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ABSTRACT 

 

Ants are by far the most successful eusocial group of organisms. Present paper deals 

with ant survey in Chintamoni Kar Bird Sanctuary also called Narendrapur Bird Sanctuary, 

West Bengal, India. A total of 36 species under 18 genera and 6 subfamilies are recorded 

from the survey. Area A1 records maximum (27) species whereas area A7 records least (08) 

species. Premonsoon period of the year shows maximum ant activities and Subordinate 

Camponotini seems to be the predominant Functional group in the forest. 

 

Keywords: Ant Diversity, Chintamoni Kar Bird Sanctuary, Premonsoon, Functional Groups 

 

 

INTRODUCTION 

 

Ants are by far one of the most successful eusocial group of organisms reigning the 

face of earth. They have colonised almost all the available habitats. They form about 15-25 % 

of any terrestrial biomass (Schultz, 2000) due to their ability to modify the habitat, resource 

mobilisation and their well defined social organisation which renders a strong protection to 

their colony. Ants have been in use for the study of evolution of polyphenism (Bonasio, 

2014), as tools in biological control (Beth & Drummond, 2011) and as bioindicator 

organisms on the health of an ecosystem (Andersen et. al. 2004). Such role of ants have 

prompted scientists all over the world to study in great detail the ecology and diversity of the 

group. Till date estimates suggest worldwide around 22,000 ant species of which nearly 

14,000 (Ohio State University, 2017) have been identified.  

In Indian context the study of invertebrates in general remains poorly documented 

(Bharti et. al. 2016). India has approximately 828 valid ant species and subspecies belonging 

to 100 genera (op. cit.). This contributes about 6% of the total world species. Such a data 

prompt a thorough survey of ants at all the levels of biome. 

The present paper deals with the study of diversity of ants in a protected area 

Chintamoni Kar Bird Sanctuary located at the outskirts of the city of Kolkata. 

 

MATERIALS & METHODS 

 

The work involves the assessment of ant diversity continually throughout the year. The 

yearly collection schedule is divided into three halves viz. premonsoon (March to June), 

monsoon (July to October) and postmonsoon (November to February). Ant samples were 

collected at regular periods by various methods viz. hand picking, pitfall traps, bush beating 

techniques. The entire forest was divided into seven broad areas namely A1 to A7. Area A1 

being located at the extreme south of the sanctuary whereas area A7 towards north which is 

almost open land. In each area about 15 pitfall traps were placed diagonally at an interval of 5 
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7 

PARTICIPANT OBSERVATION 
REVisrrING OTHER CULTURES 

Sushmita Gonsalves 

nthropology inevitably involves an encounter with the Other. The gap between a familiar 'we' and an exotic 'they' is a major obstacle to a meaningful understanding of the Other, an obstacle that can only be overcome through some form of participation in the world of the Other (Geertz 1988: 238). If, however, it is possible to reduce the distance between the anthropologist and the 
Other, to bridge the gap between 'us' and 'them', then the goal of a 

truly humanistic anthropology can be achieved (Geertz 1988: 239) 
With the desire to collapse the distance between 'me' and 'them', 

I decided to take up the methodology called participant observation 
in my quest for an identity of three of the most downtrodden sections 

of women in Kolhapur district of Maharashtra-the Kolhateens,' the 
devadasis? and the Mahars/Mangs. 

Although methodology is clearly a concern of contemporary 
political science, one of the methods most widely used by political 
scientists is rarely included in critical discussions of methodology 
Participant observation is a central method of data collection in many 
studies of Congress, international organisations, executive decision- 

making and community politics (Ross and Ross 1974: 63). However, 

many are yet to recognise its full potential as a tool for political 

enquiry. Sometimes, it is simply reterred to as the 'anthropological 

A 

*The names of the respondents have been mentioned in this chapter 

with their permission. 
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CHAPTER 14

Exploring Gender Segregated Educational 
Effects on Income Inequality, India:  

A Time Series Analysis

Sudeshna Ghosh

Introduction

There has been a significant expanse of the empirical literature on the eco-
nomic consequences of the expansion in education in general and the human 
capital formation in particular. In general, there exists a conformity with 
the theoretical literature that educational achievement has a significant and 
positive impact on economic growth. However, there are conflicting empir-
ical conclusion regarding the impact of gender inequality in education, on 
economic growth, the notable works include the studies by Barro and Lee 
(1993), Birdsall et al. (1997) and Caselli et al. (1996). Policy proposals and 
erudite discussion focus upon the alternate concepts of gender (in) equal-
ity, with wide-ranging emphasis on the (in) equality of opportunity and (in) 
equality of outcomes. Equal opportunity is enshrined in a legal framework, 
where women and men obtain equivalent chances to participate in the ability 
to attain quality education to enhance the capability of leading a healthy life. 
However, equality in outcome refers to the gender parity index in educational 
attainment that may lead to gender parity in wealth and employment oppor-
tunities. Enhanced equality in educational outcomes across gender leads to 
higher work opportunities which fosters economic growth. However, eco-
nomic growth of a nation does not simultaneously imply that inequality in 
income will decline. This is particularly true in the context of a developing 
economy like India, where the domestic burden of household chores, the 
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VIŚĀKHADATTAʼS MUDRĀRĀKṢASA AND 

