidant enzyme named superoxide dismutase (SOD). Next, H2O2 converted from [image: image] or produced by abiotic stresses, can be converted into water by two pathways depending on the cell compartment, which include, (3) the direct pathway catalyzed by the antioxidant enzyme catalase (CAT); and (4) the AsA-GSH pathway catalyzed by ascorbate peroxidase (APX) at the expense of ascorbic acid (AsA). Other than water, APX catalyzes the oxidation of AsA into monodehydroascorbate (MDHA) and dehydroascorbate (DHA). Process (6) then shows reduction of MDHA and DHA back to AsA, catalyzed by the enzymes monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase (DHAR), respectively. The formation of DHA happens through spontaneous oxidation from MDHA. At the same time, the reduction of MDHA to AsA utilizes nicotinamide adenine dinucleotide phosphate (NADPH) as an electron donor giving up its electron to be converted into NADP+. Similarly, using NADPH as an electron donor in the process (6), the oxidized form of glutathione, GSSG, is reduced to glutathione, GSH, by the enzyme glutathione reductase (GR). In process (7), H2O2, ROOH and even lipid peroxides are reduced to either water (H2O) or alcohols (ROH) by the enzymes GPX and GST (Cao et al., 2017; Tamaki et al., 2021).

Aside from direct quenching of ROS in the AsA-GSH cycle, there are two other possible pathways specifically for mitigating against heavy metal (HM) stresses, which include processes such as (8) the conjugation of HM-induced xenobiotics by GST and (9) the HM chelation by PC. In process (8), the enzyme GST catalyzes the conjugation of GSH with xenobiotics that include hydrophobic, electrophilic, and cytotoxic substrates to form the conjugate, GS-X (X represents any type of xenobiotics). GS-X is then transported to the vacuoles for further degradation, a crucial response in mitigating HM-induced stress (Hernández et al., 2015; Hasanuzzaman et al., 2017). In process (9), GSH acts as the precursor that allows HMs to bind to their thiol (-SH) group to form PC, catalyzed by the enzyme phytochelatin synthase (PCS). Furthermore, in the defense against stresses, especially salinity stress, MG is produced. MGs are ubiquitous in plants under stress and can be increasingly cytotoxic to plants at higher concentrations, which therefore needs to be detoxified (Hoque et al., 2016). MGs are degraded through the glyoxalase pathway as shown in process (10), which consists of two GSH-dependent enzymes, glyoxalase I (Gly I) and glyoxalase II (Gly II). Gly I converts GSH and MG to S-D-lactoylglutathione (SLG). In contrast, Gly II converts SLG into D-lactate and back to GSH, maintaining the redox homeostasis (Cao et al., 2017). Succinctly, GSH plays a central and vital role in the antioxidant defense system of plants, protecting plants against abiotic stresses through the metabolisms as mentioned above and pathways.




ROLES OF EXOGENOUS GSH IN STRESSED PLANTS

Exogenously applied GSH is readily taken up and transported into various cellular compartments of plants. The uptake of exogenous GSH usually induces a series of biochemical and physiological processes, including the regulation of abiotic stress tolerance (Cao et al., 2017). Upon understanding the roles of GSH and its metabolism-related enzymes, this section elaborates the role of exogenous GSH in mitigating specific types of stresses, including abiotic stresses such as metal toxicity, salinity, temperature extremities, drought, flood, and even biotic stresses particularly bacterial infection. Figure 4 below shows the critical effects of individual exogenous application of GSH on plants in response to environmental stresses. The key results of recent studies from the year 2017 to 2021 on the individual exogenous application of GSH, paired with its dosage and method of supplementation on various plants against different types of stresses, are summarized in Supplementary Table S1.

[image: Figure 4]

FIGURE 4. Key effects of individual exogenous application of GSH on plants in response to environmental stresses. Red arrows indicate the effects of environmental stresses in plants; green arrows indicate effects of exogenous application of GSH in response to the environmental stresses.



Heavy Metal Toxicity

Heavy metal (HM) contamination in soil has been an increasing concern following the rapid industrialization and intensification of agricultural land use. HMs and metalloids such as cadmium (Cd), lead (Pb), and arsenic (As), among others, have been often to be found in soils, adversely affecting the vegetative growth and yield of various plant crops (Hasanuzzaman et al., 2017; Srivastava et al., 2017). Generally, the uptake of HMs from the contaminated soil by the plants will result in an overproduction of ROS, causing oxidative stress and damage to the plants. In response, GSH, of the antioxidant defense system, participates in the detoxification of toxic HMs through three possible pathways which include, direct scavenging of ROS in the AsA-GSH cycle, HM chelation through the synthesis of phytochelatins (PCs), and conjugation of HMs catalyzed by glutathione S-transferase (GST; Bela et al., 2017b; Cao et al., 2017).

The significance of GSH in the detoxification of HMs was demonstrated in a study performed in upland cotton (Gossypium hirsutum L.) plants under lead (Pb) stress (Khan et al., 2016). The exposure of Pb was found to cause an increase in malondialdehyde (MDA, lipid peroxidation marker) and H2O2 contents (Babenko et al., 2017). The expansion of these oxidative stress markers triggered an increase in antioxidant enzymatic activity of SOD, peroxidase (POD) and GR, but a decline in CAT and APX, possibly due to the limitation of the ROS quenching capacity. The intervention with pre-treatment of GSH was found to cause an increase in the activities of all the antioxidant enzymes and resulted in reduced MDA and H2O2, alleviating the Pb-induced stress and further increasing the length and width of cotton leaves (Khan et al., 2016). To ensure the sustainability of agricultural food supply, researchers have focused on assessing the effects of exogenous GSH on various food crops such as wheat, brinjal, rice and have demonstrated the successful alleviation of HM stresses such as Cd, Pb, As, and even mercury (Hg; Kim et al., 2017; Jung et al., 2019; Alamri et al., 2021; Li et al., 2021). The treatment of GSH results in increased enzymatic activities such as SOD, CAT, GPX, GR, MDHAR, and DHAR, which leads to an increase in endogenous AsA and GSH levels, along with increased ratios of AsA/DHA and GSH/GSSG, thus reducing the level of overproduced ROS species (Jung et al., 2019; Alamri et al., 2021; Li et al., 2021). On top of enzymatic activities, transcriptomic analysis on the expression levels of GSH and PCs biosynthesis gene, which include IIγ-ECS, IIGS, IIPCS, were found to be upregulated after 24-h treatment of GSH against Pb induced stress on leaves of the plant known as Iris lactea var. chinensis (Yuan et al., 2018).

Besides increasing enzymatic activities and upregulation of GSH biosynthesis gene expressions, exogenous GSH plays a significant role in regulating photosynthetic activities (Wang et al., 2011; Khan et al., 2016; Li et al., 2021). Wang et al. (2021) carried out a greenhouse hydroponic experiment using two different barley genotypes, Cd-sensitive Dong 17 and Cd-tolerant Weisuobuzhi, to investigate the effects of exogenous GSH on their photosynthetic performances under Cd stress. It was revealed that the treatment of GSH significantly increased both genotypes, especially Cd-sensitive Dong 17, with a great increase in parameters such as the net photosynthetic rate, stomatal conductance, transpiration rate and photochemical efficiency (Fv/Fm) by 130.2, 68.9, and 52.4%, respectively, when compared to the control plant (Wang et al., 2011). Furthermore, the roles of exogenous GSH in improving the photosynthetic performance of plants were reaffirmed through a significant upsurge detection in photosynthetic pigments level such as chlorophyll a (Chl a) and chlorophyll b (Chl b) in GSH-treated wheat seedlings subjected to Cd stress (Li et al., 2021).

The prominent use of GSH in reducing HM uptake and transport is deemed promising and is being explored extensively by researchers in very recent studies (Fang et al., 2020; Li et al., 2021). The uptake and subcellular distribution of Cd in Italian ryegrass (Lolium multiflorum) under Cd stress and GSH treatment was reported by Fang et al. (2020) recently. The results showed an increase in Cd accumulation in roots but a decrease in shoots, proving a decrease in Cd translocation from roots to shoots with the application of GSH. Besides that, the study found that most Cd was present in the soluble fraction, mainly in vacuoles, of the leaves under Cd stress only. With the addition of GSH treatment, the Cd concentration in the soluble fraction increased. In contrast, the other subcellular fraction of leaves decreased significantly, suggesting that the Cd ions were compartmentalized mainly in the vacuoles. This finding proves that the supplementation of GSH improves the vacuolar compartmentalization and is crucial for the detoxification of Cd. (Fang et al., 2020). Through transcriptomic analysis, the expression levels of the Cd transporter, including TaNramp1, TaNramp5, TaHMA2, TaLCT1 on the roots and shoots of wheat plants, were found to be successfully suppressed by the exogenously applied GSH (Li et al., 2021).

Apart from the uptake and distribution of HM, metabolomics, which is the study of the identification, quantification, and distribution of metabolites, such as sugars, alcohols, amino acids, organic acids, and polyamines, provides a better understanding of the plant’s responses to any interference, including HM stresses (Ghatak et al., 2018). In the metabolome study of maize leaves under Cd stress, the tricarboxylic acid (TCA) cycle-related metabolites such as malic acid and maleic acid were found to be decreased in leaves, possibly due to the nature of its enzyme known as fumarate hydratase, that was reported to be particularly sensitive to ROS (Lushchak, 2011; Wang et al., 2021). With the addition of GSH, the trend of the TCA cycle-related metabolites was reversed, where malic and maleic acid levels were detected to increase in leaves, implying that the exogenous GSH successfully alleviates the oxidative stress induced by Cd toxicity on the TCA cycle (Wang et al., 2021). Besides TCA cycle-related metabolites, sugar contents such as maltose, fructose, heptanose, sophorose and sucrose in plants under the treatment of GSH were significantly increased. Notably, the accumulation of soluble sugars such as fructose and sucrose help maintain the osmotic balance of plants under stress, reducing the adverse effects of ROS induced by Cd stress (Li et al., 2017; Ševčíková et al., 2017; Živanović et al., 2020). Furthermore, the addition of GSH increases the endogenous GSH levels, followed by the rise of osmotic and antioxidant moieties such as allo-inositol, ascorbic acid-related and flavonoid-related metabolites, in both leaves and roots. The increase of these metabolites proves the role of exogenous GSH in ameliorating lipid peroxidation and alleviating Cd-induced toxicity on maize plants (Wang et al., 2021).

In short, it can be concluded that the roles of exogenous application of GSH in mitigating HM toxicity are mainly related to direct scavenging of ROS, which is regulated by the antioxidant enzymatic activities, and up-regulation of stress response gene expression; increasing photosynthetic activities and performances; decreasing HM translocation and regulating the homeostasis of ions; and increasing osmotic and antioxidant metabolites.