SOME HISTORICAL DRAMAS IN BENGALI 

LANGUAGE : A SOCIAL AND LITERARY 

ILLUMINATION 

 

Arundhati Das  

  

Abstract:   

The only political drama in the history of Sanskrit literature is 

Mudrārākṣasa, written by Viśākhadatta.  In addition to 

highlighting the historical and literary features of the play, 

this article shows how dramatic literature has developed in 

the later history of Bengali language, following the footsteps 

of this ancient playwright.  The plays of the first decade of the 

twentieth century were mostly composed in an attempt to unite 

the subdued and isolated nations.  However, in order to give 

greater importance to nationalism, historical facts are often 

hidden or distorted.  During the post-Tagore era, many plays 

have been written focusing on political history of India.  In all 

respects, the main livelihood is elevated from history to 

literature.  However, the logic of diplomacy and fantasy that 

we see in Mudrārākṣasa, does not consist of any kind of 
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18
Role of glutathione transporter in
plants under stress

Nilanjan Chakrabortya, Suparna Mukherjeea, Anik Sarkarb, Puja Shawa,
and Krishnendu Acharyab

aDEPARTMENT OF BOTANY, SCOTTISH CHURCH COLLEGE, KOLKATA, INDIA bDEPARTMENT OF

BOTANY, MOLECULAR AND APPLIED MYCOLOGY AND PLANT PATHOLOGY LABORATORY,

UNIVERSITY OF CALCUTTA, KOLKATA, INDIA

1 Introduction

Direct exposure to environmental stresses severely affects normal growth and develop-

ment in all biological organisms. In the case of higher plants, it may result in heavy eco-

nomic losses and food crisis (Yousuf et al., 2012a). Abiotic stress, mainly associated with

a large number of reactive oxygen species (ROS) generation, including hydrogen peroxide

(H2O2), superoxide ions (O
��

2), and hydroxyl radicals (OH�), are responsible for increasing
internal pH value (Meyer, 2008; Yousuf et al., 2012a,b), while biotic stress refers to the dam-

age caused by living organisms such as virus, bacteria, fungi, parasites, nematodes, weeds,

and many beneficial and harmful insects. In higher plants, a reduced form of glutathione

(GSH) is involved to control various kinds of environmental stresses including abiotic and

biotic (Liang Zhu et al., 1999). The different functional roles of glutathione are summarized

in Fig. 18.1. GSH is an abundant source of nonprotein thiols found in plant cellular com-

partments, mainly in the chloroplast and cytosol. A lessert amount of GSH is also found in

different subcellular compartments of the cell other than cytosol and chloroplast (Srivalli

and Khanna-Chopra, 2008; Zeng et al., 2017). GSH has various types of functions like dif-

ferentiation of cell, cell death, protection from pathogen invasion through its enzymatic

regulation, anda redox interchangeablenature (Szalai et al., 2009). Theprocess ofoxidation

in the caseof cellularGSHis inducedmainlyby theabiotic stress factor (dosReis et al., 2012;

Meyer et al., 2001). Oxidation form of GSH (GSSG) is involved in maintaining cellular

homeostasis by glutathionylation, a specific posttranslational modification (Sharma

et al., 2012). GSH individually can function as an antioxidant through scavenging hydrogen

peroxide, which is a part of the ascorbate-glutathione cycle where recycling of ascorbate

occurs from dihydroascorbate through an oxidation process by the activity of an enzyme,

namely dehydroascorbate reductase (Anjum et al., 2012).

In addition, GSH derivatives, including glutathione-S-transferase (GST) and glutathi-

one peroxidase (GPx), are involved in ROS degradation (Miller et al., 2010). GSH also has a

Transporters and Plant Osmotic Stress. https://doi.org/10.1016/B978-0-12-817958-1.00021-9

Copyright © 2021 Elsevier Inc. All rights reserved.
345

https://doi.org/10.1016/B978-0-12-817958-1.00021-9


greater affinity to heavymetals (Tan et al., 2010). Phytochelatin formation by GSH helps in

the transport of heavy metals in the subcellular compartment of the plant cells, which

actually play a major role in detoxification of xenobiotics (Sasan et al., 2011). GSH also

regulates the storage and transfer of sulfur molecules in the cell. Other than that, they also

play a major role in regulating mitogen activity and are capable of controlling cell growth

and cell cycle, especially in the root system (Noctor et al., 2012).

Though GSH is more abundant in the cytosol, other cell organelles like the nucleus,

endoplasmic reticulum, mitochondria, vacuole, and apoplast also require a minimum

amount of GSH to fulfill some specific physiological regulation (Flores et al., 2018;

Großkinsky et al., 2012; Koffler et al., 2011; Srivalli and Khanna-Chopra, 2008). Each of

the organelles shows difference in ratio concentration between GSH and GSSG (oxidized

form). This condition provides information about transporting of GSH among cellular

organelles, i.e., intracellular transport (Foyer and Noctor, 2009; Garcı́a et al., 2014). Efflux

and influx of GSH and GSSG are responsible for the variation in the concentration ratio in

different parts of plant cells, i.e., cell-to-cell transport or intercellular transport and

Detoxifica�on
ROS Metabolism

Cellular growth
Development

Pathogen defence
Herbicide
resistance

Transporter
Metabolite

Synthesis and 
storage

GLUTATHIONE

Phytochela�ns

Heavy metal
resistance

Signalling
molecule

Redox
Homeostasis

FIG. 18.1 Various role of glutathione. Glutathione plays an important role in every aspect from growth to defense

system.
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perhaps long-distance transport such as leave-to-root (Simon et al., 2013; Zeng et al.,

2017). Already, the concept of GSH transporter across the plasma membrane has been

established by many researchers. Early study on GSH transporters reveals that the GSH

transporter molecules are species specific andmainly belong to the CLTand OTP families.

Some species also show someGSH transporters that belong to the ABC family and have an

antibiotic-resisting mechanism (Maughan et al., 2010; Pang et al., 2012; Pike et al., 2009;

Zeng et al., 2017).

1.1 Biosynthesis and compartmentalization of glutathione:

GSH synthesis initiates with standard amino acids including glutamic acid, cysteine, and

glycine. It is a two-step, ATP-dependent reaction that requires specific enzymes. In the

first step, glutamic acid (Glu) and cysteine (Cys) together produce γ-glutamyl-cysteine

(γ-EC) by the activity of γ-glutamyl-cysteine synthase (γ-ECS). In the next step, glutathione

synthase (GSHS) is involved in catalyzing the reaction between γ-EC and glycine (Gly) to

generate GSH (Ohkama-Ohtsu et al., 2008). GSHbiosynthesis is schematically represented

in Fig. 18.2. In Arabidopsis, these two enzymes originate in both the chloroplast and

Glu + Cys

ATP

Gly
ATP

γ-glutamylcysteine
ADP + Pi

ADP + Pi

Increase in ROS activity Glutathione Detoxification

Recycling

ROS

ROS(H
2
O

2
)R+O

2

NR(H
2
O) NADPH

NADP+

R-SGCGSSG

GSSG

GCL

GS

GR

GST

GPx

GPx

III-Px

FIG. 18.2 Biosynthesis and metabolism of glutathione in plant systems. In this two-step ATP-dependent process,

glutamic acid (Glu), cysteine (Cys), and glycine (Gly) act as precursor molecules. At the initial stage, Glu and Cys

combine to form γ-glutamylcysteine with the help of glutamate-cysteine ligase (GCL). Finally, γ-glutamylcysteine

combines with Gly to form reduced Glutathione (GSH). Glutathione synthetase (GS) catalyzes the reaction. During

severe stress condition, ROS generation increases by the activity of Glutathione Peroxidase (GPx). It is followed by

oxidized GSH (GSSG) formation. In another way, it helps in the detoxification process and produces glutathione

conjugates (R-SGC) by the help of Glutathione-S-Transferase (GST). Recycling of GSH takes place from GSSG coupled

with the formation of nonreactive (NR) molecules from ROS by the help of GPx and glutathione reductase (GR). III-Px,

Class III Peroxidase.
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cytosol (Foyer et al., 2001a; Srivalli and Khanna-Chopra, 2008; Noctor et al., 2012; Zeng

et al., 2017), but they are encoded by two different genes, namely GSH1 (γ-ECS) and

GSH2 (GSHS) ( Janowiak and Griffith, 2005). However, a different condition arises in Strep-

tococcus agalactiae. The enzyme, having molecular weight about 85 kDa, catalyzes both

steps during GSH synthesis ( Janowiak and Griffith, 2005). According to subcellular local-

ization analysis, GSH1 is primarily targeted to plastid. However, GSH2 is targeted for both

the plastid and cytosol (Wachter et al., 2004). In this connection, the first step of GSH syn-

thesis occurs in the plastid, and the second step involves both compartments. Differential

rate of GSH production was noticed in C4 plants, like Zea, due to higher GSHS activity in

mesophyll cells than bundle sheath cells (Burgener et al., 1998). Thus, species-specific var-

iations were observed as per the localization of intercellular enzyme activity involved in