Salinity Stress

Salinity stress is considered one of the most severe constraints to agricultural production globally, affecting close to 20% of the irrigated land and forecasted to affect up to 50% of the land by the year 2050, becoming a major concern for global food security (Hussain et al., 2016; Cao et al., 2017; Hasanuzzaman et al., 2017). Salt tolerant mechanisms are quite complex as it involves both osmotic adjustment and toxic ion compartmentation (Khattab, 2007). Plants exposed to high salinity stresses usually suffers from both osmotic and ionic stresses. Osmotic stress is developed due to the significant reduction in water uptake as an effect of increased salt concentration. It is often followed by the formation of ionic stress on plant, mainly due to the excessive accumulation and absorption of toxic ions in plants (Teh et al., 2015). On top of that, just like any other stress, salinity stress also results in overproduction of ROS, inducing secondary oxidative stresses on plants (Hussain et al., 2016).

The roles of endogenous GSH in maintaining salt tolerance in plants were previously demonstrated by comparing two rice cultivars, salt-tolerant BRRI dhan54 and salt-resistant rice BRRI dhan49 (Hasanuzzaman et al., 2014). Upon salt stress conditions, the salt-tolerant cultivar., BRRI dhan54, showed a higher GSH content, a higher GSH/GSSG ratio and higher GST and GPX activities, leading to a significant reduction in H2O2 and MDA as compared to the salt-sensitive BRRI dhan49, proving the significance of GSH in alleviating the salt-induced stress on plants (Hasanuzzaman et al., 2014).

Similarly, exogenous application of GSH was found to positively correlate to the increase in antioxidant enzymatic and photosynthetic activities in salt-stressed plants (Akram et al., 2017; Ibrahim et al., 2017). Ibrahim et al. (2017) proved that the supplementation of GSH on both stress-tolerant and sensitive genotypes of cotton seedling (Zhong 9806 and Zhongmian 41) had successfully alleviated salinity stress especially in the salt stress-sensitive genotype, Zhongmian 41. This is due to the enhanced activities of antioxidant enzymes such as SOD, POD, CAT and APX, together with the increase in photosynthetic pigments such as chlorophyll a, chlorophyll b, carotenoids, and total pigments (Ibrahim et al., 2017). In response to ionic and osmotic stresses induced by salinity stress, parameters such as ionic homeostasis and osmoprotectant contents are crucial and were evaluated in recent studies (Al-Elwany et al., 2020). Chili peppers Capsicum frutescence (L.) is one of the most popular vegetable crops cultivated in Egypt, have been reported to particularly sensitive to salinity stresses which deemed as the key factor leading to a significant drop in crop production level (Al-Elwany et al., 2020; Kopta et al., 2020). In view of the severity, Al-Elwany et al. (2020) conducted a pot experiment of the chili peppers under salinity stress of 6.74 dS m−1 and exogenous GSH treatment via a foliar spray of 0.8 mM being applied in order to evaluate for its potential efficacy. The findings demonstrated the GSH treated plants under salinity stress showed improvement in plant growth and yield, especially through the staggering increment in the number of fruits per plant by 235% and plant dry fruits by 258.1%, compared to chili pepper plants under salinity stress. The significant improvement is contributed by the role of GSH in increasing the osmoprotectant contents such as soluble sugars by 30.2%, phenolic content by 25%, capsaicin content by 25.6%, and antioxidant contents such as AsA by 18.1% and GSH by 55%. In response to the increased content of Na+ and Cl− induced by salinity stress, the addition of GSH was also responsible for regulating ionic homeostasis, reducing Na+ and Cl− content while increasing macronutrients like K+, Ca2+ and Mg2+ (Al-Elwany et al., 2020).

In response to salinity stress, the recent completed studies on tomato (Solanum lycopersicum L. cv. Zhongshu No. 4) seedlings in China concluded the roles of exogenous GSH is mainly through the modulation of the ion homeostasis and polyamine metabolism pathways (Xu et al., 2000; Zhou et al., 2019). Under 100 mM of salt (NaCl) stress, the tomato seedlings resulted in retardation in seedling growth, caused by the imbalance of ionic homeostasis due to the excessive accumulation and uptake in Na+ and Cl−. Meanwhile, the supplementation of GSH successfully reversed the Na+ and Cl− back to normal levels, thus reducing the ion-selective transport coefficient of Na+ as compared to other ions like K, Ca, and Mg (SNa, K, SNa, Ca and SNa, Mg). In response to osmotic stress induced by the salt stress, tomato seedlings significantly increased the activities of polyamines (PAs) such as spermidine (Spd), spermine (Spm), and putrescine (Put), which contributes to the osmotic adjustment to maintain cell turgidity. However, the addition of exogenous GSH reduced activities of the PA synthesis-enzymes like arginine decarboxylase (ADC), S-adenosylmethionine decarboxylase (SAMDC), and diamine oxidase (DAO), while increased the activities of polyamine oxidase (PAO) and ornithine decarboxylase (ODC), resulting in reduced levels of PAs such as Spd, Spm and Put. This study proved the interaction of GSH and PAs is crucial in a plant’s adaptive response to ionic and osmotic stress induced by salinity stress (Zhou et al., 2019).

In summary, in response to osmotic and ionic stresses induced by salinity stress, exogenous application of GSH plays vital roles, including regulating the antioxidant enzymatic activities, photosynthetic activities, homeostasis of ions, osmoprotectant values and polyamine activities.



Temperature Extremities – Cold Stress

As a direct effect of climate change, temperature extremities be it high or low, have become significant environmental factors limiting agricultural plant production (Hasanuzzaman et al., 2017). Interestingly, the recent years of studies conducted are demonstrating a common phenomenon, whereas cold stress has somehow emerged as the prominent focus instead of heat stress which results in a big contrast against previous years’ of research focus. In fact, based on our knowledge, there is a null scientific research article in the area of heat stress study from 2018 to 2021 and drawing our attention to focus on recent research progress of GSH on cold stress. Cold stress is oxidative stress induced by chilling or freezing temperatures that adversely affect plant growth and development (Cao et al., 2017). Like hot stress, cold stress induces an excessive generation of ROS, leading to attenuation of the plant’s ROS scavenging ability, disrupting ROS homeostasis. This disruption may lead to lipid peroxidation, protein damage, cell structure destruction, and chilling injury, especially in postharvest fruits or vegetables, which is a specific symptom of cold stress (Yao et al., 2021).

Previous studies have shown a strong correlation between endogenous GSH content and cold tolerance of various plant crops such as maize, wheat, chickpeas, and mung bean (Hasanuzzaman et al., 2017). Particularly, cold priming in Jatropha curcas seedlings, a potential source of biodiesel, resulted in enhanced activities of antioxidant enzymes such as SOD, APX, CAT, GR, which correlated to higher content of AsA, GSH and proline, proving the significance of GSH in mitigating cold stress (Li et al., 2013). The AsA-GSH was also proven to be of great importance in enhancing chilling tolerance in banana plants by increasing enzymes like MDHAR and DHAR in the AsA-GSH cycle (Liu et al., 2019).

To decipher the role of GSH in gene expressions under cold stress, transcriptome analysis of the agronomically important crop – rice plants under cold stress treated with exogenous GSH was performed and resulted in upregulation of gene expression involved in transcription like DREB and ERF, hormone biosynthesis and signaling like AOS, LOX, JAZ, and SAUR in the roots (Park et al., 2021). A further study was conducted using transgenic rice (TR) plant that was overexpressed with OsGS. This gene that encoded the final enzyme for biosynthesis of GSH and compared its mechanism of GSH in mitigating cold stress against the wild type (WT) of rice. The TR plant overexpressed with OsGS under cold stress showed an average increase in endogenous GSH by 1.53-fold, and GSH/GSSG ratio by 3.4-fold, compared to WT of rice plant. The increase in endogenous GSH led to a more substantial decrease in ROS species such as H2O2 and MDA, alleviating cold stress-induced damage. The alleviation of cold stress enhanced the root growth of TR plants which further increased its plant growth and grain yields, such as increased panicles and spikelets, ultimately improving the cold stress tolerance of TR plants when compared to WT rice plants (Park et al., 2021).

Instead of the conventional studies on growing plants, the effect of exogenous GSH on the postharvest bell pepper fruits (Capsicum annuum L.), and the roles of the AsA-GSH cycle in mitigating cold stress was being investigated. The untreated bell pepper fruits resulted in severe plasmolysis, where the chilling injury (CI) index was significantly increased with the increase in time. Interestingly, the bell pepper fruits treated with GSH only showed in mild CI symptoms with no visible plasmolysis and well-maintained cellular integrity. The maintenance of ultrastructure is contributed to the role of GSH in increasing the enzymatic activities of APX, GR, and MDHAR of the AsA-GSH cycle that leads to reduced levels of ROS, such as O2−, H2O2, and MDA. The importance of the AsA-GSH cycle in alleviating cold stress was further reinforced with the transcriptomic analysis on the AsA-GSH cycles genes, which shows upregulation of genes such as CaAPX1, CaGR2, CaMDHAR1, and CaDHAR1 (Yao et al., 2021). Hence, it can be concluded that the exogenous GSH indeed leads to the increase in endogenous GSH, key to regulation of the AsA-GSH cycle, which oversees detoxification of ROS species, alleviating any cold stress-induced damage.



Drought

Following the increasing climate warming, drought or water scarcity has become one of the biggest concerns to global agricultural productivity, especially in warmer and arid regions like Africa (Sohag et al., 2020; Seleiman et al., 2021). Drought is considered one of the most severe environmental stresses due to unpredictable factors such as fluctuating temperature dynamics, light intensity, and undependable rainfall (Seleiman et al., 2021). Drought generally causes an osmotic imbalance in plants, which leads to interruption of stomatal conductance, electron transport rate, carboxylation efficiency and photosynthesis. The impairment of these physiological aspects leads to excess ROS generation, when exposed to prolonged or extreme levels of drought stress (Hasanuzzaman et al., 2017; Sohag et al., 2020). The overproduced ROS may lead to lipid peroxidation, generating MDA, a critical oxidative stress marker, especially in drought stresses (Kong et al., 2016).

The previous extensive studies on drought-stress resistant plant species revealed the significant roles of both AsA and GSH in regulating of metabolic processes in response and adaptation of the plant to drought stress (Hasanuzzaman et al., 2012; Çevik and Ünyayar, 2015; Cao et al., 2017). Drought has become a recurring problem in warm, arid, semi-arid regions, limiting the food crop productivity that includes chickpea (Cicer arietinum L.), the third most important pulse crop in global production (15.42%; Sen et al., 2012; Merga, 2019). Studies were carried out to understand the mechanism of chickpea plants in frequent drought-stressed regions like Turkey (Çevik and Ünyayar, 2015; Guneri et al., 2019). Çevik and Ünyayar (2015) demonstrated that the drought-tolerant chickpea, Cicer reticulatum Ladiz. AWC611 showed higher AsA and GSH contents than the drought susceptible species Cicer arietinum L. ILC8617. The results also showed higher enzymes activity involved in ROS scavengings such as SOD and APX (Çevik and Ünyayar, 2015). Furthermore, lipoxygenase (LOX) activity, the enzyme that catalyzes lipid peroxidation, was studied and found to increase significantly when plants were subjected to drought stress (Nahar et al., 2015; Babenko et al., 2017). Besides enzymatic activities, relative water content (RWC) is a crucial parameter in assessing the physiological water content of the plants. RWC resulted in a substantial decrease in response to drought stresses, especially in the leaves (Nahar et al., 2015).

Similarly, in a warm region like Bangladesh, drought stress poses a severe threat to agricultural production in the northwest part of the country (Habiba et al., 2012). Hence, in efforts to improve rice (Oryza sativa L.) plant tolerance under drought stress in Bangladesh, Sohag et al. (2020) investigated the roles and mechanisms of exogenous GSH-mediated drought stress tolerance using drought susceptible rice (cv. BRRI dhan29). The addition of 0.2 mM of GSH for 72 h on the drought-stressed plant showed significant improvement in growth characteristics such as longer roots, a greater weight of both shoots and roots. The alleviation of drought stress is proven through the decrease in ROS species and MDA content due to the increased enzymatic activity of CAT, APX, and POD, which further increased the content of antioxidants like AsA and carotenoids. Besides antioxidants, leaf osmotic adjustment through the regulation of solutes such as proline (Pro) and total soluble sugars (TSS) is essential to increase the tolerance of plants under drought stress. Interestingly, pre-treatment of GSH resulted in a higher RWC and TSS, but a decreased Pro content, indicating that the GSH has contributed to the reduction of osmotic stress (Nahar et al., 2015; Sohag et al., 2020). Hence, exogenous application of GSH successfully ameliorated the drought-induced osmotic and oxidative stress through enhancing antioxidant systems and regulation of leaf osmotic solutes.



Flood/Submergence Stress

As opposed to drought, flood is the occurrence of excess water that causes a composite and complex stress, known as submergence (Sub) stress of plants (Fukao et al., 2019; Siddiqui et al., 2021). The Sub stress is deemed as one of the three worst environmental stresses along with salinity and drought stress. It is known adversely affecting the productivity and even survival of the agricultural ecosystem, especially in rain-fed lowlands of the world (Siddiqui et al., 2021). For instance, Bangladesh is one of the most flood-prone countries, often affected by torrential rain, tidal surges and glacier melt of the Himalaya region (Dewan, 2015). Overexposure of plants to Sub stress typically results in hypoxia, shortage of oxygen, or anoxia, a total absence of oxygen, which ultimately leads to tissue damage or plant death in the worst case (Loreti and Striker, 2020). Like any other abiotic stress, Sub-induced stress results in restriction of photosynthetic capacity and overproduction of ROS, which can cause oxidative damage to the plant’s enzyme, protein, and lipids (Siddiqui et al., 2021). The role of exogenous GSH in alleviating abiotic stresses like salinity, drought, and metal toxicity has been extensively studied. Still, its role in relieving Sub stress has yet to be explored. Therefore, Siddiqui et al. (2021) investigated the effects of exogenous application GSH on two high-yielding rice (Oryza sativa) varieties, namely BRRI dhan29 and BRRI dhan52 (Sub-tolerant), in mitigating Sub-stress in Bangladesh.

For instance, the project was designed as such- on the 20th day of planting, seedlings were subjected to either 1 mM or 2 mM of GSH treatment via foliar spray on every second day for 2 weeks. On the 35th day of planting, seedlings from both rice cultivars were fully submerged in a pond for 14 days. Upon 24-h recovery, the results for both cultivators exposed to Sub-stress showed chlorosis, wilting of older leaves and growth retardation that includes shorter shoot height, less fresh and dry weight of shoots. The adverse effects are best explained by the sharp reduction in photosynthetic pigments and reduction in enzyme activities that correlate to the increase in ROS species like MDA and H2O2. The treatment groups with GSH, especially of 2 mM concentration, successfully reversed the adverse effects, resulting in the tallest shoot height, and the greatest fresh and dry weight of shoots. The exogenous GSH increased the chlorophyll pigments, Chl a, Chl b, total chlorophyll (Chl a + b), carotenoids, soluble proteins contents, along with the increase in enzymatic activities such as SOD, CAT, POD, APX, GPX and GST, which resulted in the reduction of the overproduced ROS species, alleviating Sub-stress in rice plants. The cultivator dhan 52 scored higher stress tolerance indices (STI) than dhan29, validating that dhan 52 is a Sub-tolerant rice cultivar. Interestingly, the exogenous application of GSH in two different cultivars showed slight differences in the enzymatic defense, where a more remarkable recovery was achieved for activities of SOD, CAT, POD for dhan 29, and APX, GPX, GST in dhan 52. Hence, demonstrating exogenous GSH was effective in amelioration of the oxidative damage caused by Sub-stress and further improves Sub-stress tolerance in rice plants. Perhaps in future, a further transcriptomic analysis on the gene expressions and analysis on molecular levels are recommended to thoroughly understand the mechanisms of GSH-mediated Sub-stress tolerance as it might shed light on how it might can be utilized for various important crops (Siddiqui et al., 2021).



Biotic Stress – Bacterial Infection

Biotic stresses are generally caused by living organisms such as bacteria, fungi, nematodes, viruses, and insects. These living organisms, also known as pathogens and pests, are directly accountable for infecting plants with diseases, depriving them with nutrients and in worst case plant death (Kovalchuk, 2016; Gull et al., 2019). Among the pathogens, fungi and bacteria may induce symptoms like vascular wilts, leaf spots, and canker (death of tissues), infecting various parts of the plant (Moustafa-Farag et al., 2020). Nematodes are multicellular insects that cause soil-borne diseases, while viruses can cause both local and systemic damage to the plant, leading to symptoms like chlorosis, stunted growth and wilting (Osman et al., 2020). Insects, on the other hand, often act as vectors of most bacteria and viruses either through feeding or laying eggs on the plants, directly depriving plants of the nutrients (Moustafa-Farag et al., 2020; Iqbal et al., 2021). In defense to the biotic stresses, plants have a complex array of defense mechanism (Saijo and Loo, 2020). Their passive first line of defense includes physical barriers such as trichomes, cuticles, and wax, that averts pathogens and insects, followed by their capability of producing chemical compounds that defends themselves from pathogen infections (Zaynab et al., 2018). On top of that, when plants detect a biotic stress condition, it triggers a defense by two levels of pathogen recognition, activating the regulatory or transcriptional system, generating the appropriate defense response (Moustafa-Farag et al., 2020; Iqbal et al., 2021).

Interestingly, by comparison, the mitigation effects of exogenous GSH in abiotic stresses is far stretched and well documented versus in the biotic stresses use. For example, the rather recent study investigated the exogenous application of GSH on chili (Capsicum annum L.) seedlings in mitigating Xanthomonas campestris, bacterial spot disease, and proved significant roles and effects of exogenous GSH in mitigating biotic stresses. X. campestris is one of the most severe bacterial diseases contributing to the reduction in plant production globally (Ramzan et al., 2021). Infected plants usually result in spotting on leaves and fruits, accompanied by decreased in photosynthetic activities (Horváth et al., 2015). Photosynthesis remains one of the most pivotal mechanisms in plants, and its regulation is of utmost importance in response to biotic stresses (Ochs, 2021). In view of the importance of photosynthesis, chlorophyll fluorescence parameters such as maximum quantum yield of PSII (Fv/Fm), photosystem efficiency (ΦPSII), photochemical quenching (qP), photon energy absorbed in PSII used for photosynthesis (P%) and dissipated via thermal energy (D%) among others are utilized in experiments to investigate photosynthetic activities, a correlation between host plant-stress factors and even pathogen location (Ramzan et al., 2021). The chili seeds inoculated with X. campestris showed varying spotting symptoms on the leaves and lower plant dry weight due to decreased Fv/Fm, qP and relative electron transport rates (ETR). Exogenous application of GSH before inoculation of the seeds successfully alleviated the biotic stress by increasing the photosynthetic pigments, improved chlorophyll fluorescence parameters like Fv/Fm, ΦPSII, qP, P% and D%. In addition, the exogenous GSH reduced the accumulation of ROS such as H2O2 and MDA by increasing antioxidant enzymatic activities like SOD, POD, and CAT (Ramzan et al., 2021). Hence, exogenous applications of GSH have ameliorated oxidative damage, enhanced biotic stress tolerance, and further improved the growth and development of chili plants.




SEQUENCED OR COMBINED APPLICATION OF GSH AND BIOACTIVE(S)

From section 5, it was clear that the single exogenous application of GSH can effectively mitigate the different types of environmental stresses. However, the improvement of plant growth and yield contributed by the exogenous application of GSH may be limited. Hence, there has been an increasing trend of recent studies investigating the sequenced or combined application of GSH with different bioactive(s), which can be categorized into three main types: plant metabolites (primary & secondary) and biostimulants. The section below elaborates the properties and specific roles of the different bioactive compounds in the sequenced or combined application with GSH against various stresses, according to the categorized bioactive compounds. Figure 5 below shows summarized key effects of both individual exogenous application of GSH and combined GSH and bioactive compounds on plants in response to environmental stresses. The key results of recent studies from the year 2017 to 2021 on the sequenced or combined application of GSH with other bioactive compounds, together with their targeted stress, dosage and method of application are summarized in Supplementary Table S2.
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FIGURE 5. Summarized key effects of combined application of exogenous GSH and different bioactive compounds on plants in response to environmental stresses studied in year 2018–2021. Red arrows indicate the effects of environmental stresses in plants; light green arrows indicate effects of individual exogenous application of GSH; dark green arrows indicate effects of combined application of exogenous application of GSH and other bioactive compounds in response to the environmental stresses.



Plant Metabolites

Plant metabolites are compounds or substances synthesized by complex physical and chemical events, including respiration, photosynthesis, and degradation (Bowsher, 2019). Previous studies have successfully demonstrated the significance and roles of plant metabolites such as GSH, proline (Pro) and ascorbic acid (AsA) in enhancing plant tolerance against various types of environmental stresses (Rady and Hemida, 2016; Semida et al., 2018; Godoy et al., 2021). It is known that plants, fungi and microorganisms produce over 200,000 metabolites and can be categorized into two main groups, primary and secondary metabolites.

Primary metabolites are synthesized by all living organisms and are involved in vital processes such as growth and development, along with the synthesis of essential proteins, lipids, and carbohydrates (Godoy et al., 2021). Examples of primary metabolites include proline (Pro), GSH, citric acid (CA) and tryptophan (TRP). Among them, extensive studies have been performed on the exogenous application of Pro and CA in efforts to mitigate abiotic stresses that include salinity, metal toxicity and heat stress, which will be further elaborated in subsections 4.1.1 and 4.1.2, respectively (Sun and Hong, 2011; Abdelhamid et al., 2013; Hu et al., 2016).

On the other hand, secondary metabolites are synthesized in different cellular compartments and function as signaling molecules and defense against environmental stresses (Godoy et al., 2021). Some common secondary metabolites include sorbitol, lipoic acid (LA), AsA, glycine betaine (GB), alpha-tocopherol (α-Toc), and melatonin (MT). Among them, the effects of AsA and MT in mitigating abiotic stresses against drought, salinity and metal toxicity has been well documented and will be elaborated in subsections 4.1.3 and 4.1.4, respectively (Liang et al., 2018; Zhang et al., 2019; Ahmad et al., 2021; Munir et al., 2021).


Citric Acid

CA is the initial intermediate of the TCA cycle. It plays a vital role as a mild antioxidant and metal chelation agent that interacts effectively with HMs to facilitate their immobilization, which alleviates the HM-induced stress on plants (Godoy et al., 2021; Zeng et al., 2021). Recently, Zeng et al. (2021) investigated the effects of combined application of GSH and CA on castor bean (Ricinus communis L.) plants and demonstrated successful results in alleviating Pb-induced stress. The synergistic effects of GSH and CA are shown through the improved growth parameters such as length, dry weight of shoots and roots, number of leaves per plant and leaf area in Pb-stressed plants. The enhanced biomass and growth traits are correlated to the increase in water use efficiency (WUE), stomatal conductance, transpiration rate and photosynthetic performance. The amelioration of Pb-induced stress was also evident as enzymatic activities such as SOD, POD, CAT, APX were significantly increased, which led to the significant decrease in the overproduced H2O2, MDA and electron leakage (EL) in the roots and leaves (Zeng et al., 2021).



Proline

Pro is a low-molecular-weight amino acid known as an essential antioxidant that functions as a key ROS scavenger, maintaining the cellular redox of plants (Semida et al., 2018). Besides that, Pro is also known as an osmoprotectant that acts as a molecular chaperone, protecting the protein and membrane integrity (Seleiman et al., 2020; Godoy et al., 2021). Previous studies on the single exogenous application of Pro have successfully alleviated stresses that include salinity and metal toxicity (Singh et al., 2015; Teh et al., 2015). For instance, Teh et al. (2015) reported a significant increase in plant growth parameters when 5 and 10 mM of Pro was exogenously applied to the rice plants under salinity stress. Given the previous successful examples, the combined application of GSH, Pro and AsA, a secondary metabolite, was extensively studied on various plants against abiotic stresses and elaborated in the subsection below.



Ascorbic Acid

Ascorbic acid (AsA), known to many as vitamin C, is one of the most potent and prevalent antioxidants in most plant tissues, with almost up to 10 times higher concentrations than GSH (Seleiman et al., 2020). AsA has several critical roles in the plants’ cellular processes, including enzyme cofactor for the phytohormones biosynthesis, cell division regulation, and subsequent growth and development (Rady and Hemida, 2016; Godoy et al., 2021). Given their benefits, several research studies on the sequential combined application of GSH, AsA and Pro were carried out in recent years to investigate the effects of combined antioxidants against abiotic stresses like drought, salinity, and metal toxicity (Semida et al., 2018; El-Beltagi et al., 2020; Seleiman et al., 2020). For instance, Semida et al. (2021) investigated the effects of not just combined but the different sequential applications of GSH, AsA and Pro, on Faba beans (Vicia faba L.) in mitigating salinity stress (4.53 dS m−1). Interestingly, the sequential combination of AsA-Pro-GSH showed the best growth and highest yield, followed by a single application of GSH, a sequential combination of GSH-Pro-AsA, a single application of AsA and Pro. The successful amelioration of ionic and osmotic stress induced by salinity stress was highly correlated to the best photosynthetic parameters such as chlorophyll content, stomatal conductance, and Fv/Fm, the best improvement in leaf relative water content (RWC), membrane stability index (MSI) and water use efficiency (WUE), the highest content of AsA and GSH (Semida et al., 2021).



Melatonin

Melatonin (MT; N-acetyl-5-methoxytryptamine) is a tryptophan derivative that acts as a potent antioxidant, neutralizing the overproduced ROS in stressful conditions, mitigating oxidative-induced damage, and further stimulating the growth and development of plants (Goodarzi et al., 2020; Godoy et al., 2021). Recently, the effects of combined application of GSH and MT was explored on safflower seeds (Carthamus tinctorius L.) cv. Arak2811 under 500 μm of zinc (Zn) stress. The combined application of GSH and MT resulted in the best improvement of growth, biomass production and chlorophyll content of Zn-stressed safflower seedlings compared to the single application of GSH or MT. The alleviation of Zn was also proven through the significantly reduced oxidative stress markers like MDA and H2O2 and increase in antioxidant ratios such as AsA/DHA and GSH/GSSG. As opposed to other studies, the enzymatic activities of SOD, enzymes participating in the AsA-GSH cycle (DHAR, MDHAR and GR), and enzymes of the glyoxalase system (Gly I and Gly II) showed a markedly decrease. This is possibly attributed to the strong antioxidant properties of GSH and MT that performs rapid and direct scavenging of ROS, hence reducing enzymatic activities back to normal (Goodarzi et al., 2020).




Biostimulants

Biostimulant is defined as any substance, usually of a natural origin, applied to plants to improve abiotic stress tolerance, enhance nutrition efficiency and increase crop quality (du Jardin, 2015). Biostimulants act as a trigger for the natural defenses of plants, stimulating the increase in stress tolerance without leaving adverse effects on the yield and qualities of the crop (Abd El-Mageed et al., 2017; García-García et al., 2020). Biostimulants contain a wide range of bioactive compounds. They can be categorized into 7 main groups: protein hydrolysates and N-containing compounds, botanical extracts, inorganic compounds, humic and fulvic acids, biopolymers, beneficial fungi and bacteria (du Jardin, 2015). Among the seven types of biostimulants, four of them from the groups, protein hydrolysates and N-containing compounds, botanical extracts, inorganic compounds, humic and fulvic acids, were combined with GSH to investigate their combined effects on plants in response to abiotic stresses such as salinity and metal toxicity (Dawood et al., 2020; Elkhatib et al., 2021; Jahan et al., 2021; Rehman et al., 2021). A brief introduction and key results of the combined application of GSH and biostimulants were elaborated in the subsections below.


Protein Hydrolysates and N-Containing Compounds – Putrescine

Aside from peptides and amino acid compounds, protein hydrolysates also contain other nitrogenous molecules that include phenols, polyamines, fats, and carbohydrates (Colla et al., 2015). Recently, polyamines, especially putrescine (Put), have been regarded as great plant biostimulants due to their role as a signaling molecule to act as a secondary messenger that regulates plant growth and development (Mustafavi et al., 2018; Jahan et al., 2021). On top of that, the stimulation of Put in plants is said to improve the stress tolerance of plants, protecting the plants against stress-induced damage (Collado-González et al., 2021). Jahan et al. (2021) investigated the combined effects of GSH and Put on three contrasting canola (Brassica napus L.) cultivars Shiralee, Dunkled, and Rainbow under hexavalent chromium Cr6+ stress. The combination of GSH and Put showed a significant decrease in bioaccumulation of Cr6+ in the shoots while an increase in minerals like Mg, P, Mn and endogenous GSH in stems, leaves and roots of cv. Shiralee, which leads to a greater yield when compared to the single application of GSH or Put. From the results, it can be concluded that cv. Shiralee was Cr6+-tolerant, followed by Dunkled, while Rainbow was Cr6+-sensitive (Jahan et al., 2021).



Botanical Extracts – Moringa Leaf Extract

Moringa oleifera (Lam.) leaf extract (MLE) is one of the most popular botanical extracts that showed great potential in increasing crop resistance to heavy metals and salinity (Abd El-Mageed et al., 2017; Rehman et al., 2021). Leaf anatomy on MLE revealed high antioxidant contents such as GSH, AsA, salicylic acid, DPPH radical-scavenging activities, an essential antioxidant in preventing lipid peroxidation; osmoprotectants such as soluble sugars and free proline; macronutrients like N, P, K, Ca, Mg; micronutrients like Fe, Cu, Zn, Mn; and phytohormones such as auxins, cytokinins and gibberellins (Abd El-Mageed et al., 2017). Abd El-Mageed et al. (2017) showed successful mitigation of drought and salinity-induced stress damage due to the role of MLE in regulating antioxidants, RWC and osmoprotectants.

Since MLE has proven to alleviate stresses successfully, the effects of the combined application of MLE and GSH on wheat (Triticum aestivum L.) in mitigating salinity stress were investigated (Rehman et al., 2021). The combination treatment had different sequences where seeds could be first soaked in 3% MLE for 12 h and sprayed with 1 mM of GSH 50 days after sowing (MLE-GSH), or seeds could be first soaked in 1 mM of GSH for 12 h and sprayed with 3% of MLE 50 days after sowing (GSH-MLE). Interestingly, the later treatment combination GSH-MLE resulted in the highest increase in growth traits such as shoot length, dry weight, leaf area, number of leaves, tillers per plant, and grain yield, due to their combined roles in increasing the total chlorophyll and carotenoid contents and increasing antioxidants such as GSH and AsA. GSH-MLE successfully alleviated the ionic and osmotic stress induced by salinity stress due to their combined role in regulating ionic homeostasis by increasing the accumulation of K+ and Ca2+ over Na+; increasing the RWC and MSI by reducing EL, and most accumulated osmoprotectants such as total soluble sugars (TSS) and free proline. The combined application of MLE and GSH in both sequences showed a significant improvement from the single application treatment groups (Rehman et al., 2021).



Inorganic Compound – Selenium

There are five primary plant growth-promoting elements, namely aluminum (Al), cobalt (Co), sodium (Na), selenium (Se), and silicon (Si), found in soils usually as inorganic salts or insoluble forms (du Jardin, 2015). Among the elements, the role of Se in alleviating stress-induced damage through activation of the antioxidant defense system in plants has been explored and studied (Chu et al., 2010; Jiang et al., 2017). These studies demonstrated the significance of Se as an antioxidant and a cofactor of the enzyme GPX, catalyzing the reduction of H2O2, which is overproduced when the plants are under stress (Elkhatib et al., 2021). Besides that, Se can control the permeability and changes in activities in a plant cellular membrane (Dawood et al., 2020). For instance, the application of Se maintained the ultrastructure of both chloroplast in mitochondria, further improving photosynthesis performance and salinity stress tolerance in sorrel seedlings (Kong et al., 2005). Dawood et al. (2020) demonstrated that the combined application of 300 mg/l of GSH and 10 mg/l of Se resulted in the highest increase in growth and yield parameters of all three wheat (Triticum aestivum L.) cultivars Egypt-2, Shandaweel-1, Gemmiza-11, under salinity stress of 3.95 dS/m, when compared to the single application of GSH or Se. The roles of both GSH and Se as antioxidants also gave the most tremendous increase in photosynthetic pigments (Chl a, Chl b, carotenoid) and improvement in the leaves and grains of wheat biochemical contents such as carbohydrate, flavonoid, phenolic and indole acetic acid (IAA), main auxin of plants (Dawood et al., 2020).



Humic Substances – Humic Acid

Humic substances such as humic and fulvic acid are plant and animal decomposed matter, formed by biochemical transformation and microbial metabolism, found readily in soils, which represents the central pool of organic carbon on the surface of the earth (Mackowiak et al., 2001; Canellas et al., 2015). Humic acids (HA) are humus materials that are aqueous-alkaline soluble and have been proposed as a sustainable alternative to alleviate salinity stress and improve plant crop productivity (Elkhatib et al., 2021). Previous studies have proved the significance of HA application in stimulating plant growth through the increase in root length, development of secondary shoots and higher uptake of nutrients. HA can also permanently tie up Na+ and Cl− ions, increase plant membrane permeability and promote uptake of macronutrients like N, P, K, Ca, and Mg, which alleviates the ionic and osmotic stress induced by salinity stress (Mackowiak et al., 2001; Canellas et al., 2015; Elkhatib et al., 2021). Recently, Elkhatib et al. (2021) evaluated the effects of exogenous GSH, Se and HA individually and combined them as paired treatments (GSH + Se, Se + HA, and GSH + HA) on sweet pepper plants (Capsicum annuum L.) grown under salinity stress. All treatments individual or paired resulted in a significant improvement in vegetative growth and yield in plants under salinity stress, which was correlated to the increase in total chlorophyll, decrease in Na+ uptake, increase in nutrient uptake such as N, P and Ca. Among the individual treatments, Se recorded the best parameters followed by GSH and HA. As for the paired treatments, GSH + Se recorded the best parameters, followed by Se + HA and GSH + HA (Elkhatib et al., 2021).



Microorganism – Cyanobacteria

Cyanobacteria (CB), also known as blue-green algae, are photosynthetic prokaryotes that are ubiquitous components of the biocrust communities (Chamizo et al., 2018; Rai et al., 2019). CB is considered a natural biofertilizer that improves soil fertility due to its role in fixing carbon and nitrogen and excreting growth-promoting substances like hormones, vitamins, and amino acids (Chamizo et al., 2018; Rady et al., 2018). Upon their death and decomposition, CB is known to increase the water retention and biomass of soil. Furthermore, inoculation of CB reduces the content of oxidized matter in the soil and provides it to the submerged rhizospheres of plants, alleviating salinity stress and enhancing plant growth. Upon high salinity stress, CB restricts entry of Na+ ions, regulating the internal Na+ concentration, preventing oxidative damage to plants (Chamizo et al., 2018;Rady et al., 2018 ; Zaki et al., 2019).

Because of the beneficial roles of CB, especially in alleviating salinity stress of plants, the effects of combined application of CB and GSH on soybean (Glycine max L., cv. Giza 111) and common bean (Phaseolus vulgaris L., cv. Bronco) in mitigating salinity stress were investigated in two separate studies (Rady et al., 2018; Zaki et al., 2019). Zaki et al. (2019) showed that the combined application of CB and GSH resulted in the best growth characteristics and yield of salt-stressed soybean plants compared to the single application of CB or GSH. The results are correlated to the best improved photosynthetic efficiency, increased enzymatic activities of SOD, CAT and GPOX, increased relative water content, increased macronutrients like N, P, K+ and Ca2+ but reduced Na+ content and electrolyte leakage that successfully alleviates the salinity stress of soybean plants (Zaki et al., 2019).

In the other study, AsA was added to the combination of CB and GSH in two different sequences, CB + AsA + GSH and CB + GSH + AsA. The integrative CB + AsA + GSH application resulted in the best growth parameters: plant length, number of leaves per plant, leaf area per plant, fresh weight, and dry weight of plants. The positive effects of the combination CB + AsA + GSH treatment superior to a single application of GSH or AsA were attributed by the role of CB in improving soil characteristics, lowering the soil pH, and facilitating the available soil nutrients for plant uptake, as well as increasing the RWC and maintaining MSI. Adding CB to the antioxidants GSH and AsA has boosted the plant’s tolerance against salinity stress, coupled with the antioxidant effects in enhancing the enzymatic and photosynthetic activities, resulting in the best growth and yield of common bean plants (Rady et al., 2018).





CONCLUSIONS AND FUTURE PERSPECTIVES

Undeniably, glutathione is the most pivotal metabolite in a plant’s antioxidant defense system and is vital for the improvement of the tolerance of plants against the high environmental stresses in recent days. The well-established understanding of biosynthesis and metabolism pathways of GSH demonstrates the importance of the GSH/GSSG redox ratio that functions as a stress signal to modulate responses during any stressed conditions. It is fascinating to observe the recent drastic progress in exploring of exogenous roles of GSH against the abiotic stress in the plant, pinpointing its compelling intrinsic value and potentials. In short, the exogenous GSH induces increased levels of endogenous GSH and improved GSH/GSSG ratio, which allows efficient scavenging of the overproduced ROS, alleviating the oxidative-induced stress and damage on plants. Moreover, exogenous GSH also induces an increased photosynthetic performance, which results in better vegetative growth and fruit yield in various plant crops in non-stressed and stressed conditions. Recent findings also suggested the significance of exogenous GSH in mitigating flood or submergence stress, relatively unexplored abiotic stress, and bacterial infection-induced stress, the first of the studied biotic stresses. Interestingly, in response to the biotic stress, the exogenous GSH induced similar responses to the abiotic stress, shown through the increase in photosynthetic performance, reduced ROS accumulation, and successfully ameliorated the biotic stress. In future, more studies on different types of biotic stresses or pathogenic diseases should be investigated to understand further and analyze the underlying mechanism of exogenous GSH in mitigating biotic stresses. In the sequenced or combined application, most bioactive compounds had strong antioxidant properties or served as co-enzymes that stimulated the antioxidant defense system, reducing the overproduced ROS and alleviating the abiotic stresses. The coupled effect of the different antioxidants resulted in the best growth and yield parameters compared to the individual application of GSH or the bioactive compound.

Although extensive studies on the effects of exogenous GSH have been performed, results on the stress responses were still differential across different studies, particularly the variable response of the antioxidant enzymatic activities, where some studies reported a decrease in enzymatic activities albeit an increase in GSH/GSSG ratio (Goodarzi et al., 2020). Thus, further study on the cellular mechanism regulating enzymes of GSH metabolism and degradation is required. Besides that, more studies should be performed on the absorption and transportation pathway of exogenous GSH through cell compartments such as mitochondria, cytoplasm, and chloroplast. Also, studies on the exact quantification and underlying mechanism on the limit of improvement subjected to the GSH/GSSG ratio should be carried out. On top of that, more studies on the individual and especially combined exogenous application of GSH with other bioactive compounds should be carried out extensively to validate the feasibility of the research findings as a sustainable alternative to commercialized fertilizer in a practical agricultural production of a larger scale.
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REFERENCES

 Abd El-Mageed, T. A., Semida, W. M., and Rady, M. M. (2017). Moringa leaf extract as biostimulant improves water use efficiency, physio-biochemical attributes of squash plants under deficit irrigation. Agric. Water Manag. 193, 46–54. doi: 10.1016/j.agwat.2017.08.004

 Abdelhamid, M. T., Rady, M. M., Osman, A. S., and Abdalla, M. A. (2013). Exogenous application of proline alleviates salt-induced oxidative stress in Phaseolus vulgaris L. plants. J. Hortic. Sci. Biotechnol. 88, 439–446. doi: 10.1080/14620316.2013.11512989

 Ahmad, S., Cui, W., Kamran, M., Ahmad, I., Meng, X., Wu, X., et al. (2021). Exogenous application of melatonin induces tolerance to salt stress by improving the photosynthetic efficiency and antioxidant defense system of maize seedling. J. Plant Growth Regul. 40, 1270–1283. doi: 10.1007/s00344-020-10187-0

 Akram, S., Siddiqui, M. N., Hussain, B. M. N., Al Bari, M. A., Mostofa, M. G., Hossain, M. A., et al. (2017). Exogenous glutathione modulates salinity tolerance of soybean [Glycine max (L.) Merrill] at reproductive stage. J. Plant Growth Regul. 36, 877–888. doi: 10.1007/s00344-017-9691-9

 Alamri, S., Kushwaha, B. K., Singh, V. P., Siddiqui, M. H., Al-Amri, A. A., Alsubaie, Q. D., et al. (2021). Ascorbate and glutathione independently alleviate arsenate toxicity in brinjal but both require endogenous nitric oxide. Physiol. Plant. 173, 276–286. doi: 10.1111/ppl.13411 

 Alanazi, A. M., Mostafa, G. A. E., and Al-Badr, A. A. (2015). “Chapter two - glutathione,” in Profiles of Drug Substances, Excipients and Related Methodology. ed. H. G. Brittain (Amsterdam: Academic Press), 43–158.

 Al-Elwany, O., Farag, G., Abdurrhman, H., Rady, M., and Abdel Latef, A. (2020). Exogenous glutathione-mediated tolerance to deficit irrigation in salt- affected capsicum frutescence (L.) plants is connected with higher antioxidant content and ionic homeostasis. Notulae Botanicae Horti Agrobotanici Cluj-Napoca 48, 1957–1979. doi: 10.15835/48412126

 Babenko, L. M., Shcherbatiuk, M. M., Skaterna, T. D., and Kosakivska, I. V. (2017). Lipoxygenases and their metabolites in formation of plant stress tolerance. Ukr. Biochem. J. 89, 5–21. doi: 10.15407/ubj89.01.005 

 Bela, K., Bangash, S. A. K., and Csiszár, J. (2017a). “Plant glutathione peroxidases: structural and functional characterization, their roles in plant development,” in Glutathione in Plant Growth, Development, and Stress Tolerance. eds. M. A. Hossain, M. G. Mostofa, P. Diaz-Vivancos, D. J. Burritt, M. Fujita, and L.-S. P. Tran (Cham: Springer International Publishing), 99–111.

 Bela, K., Bangash, S. A. K., and Riyazuddin, and Csiszár, J., (2017b). “Plant glutathione peroxidases: antioxidant enzymes in plant stress responses and tolerance,” in Glutathione in Plant Growth, Development, and Stress Tolerance. eds. M. A. Hossain, M. G. Mostofa, P. Diaz-Vivancos, D. J. Burritt, M. Fujita, and L.-S. P. Tran (Cham: Springer International Publishing), 113–126.

 Bowsher, C. (2019). “Plant metabolism”, in Encyclopedia of Science & Technology 10 Edn. (United States: McGraw-Hill Education).

 Canellas, L. P., Olivares, F. L., Aguiar, N. O., Jones, D. L., Nebbioso, A., Mazzei, P., et al. (2015). Humic and fulvic acids as biostimulants in horticulture. Sci. Hortic. 196, 15–27. doi: 10.1016/j.scienta.2015.09.013

 Cao, F., Manman, F., Wang, R., Diaz-Vivancos, P., and Hossain, M. A. (2017). “Exogenous glutathione-mediated abiotic stress tolerance in plants,” in Glutathione in Plant Growth, Development (Springer International Publishing AG), 18.

 Çevik, S., and Ünyayar, S. (2015). The effects of exogenous application of Ascorbate and glutathione on antioxidant system in cultivated Cicer arietinum and wild Type C. reticulatum under drought stress. Süleyman Demirel Üniversitesi Fen Bilimleri Enstitüsü Dergisi 19, 91–97. doi: 10.19113/sdufbed.13937

 Chamizo, S., Mugnai, G., Rossi, F., Certini, G., and De Philippis, R. (2018). Cyanobacteria inoculation improves soil stability and fertility on different textured soils: gaining insights for applicability in soil restoration. Front. Environ. Sci. 6:49. doi: 10.3389/fenvs.2018.00049

 Chaudhry, S., and Sidhu, G. P. S. (2021). Climate change regulated abiotic stress mechanisms in plants: a comprehensive review. Plant Cell Rep. doi: 10.1007/s00299-021-02759-5 

 Chu, J., Yao, X., and Zhang, Z. (2010). Responses of wheat seedlings to exogenous selenium supply under cold stress. Biol. Trace Elem. Res. 136, 355–363. doi: 10.1007/s12011-009-8542-3 

 Colla, G., Nardi, S., Cardarelli, M., Ertani, A., Lucini, L., Canaguier, R., et al. (2015). Protein hydrolysates as biostimulants in horticulture. Sci. Hortic. 196, 28–38. doi: 10.1016/j.scienta.2015.08.037

 Collado-González, J., Piñero, M. C., Otálora, G., López-Marín, J., and del Amor, F. M. (2021). Effects of different nitrogen forms and exogenous application of Putrescine on heat stress of cauliflower: photosynthetic gas exchange, mineral concentration and lipid peroxidation. Plan. Theory 10:152. doi: 10.3390/plants10010152 

 Das, K., and Roychoudhury, A. (2014). Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers during environmental stress in plants. Front. Environ. Sci. 2, 1–13. doi: 10.3389/fenvs.2014.00053

 Dawood, M. G., Sadak, M. S., Bakry, B. A., and Kheder, H. H. (2020). Effect of glutathione and/or selenium levels on growth, yield, and some biochemical constituents of some wheat cultivars grown under sandy soil conditions. Bull. Nat. Res. Centre 44:158. doi: 10.1186/s42269-020-00410-z

 Debnath, B., Sikdar, A., Islam, S., Hasan, K., Li, M., and Qiu, D. (2021). Physiological and molecular responses to acid rain stress in plants and the impact of melatonin, glutathione and silicon in the amendment of plant acid rain stress. Molecules 26:862. doi: 10.3390/molecules26040862 

 Dewan, T. H. (2015). Societal impacts and vulnerability to floods in Bangladesh and Nepal. Weather Clim. Extremes 7, 36–42. doi: 10.1016/j.wace.2014.11.001

 Ding, X., Jiang, Y., He, L., Zhou, Q., Yu, J., Hui, D., et al. (2016). Exogenous glutathione improves high root-zone temperature tolerance by modulating photosynthesis, antioxidant and osmolytes systems in cucumber seedlings. Sci. Rep. 6:35424. doi: 10.1038/srep35424 

 du Jardin, P. (2015). Plant biostimulants: definition, concept, main categories and regulation. Sci. Hortic. 196, 3–14. doi: 10.1016/j.scienta.2015.09.021

 El-Beltagi, H. S., Mohamed, H. I., and Sofy, M. R. (2020). Role of ascorbic acid, glutathione and proline applied as singly or in sequence combination in improving chickpea plant through physiological change and antioxidant defense under different levels of irrigation intervals. Molecules 25:1702. doi: 10.3390/molecules25071702 

 Elkhatib, H., Gabr, S. M., and Elazomy, A. A. (2021). Salt stress relief and growth-promoting effect of sweet pepper plants (Capsicum annuum L.) by glutathione, selenium, and humic acid application. Alexandria Sci. Exch. J. 42, 583–608. doi: 10.21608/asejaiqjsae.2021.183461

 Fang, Z., Hu, Z., Yin, X., Song, G., and Cai, Q. (2020). Exogenous glutathione alleviation of Cd toxicity in Italian ryegrass (Lolium multiflorum) by modulation of the Cd absorption, subcellular distribution, and chemical form. Int. J. Environ. Res. Public Health 17:8143. doi: 10.3390/ijerph17218143 

 Francini, A., and Sebastiani, L. (2019). Abiotic stress effects on performance of horticultural crops. Horticulturae 5, 67–70. doi: 10.3390/horticulturae5040067

 Fukao, T., Barrera-Figueroa, B. E., Juntawong, P., and Peña-Castro, J. M. (2019). Submergence and waterlogging stress in plants: a review highlighting research opportunities and understudied aspects. Front. Plant Sci. 10:340. doi: 10.3389/fpls.2019.00340

 García-García, A. L., García-Machado, F. J., Borges, A. A., Morales-Sierra, S., Boto, A., and Jiménez-Arias, D. (2020). Pure organic active compounds against abiotic stress: A biostimulant overview. Front. Plant Sci. 11:1839. doi: 10.3389/fpls.2020.575829

 Ghatak, A., Chaturvedi, P., and Weckwerth, W. (2018). Metabolomics in plant stress physiology. Adv. Biochem. Eng. Biotechnol. 164, 187–236. doi: 10.1007/10_2017_55

 Godoy, F., Olivos-Hernández, K., Stange, C., and Handford, M. (2021). Abiotic stress in crop species: improving tolerance by applying plant metabolites. Plan. Theory 10:186. doi: 10.3390/plants10020186 

 Goodarzi, A., Namdjoyan, S., and Soorki, A. A. (2020). Effects of exogenous melatonin and glutathione on zinc toxicity in safflower (Carthamus tinctorius L.) seedlings. Ecotoxicol. Environ. Saf. 201:110853. doi: 10.1016/j.ecoenv.2020.110853 

 Gull, A., Lone, A., and Wani, N. (2019). “Biotic and abiotic stresses in plants,” in Abiotic and Biotic Stress in Plants. ed. A. B. D. Oliveira (London, United Kingdom: IntechOpen), 6.

 Guneri, E., Gunes, A., Adak, M., and Inal, A. (2019). Effect of drought stress on sensitivities and yields of chickpea (Cicer arietinum L.) cultivars. J. Agric. Sci. 28, 180–189.

 Habiba, U., Shaw, R., and Takeuchi, Y. (2012). Farmer’s perception and adaptation practices to cope with drought: perspectives from northwestern Bangladesh. Int. J. Disaster Risk Reduct. 1, 72–84. doi: 10.1016/j.ijdrr.2012.05.004

 Hasanuzzaman, M., Alam, M. M., Rahman, A., Hasanuzzaman, M., Nahar, K., and Fujita, M. (2014). Exogenous proline and glycine betaine mediated upregulation of antioxidant defense and glyoxalase systems provides better protection against salt-induced oxidative stress in two rice (Oryza sativa L.) varieties. BioMed. Res. Int. 2014:757219. doi: 10.1155/2014/757219 

 Hasanuzzaman, M., Hossain, M. A., da Silva, J. A. T., and Fujita, M. (2012). “Plant response and tolerance to abiotic oxidative stress: antioxidant defense is a key factor,” in Crop Stress and Its Management: Perspectives and Strategies. eds. B. Venkateswarlu, A. K. Shanker, C. Shanker, and M. Maheswari (Dordrecht: Springer Netherlands), 261–315.

 Hasanuzzaman, M., Nahar, K., Anee, T. I., and Fujita, M. (2017). Glutathione in plants: biosynthesis and physiological role in environmental stress tolerance. Physiol. Mol. Biol. Plants 23, 249–268. doi: 10.1007/s12298-017-0422-2 

 Hasanuzzaman, M., Nahar, K., Rahman, A., Mahmud, J. A., Alharby, H. F., and Fujita, M. (2018). Exogenous glutathione attenuates lead-induced oxidative stress in wheat by improving antioxidant defense and physiological mechanisms. J. Plant Interact. 13, 203–212. doi: 10.1080/17429145.2018.1458913

 Hernández, L. E., Sobrino Plata, J., Montero-Palmero, M. B., Carrasco-Gil, S., Flores-Cáceres, M. L., Ortega Villasante, C., et al. (2015). Contribution of glutathione to the control of cellular redox homeostasis under toxic metal and metalloid stress. J. Exp. Bot. 66, 2901–2911. doi: 10.1093/jxb/erv063 

 Hoque, T. S., Hossain, M. A., Mostofa, M. G., Burritt, D. J., Fujita, M., and Tran, L.-S. P. (2016). Methylglyoxal: An emerging signaling molecule in plant abiotic stress responses and tolerance. Front. Plant Sci. 7, 1341–1341. doi: 10.3389/fpls.2016.01341 

 Horváth, E., Csiszár, J., Gallé, Á., Poór, P., Szepesi, Á., and Tari, I. (2015). Hardening with salicylic acid induces concentration-dependent changes in abscisic acid biosynthesis of tomato under salt stress. J. Plant Physiol. 183, 54–63. doi: 10.1016/j.jplph.2015.05.010 

 Hu, L., Zhang, Z., Xiang, Z., and Yang, Z. (2016). Exogenous application of citric acid ameliorates the adverse effect of heat stress in tall fescue (Lolium arundinaceum). Front. Plant Sci. 7:179. doi: 10.3389/fpls.2016.00179

 Huang, H., Ullah, F., Zhou, D.-X., Yi, M., and Zhao, Y. (2019). Mechanisms of ROS regulation of plant development and stress responses. Front. Plant Sci. 10:800. doi: 10.3389/fpls.2019.00800 

 Hussain, B. M. N., Akram, S., Ar-Raffi, S., Burritt, D., and Hossain, M. A. (2016). Exogenous glutathione improves salinity stress tolerance in rice (Oryza sativa L.). Plant Gene Trait. 7, 1–17. doi: 10.5376/pgt.2016.07.0011

 Ibrahim, W., Ahmed, I. M., Chen, X., and Wu, F. (2017). Genotype-dependent alleviation effects of exogenous GSH on salinity stress in cotton is related to improvement in chlorophyll content, photosynthetic performance, and leaf/root ultrastructure. Environ. Sci. Pollut. Res. 24, 9417–9427. doi: 10.1007/s11356-017-8611-7 

 Iqbal, Z., Iqbal, M. S., Hashem, A., and Abd_Allah, E.F., and Ansari, M.I., (2021). Plant defense responses to biotic stress and its interplay with fluctuating dark/light conditions. Front. Plant Sci. 12:297. doi: 10.3389/fpls.2021.631810

 Jahan, A., Iqbal, M., Shafiq, F., Malik, A., and Javed, M. T. (2021). Influence of foliar glutathione and putrescine on metabolism and mineral status of genetically diverse rapeseed cultivars under hexavalent chromium stress. Environ. Sci. Pollut. Res. 28, 45353–45363. doi: 10.1007/s11356-021-13702-2 

 Jalil, S. U., and Ansari, M. I. (2020). “Stress implications and crop productivity,” in Plant Ecophysiology and Adaptation under Climate Change: Mechanisms and Perspectives I: General Consequences and Plant Responses. ed. M. Hasanuzzaman (Singapore: Springer Singapore), 73–86.

 Jiang, C., Zu, C., Lu, D., Zheng, Q., Shen, J., Wang, H., et al. (2017). Effect of exogenous selenium supply on photosynthesis, Na+ accumulation and antioxidative capacity of maize (Zea mays L.) under salinity stress. Sci. Rep. 7:42039. doi: 10.1038/srep42039 

 Khan, M., Daud, M. K., Basharat, A., Khan, M. J., Azizullah, A., Muhammad, N., et al. (2016). Alleviation of lead-induced physiological, metabolic, and ultramorphological changes in leaves of upland cotton through glutathione. Environ. Sci. Pollut. Res. Int. 23, 8431–8440. doi: 10.1007/s11356-015-5959-4 

 Khattab, H. (2007). Role of glutathione and polyadenylic acid on the oxidative defense systems of two different cultivars of canola seedlings grown under saline condition. Aust. J. Basic Appl. Sci. 1, 323–334.

 Kim, Y.-O., Bae, H.-J., Cho, E., and Kang, H. (2017). Exogenous glutathione enhances mercury tolerance by inhibiting mercury entry into plant cells. Front. Plant Sci. 8:683. doi: 10.3389/fpls.2017.00683 

 Jung, H.-I., Kong, M.-S., Lee, B.-R., Kim, T.-H., Chae, M.-J., Lee, E.-J., et al. (2019). Exogenous glutathione increases arsenic translocation into shoots and alleviates arsenic-induced oxidative stress by sustaining ascorbate–glutathione homeostasis in rice seedlings. Front. Plant Sci. 10:1089. doi: 10.3389/fpls.2019.01089 

 Kong, W., Liu, F., Zhang, C., Zhang, J., and Feng, H. (2016). Non-destructive determination of malondialdehyde (MDA) distribution in oilseed rape leaves by laboratory scale NIR hyperspectral imaging. Sci. Rep. 6:35393. doi: 10.1038/srep35393 

 Kong, L., Wang, M., and Bi, D. (2005). Selenium modulates the activities of antioxidant enzymes, osmotic homeostasis and promotes the growth of sorrel seedlings under salt stress. Plant Growth Regul. 45, 155–163. doi: 10.1007/s10725-005-1893-7

 Kopta, T., Sekara, A., Pokluda, R., Ferby, V., and Caruso, G. (2020). Screening of Chilli pepper genotypes as a source of Capsaicinoids and antioxidants under conditions of simulated drought stress. Plan. Theory 9:364. doi: 10.3390/plants9030364 

 Kovalchuk, I. (2016). “Chapter 36 – transgenerational genome instability in plants,” in Genome Stability. eds. I. Kovalchuk and O. Kovalchuk (Boston: Academic Press), 615–633.

 Li, G.-Z., Chen, S.-J., Li, N.-Y., Wang, Y.-Y., and Kang, G.-Z. (2021). Exogenous glutathione alleviates cadmium toxicity in wheat by influencing the absorption and translocation of cadmium. Bull. Environ. Contam. Toxicol. 107, 320–326. doi: 10.1007/s00128-021-03283-8 

 Li, M., Hao, P., and Cao, F. (2017). Glutathione-induced alleviation of cadmium toxicity in Zea mays. Plant Physiol. Biochem. 119, 240–249. doi: 10.1016/j.plaphy.2017.09.005

 Li, Z.-G., Yuan, L.-X., Wang, Q.-L., Ding, Z.-L., and Dong, C.-Y. (2013). Combined action of antioxidant defense system and osmolytes in chilling shock-induced chilling tolerance in Jatropha curcas seedlings. Acta Physiol. Plant. 35, 2127–2136. doi: 10.1007/s11738-013-1249-2

 Liang, B., Ma, C., Zhang, Z., Wei, Z., Gao, T., Zhao, Q., et al. (2018). Long-term exogenous application of melatonin improves nutrient uptake fluxes in apple plants under moderate drought stress. Environ. Exp. Bot. 155, 650–661. doi: 10.1016/j.envexpbot.2018.08.016

 Liu, J., Li, F., Liang, L., Jiang, Y., and Chen, J. (2019). Fibroin delays chilling injury of postharvest Banana fruit via enhanced antioxidant capability during cold storage. Meta 9:152. doi: 10.3390/metabo9070152 

 Locato, V., Cimini, S., and Gara, L. D. (2017). “Glutathione as a key player in plant abiotic stress responses and tolerance,” in Glutathione in Plant Growth, Development. (Unit of Food Science and Human Nutrition, Department of Medicine, Campus Bio-Medico, University of Rome, via Alvaro del Portillo 21, 00128 Rome) (Italy: Springer International Publishing AG), 127–145.

 Loreti, E., and Striker, G. G. (2020). Plant responses to hypoxia: signaling and adaptation. Plan. Theory 9. doi: 10.3390/plants9121704 

 Lu, S. C. (2013). Glutathione synthesis. Biochim. Biophys. Acta 1830, 3143–3153. doi: 10.1016/j.bbagen.2012.09.008 

 Lushchak, V. I. (2011). Adaptive response to oxidative stress: bacteria, fungi, plants and animals. Comp. Biochem. Physio. Part C Toxicol. Pharmacol. 153, 175–190. doi: 10.1016/j.cbpc.2010.10.004 

 Mackowiak, C., Grossl, P., and Bugbee, B. (2001). Beneficial effects of humic acid on micronutrient availability to wheat. Soil Sci. Soc. Am. 65, 1744–1750. doi: 10.2136/sssaj2001.1744 

 Meister, A. (1988). On the discovery of glutathione. Trends Biochem. Sci. 13, 185–188. doi: 10.1016/0968-0004(88)90148-X

 Merga, B. (2019). Economic importance of chickpea: production, value, and world trade. Cogent Food Agric. 5:1615718. doi: 10.1080/23311932.2019.1615718

 Moustafa-Farag, M., Almoneafy, A., Mahmoud, A., Elkelish, A., Arnao, M. B., Li, L., et al. (2020). Melatonin and its protective role against biotic stress impacts on plants. Biomol. Ther. 10:54. doi: 10.3390/biom10010054 

 Munir, N., Khilji, S. A., Shabir, M., and Sajid, Z. A. (2021). Exogenous application of ascorbic acid enhances the antimicrobial and antioxidant potential of Ocimum sanctum L. grown under salt stress. J. Food Quality 2021:4977410. doi: 10.1155/2021/4977410

 Musgrave, W. B., Yi, H., Kline, D., Cameron, J. C., Wignes, J., Dey, S., et al. (2013). Probing the origins of glutathione biosynthesis through biochemical analysis of glutamate-cysteine ligase and glutathione synthetase from a model photosynthetic prokaryote. Biochem. J. 450, 63–72. doi: 10.1042/bj20121332 

 Mustafavi, S. H., Naghdi Badi, H., Sękara, A., Mehrafarin, A., Janda, T., Ghorbanpour, M., et al. (2018). Polyamines and their possible mechanisms involved in plant physiological processes and elicitation of secondary metabolites. Acta Physiol. Plant. 40:102. doi: 10.1007/s11738-018-2671-2

 Nahar, K., Hasanuzzaman, M., Alam, M. M., and Fujita, M. (2015). Glutathione-induced drought stress tolerance in mung bean: coordinated roles of the antioxidant defence and methylglyoxal detoxification systems. AoB Plants 7:plv069. doi: 10.1093/aobpla/plv069 

 Ochs, R. (2021). “Photosynthesis” in Biochemistry. 2nd Edn (Boca Raton: CRC Press), 24.

 Osman, H. A., Ameen, H. H., Mohamed, M., and Elkelany, U. S. (2020). Efficacy of integrated microorganisms in controlling root-knot nematode Meloidogyne javanica infecting peanut plants under field conditions. Bull. Nat. Res. Centre 44, 1–10. doi: 10.1186/s42269-020-00366-0

 Pandey, P., Irulappan, V., Bagavathiannan, M. V., and Senthil-Kumar, M. (2017). Impact of combined abiotic and biotic stresses on plant growth and avenues for crop improvement by exploiting physio-morphological traits. Front. Plant Sci. 8:537. doi: 10.3389/fpls.2017.00537 

 Park, S.-I., Kim, J.-J., Kim, H.-S., Kim, Y.-S., and Yoon, H.-S. (2021). Enhanced glutathione content improves lateral root development and grain yield in rice plants. Plant Mol. Biol. 105, 365–383. doi: 10.1007/s11103-020-01093-w 

 Pillai, B. V. S., Kagale, S., and Chellamma, S. (2012). “Enhancing productivity and performance of oil seed crops under environmental stresses,” in Crop Stress and Its Management: Perspectives and Strategies. eds. B. Venkateswarlu, A. K. Shanker, C. Shanker, and M. Maheswari (Dordrecht: Springer Netherlands), 139–161.

 Rady, M. M., and Hemida, K. A. (2016). Sequenced application of ascorbate-proline-glutathione improves salt tolerance in maize seedlings. Ecotoxicol. Environ. Saf. 133, 252–259. doi: 10.1016/j.ecoenv.2016.07.028 

 Rady, M. M., Taha, S. S., and Kusvuran, S. (2018). Integrative application of cyanobacteria and antioxidants improves common bean performance under saline conditions. Sci. Hortic. 233, 61–69. doi: 10.1016/j.scienta.2018.01.047

 Rai, A. N., Singh, A. K., and Syiem, M. B. (2019). “Chapter 23 - plant growth-promoting abilities in cyanobacteria,” in Cyanobacteria. eds. A. K. Mishra, D. N. Tiwari, and A. N. Rai (San Diego: Academic Press), 459–476.

 Ramzan, M., Aslam, M. N., Akram, S., Shah, A. A., Danish, S., Islam, W., et al. (2021). Exogenous glutathione revealed protection to bacterial spot disease: modulation of photosystem II and H2O2 scavenging antioxidant enzyme system in Capsicum annum L. J. King Saud Univ. Sci. 33:101223. doi: 10.1016/j.jksus.2020.10.020

 Rehman, H. U., Alharby, H. F., Bamagoos, A. A., Abdelhamid, M. T., and Rady, M. M. (2021). Sequenced application of glutathione as an antioxidant with an organic biostimulant improves physiological and metabolic adaptation to salinity in wheat. Plant Physiol. Biochem. 158, 43–52. doi: 10.1016/j.plaphy.2020.11.041 

 Saijo, Y., and Loo, E. P.-I. (2020). Plant immunity in signal integration between biotic and abiotic stress responses. New Phytol. 225, 87–104. doi: 10.1111/nph.15989 

 Seleiman, M. F., Al-Suhaibani, N., Ali, N., Akmal, M., Alotaibi, M., Refay, Y., et al. (2021). Drought stress impacts on plants and different approaches to alleviate its adverse effects. Plants 10:259. doi: 10.3390/plants10020259 

 Seleiman, M. F., Semida, W. M., Rady, M. M., Mohamed, G. F., Hemida, K. A., Alhammad, B. A., et al. (2020). Sequential application of antioxidants rectifies ion imbalance and strengthens antioxidant systems in salt-stressed cucumber. Plan. Theory 9:1783. doi: 10.3390/plants9121783 

 Semida, W. M., Abd El-Mageed, T. A., Abdalla, R. M., Hemida, K. A., Howladar, S. M., Leilah, A. A. A., et al. (2021). Sequential antioxidants foliar application can alleviate negative consequences of salinity stress in Vicia faba L. Plan. Theory 10:914. doi: 10.3390/plants10050914 

 Semida, W. M., Hemida, K. A., and Rady, M. M. (2018). Sequenced ascorbate-proline-glutathione seed treatment elevates cadmium tolerance in cucumber transplants. Ecotoxicol. Environ. Saf. 154, 171–179. doi: 10.1016/j.ecoenv.2018.02.036 

 Sen, B., Topcu, S., Türkeş, M., Sen, B., and Warner, J. F. (2012). Projecting climate change, drought conditions and crop productivity in Turkey. Clim. Res. 52, 175–191. doi: 10.3354/cr01074

 Ševčíková, H., Mašková, P., Tarkowská, D., Mašek, T., and Lipavská, H. (2017). Carbohydrates and gibberellins relationship in potato tuberization. J. Plant Physiol. 214, 53–63. doi: 10.1016/j.jplph.2017.04.003 

 Siddiqui, M. N., Mostofa, M. G., Rahman, M. M., Tahjib-Ul-Arif, M., Das, A. K., Mohi-Ud-Din, M., et al. (2021). Glutathione improves rice tolerance to submergence: insights into its physiological and biochemical mechanisms. J. Biotechnol. 325, 109–118. doi: 10.1016/j.jbiotec.2020.11.011 

 Singh, M., Pratap Singh, V., Dubey, G., and Mohan Prasad, S. (2015). Exogenous proline application ameliorates toxic effects of arsenate in Solanum melongena L. seedlings. Ecotoxicol. Environ. Saf. 117, 164–173. doi: 10.1016/j.ecoenv.2015.03.021 

 Sohag, A. A. M., Tahjib-Ul-Arif, M., Polash, M. A. S., Belal Chowdhury, M., Afrin, S., Burritt, D. J., et al. (2020). Exogenous glutathione-mediated drought stress tolerance in Rice (Oryza sativa L.) is associated with lower oxidative damage and favorable ionic homeostasis. Iran. J. Sci. Technol. Trans. A Sci. 44, 955–971. doi: 10.1007/s40995-020-00917-0

 Srivastava, V., Sarkar, A., Singh, S., Singh, P., de Araujo, A. S. F., and Singh, R. P. (2017). Agroecological responses of heavy metal pollution with special emphasis on soil health and plant performances. Front. Environ. Sci. 5:64. doi: 10.3389/fenvs.2017.00064

 Stavridou, E., Voulgari, G., Bosmali, I., Chronopoulou, E. G., Cicero, L. L., Piero, A. R. L., et al. (2018). “Plant adaptation to stress conditions: The case of glutathione S-Transferases (GSTs),” in Biotic and Abiotic Stress Tolerance in Plants. ed. S. Vats (Singapore: Springer Singapore), 173–202. doi: 10.1007/978-981-10-9029-5_7

 Sun, Y.-L., and Hong, S.-K. (2011). Effects of citric acid as an important component of the responses to saline and alkaline stress in the halophyte Leymus chinensis (Trin.). Plant Growth Regul. 64, 129–139. doi: 10.1007/s10725-010-9547-9

 Tamaki, S., Mochida, K., and Suzuki, K. (2021). Diverse biosynthetic pathways and protective functions against environmental stress of antioxidants in microalgae. Plan. Theory 10:1250. doi: 10.3390/plants10061250 

 Teh, C. Y., Mahmood, M., Shaharuddin, N. A., and Ho, C. L. (2015). In vitro rice shoot apices as simple model to study the effect of NaCl and the potential of exogenous proline and glutathione in mitigating salinity stress. Plant Growth Regul. 75, 771–781. doi: 10.1007/s10725-014-9980-2

 Wang, F., Chen, F., Cai, Y., Zhang, G., and Wu, F. (2011). Modulation of exogenous glutathione in ultrastructure and photosynthetic performance against cd stress in the two barley genotypes differing in cd tolerance. Biol. Trace Elem. Res. 144, 1275–1288. doi: 10.1007/s12011-011-9121-y 

 Wang, R., Lin, K., Chen, H., Qi, Z., Liu, B., Cao, F., et al. (2021). Metabolome analysis revealed the mechanism of exogenous glutathione to alleviate cadmium stress in maize (Zea mays L.) seedlings. Plan. Theory 10:105. doi: 10.3390/plants10010105 

 Wilma Sabetta, A. P., Paciolla, C., and de Pinto, M. C. (2017). “Chemistry, biosynthesis, and antioxidative function of glutathione in plants,” in Glutathione in Plant Growth, Development, Department of Biology, University of Bari “Aldo Moro”, Via Orabona 4, I-70125. eds. M. A. Hossain, M. G. Mostofa, P. Diaz-Vivancos, D. J. Burritt, M. Fujita &, and L. -S. P. Tran (Bari, Italy: Springer International Publishing AG), 1–28.

 Xu, Z., Shou, W., Huang, K., Zhou, S., Li, G., Tang, G., et al. (2000). The current situation and trend of tomato cultivation in China. Acta Physiol. Plant. 22, 379–382. doi: 10.1007/s11738-000-0061-y

 Yadav, S., Modi, P., Dave, A., Vijapura, A., Patel, D., and Patel, M. (2020). “Effect of Abiotic Stress on Crops,” in Sustainable Crop Production. ed. M. C. M. T. F. Mirza Hasanuzzaman, M. Fujita, and T. A. Rodrigues Nogueira (London, United Kingdom: IntechOpen), 3–24.

 Yao, M., Ge, W., Zhou, Q., Zhou, X., Luo, M., Zhao, Y., et al. (2021). Exogenous glutathione alleviates chilling injury in postharvest bell pepper by modulating the ascorbate-glutathione (AsA-GSH) cycle. Food Chem. 352:129458. doi: 10.1016/j.foodchem.2021.129458 

 Yuan, H., Guo, Z., Liu, Q., Gu, C., Yang, Y., Zhang, Y., et al. (2018). Exogenous glutathione increased lead uptake and accumulation in Iris lactea var. chinensis exposed to excess lead. Int. J. Phytoremediation 20, 1136–1143. doi: 10.1080/15226514.2018.1460307 

 Zaki, S. S., Belal, E. E. E., and Rady, M. M. (2019). Cyanobacteria and glutathione applications improve productivity, nutrient contents, and antioxidant systems of salt-stressed soybean plant. Int. Lett. Nat. Sci. 76, 72–85. doi: 10.18052/www.scipress.com/ILNS.76.72

 Zaynab, M., Fatima, M., Abbas, S., Sharif, Y., Umair, M., Zafar, M. H., et al. (2018). Role of secondary metabolites in plant defense against pathogens. Microb. Pathog. 124, 198–202. doi: 10.1016/j.micpath.2018.08.034

 Zeng, F., Mallhi, Z. I., Khan, N., Rizwan, M., Ali, S., Ahmad, A., et al. (2021). Combined citric acid and glutathione augments lead (Pb) stress tolerance and phytoremediation of Castorbean through antioxidant machinery and Pb uptake. Sustainability 13:4073. doi: 10.3390/su13074073

 Zhang, K., Wang, G., Bao, M., Wang, L., and Xie, X. (2019). Exogenous application of ascorbic acid mitigates cadmium toxicity and uptake in maize (Zea mays L.). Environ. Sci. Pollut. Res. 26, 19261–19271. doi: 10.1007/s11356-019-05265-0 

 Zhou, Y., Diao, M., Chen, X., Cui, J., Pang, S., Li, Y., et al. (2019). Application of exogenous glutathione confers salinity stress tolerance in tomato seedlings by modulating ions homeostasis and polyamine metabolism. Sci. Hortic. 250, 45–58. doi: 10.1016/j.scienta.2019.02.026

 Zhou, Y., Diao, M., Cui, J.-X., Chen, X.-J., Wen, Z.-L., Zhang, J.-W., et al. (2018). Exogenous GSH protects tomatoes against salt stress by modulating photosystem II efficiency, absorbed light allocation and H2O2-scavenging system in chloroplasts. J. Integr. Agric. 17, 2257–2272. doi: 10.1016/S2095-3119(18)62068-4

 Živanović, B., Milić Komić, S., Tosti, T., Vidović, M., Prokić, L., and Veljović Jovanović, S. (2020). Leaf soluble sugars and free amino acids as important components of Abscisic acid—mediated drought response in tomato. Plan. Theory 9:1147. doi: 10.3390/plants9091147 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Koh, Wong, Ismail, Zengin, Duangjai, Saokaew, Phisalprapa, Tan, Goh and Tang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-12-791205-g005.jpg
Toxic
substances

Antioxidants &
Osmoprotectants

I

"1 17

Gene
expression

—

—

Enzymatic
ivitie:

Environmental
stresses

Foliar
spray

Seed soaking

Proline,

Melatonin
= Putrescine

Bioactive
compounds

Citric Acid
Plant
metabolites . Ascorbic Acid,

Moringa Leaf

Extract
Bio- N
i Selenium
stimulants
Humic Acid

Microorganisms — Cyanobacteria





OPS/images/inline_1.jpg





OPS/images/fpls-12-791205-g003.jpg
(1) Biosynthesis.

MDHA

Spontaneous |
oxidation

I compounds @) Ash-GSH comp
@ eymes e ros





OPS/images/fpls-12-791205-g004.jpg
Antioxidants & Osmoprotectants: Growth and Yield:
GSH, AsA, GSH/GSSG, AsA/DHA; Shoot & root length, fresh &
Total soluble sugars, protein, dry weight; No. of fruits per
polyamines (Spd, Spm, Put) plant, fruit fresh & dry weight

AsA-GSH genes: CaAPX1, Chl a, Chl b, Chl (a+b),
CaMDHAR1, and CaDHAR1 carotenoids, Fv/Fm

T Gene expression: Photosynthetic activities: l

Toxic substances:

Enzymatic activities: Foliar ROS (0, H,0,), MDA, MG; T
SOD, CAT, GPX, APX, GR, Seray HM translocation; Na* & Cl;

MDHAR, DHAR, Gly |, Gly Il

Environmental
stresses

Exogenously
applied GSH

soaking






OPS/images/inline_4.jpg





OPS/images/inline_2.jpg





OPS/images/inline_3.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Mitigation of Environmental Stress-Impacts in Plants: Role of Sole and Combinatory Exogenous Application of Glutathione



		Supplementary Material



		Abbreviations



		References



















OPS/images/fpls-12-791205-g001.jpg
carboxyl TIREE i

w

I Y T

Glutamic acid Cysteine Glycine





OPS/images/fpls-12-791205-g002.jpg
& E
“Glutamate + Cysteine
Iyics
y-glutamylcysteine
. S asse
Glycine osH —

G S gutamyicysteine

Mitochondria

A






OPS/images/cover.jpg
} frontiers
in Plant Science

Mitigation of Environmental Stress-
Impacts in Plants: Role of Sole and
Combinatory Exogenous Application
of Glutathione









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Plant Science