GSH synthesis (Srivalli and Khanna-Chopra, 2008). Other than cytosol and chloroplasts,

GSH is present in trace amounts in various cellular compartments like vacuoles, mito-

chondria, endoplasmic reticulum, and nucleus (Diaz Vivancos et al., 2010; Koffler et al.,

2013; Noctor and Foyer, 1998). Quantitative immune-gold electron microscopy was used

along with biochemical treatments on Arabidopsis to determine subcellular GSH concen-

tration (Koffler et al., 2013). The result shows that vacuoles of mesophyll cells contain a

higher amount, and it increases with leaf aging at least up to 80%. The second largest

organelle is the chloroplast (Koffler et al., 2013). It also persists in a minute quantity in

the nucleus, mitochondria, and other cellular organelles (Zeng et al., 2017). Different leaf

area shows differences in vacuoles and mitochondria revealing that the accumulation of

GSH increases with leaf age in other cellular compartments. This variation in GSH content

among the cellular organelles therefore implies that transport is required between intra-

cellular compartments (Gaikwad et al., 2017).

1.2 Transport of glutathione through transporter

As we discuss earlier about the distribution of GSH among the subcellular compartments,

now we have to focus on its transport. Individual organisms possess different intracellular

transporter proteins. In Arabidopsis, three types of transporters (CLT1, CLT2, CLT3) are

responsible for transporting the GSH between cytosol and chloroplast (Maughan et al.,

2010). In the case of Oryza sativa, OsCLT1 plays the key role as transporter (Yang et al.,

2016). However, OsGT1, a rice GSH transporter, can transport GS conjugates, GSH, and

GSSG (Zhang et al., 2004). It actually comes under the oligopeptide transporter (OPT)

family. OsGT1 (a weakly expressed transporter) is found in all portions of rice, which gen-

erally does not play any crucial function under normal growth but is activated in various

stresses. Other GSH transporters of plants that belong to the OPT family includes BjGT1 in

Brassica (Bogs et al., 2003), AtOPT4 (Zhang et al., 2016) and AtOPT6 (Cagnac et al.,

2004; Pike et al., 2009) in Arabidopsis, and ZmGT1 in Zea (Pang et al., 2010). Being in

the same family, the structure of OsGT1 is significantly different from BjGT1 as

reported (Zhang et al., 2004). OsGT1 is also structurally different from AtMRP1 and

AtMRP2 transporter of Arabidopsis (Lu et al., 1998). They are also able to transport GS
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conjugates and oxidized glutathione (GSSG) but only a very low amount of GSH into the

plant vacuoles. This transportation is mediated by ATP as they belong to the ATP-binding

cassette (ABC) family of MRP class (Rea et al., 1998; Tommasini et al., 1998).

Actually, GSH is transported as a form of reduced sulfur, which occurs in various ways

to retain the optimum level of sulfur content in a specific growing stage and specific part of

the plant. Likely, at the onset of fruit ripeningmainly in grapes and berries, a huge amount

of GSH is exported from leaves to fruits. Among other biological functions, it acts as an

inhibitor of ATP sulfurylase and represses the sulfur influx and sulfur reduction due to

enzyme inactivity (Srivalli and Khanna-Chopra, 2008; Zechmann et al., 2008). Thus, if

GSH synthesis is sped up, it enhances the root sulfate uptake. Both of these events reveal

that GSH is the main source of long-distance transport for sulfur derivative among root,

shoot, leaf, fruit, and other distantly placed plant parts through the xylem and phloem.

Biochemical analysis as well as various conditions suggest that the export and import

of GSH takes place both upward and downward by xylem and phloem (Schneider et al.,

1994; Srivalli and Khanna-Chopra, 2008; Zeng et al., 2017).

1.3 Brief overview of some glutathione transporters of plants

Different physiological studies have shown the presence of a diverse system for GSH trans-

port. GSH imparts a broad spectrum of regulatory functions in plants (Foyer et al., 2001).

A brief description of plant GSH transporters is given in the following section.

In Arabidopsis, three chloroquine-resistance transporter (CRT)-like transporter fam-

ily (CLTs) GSH transporters have been described. Described transporters were involved

in transportation of GSH on the chloroplast. By using cloning with complementation

and homologous analysis, three chloroplast GSH transporters, namely AtCLT1, AtCLT2,

and AtCLT3, were identified. It has been shown that all of these CLTs can accumulate

labeled GSH in Xenopus oocytes (Maughan et al., 2010). The plastid localized AtCLTs

are involved in efflux of GSH from chloroplast to cytoplasm. Mutation in these trans-

porters makes Arabidopsis GSH-deficient, heavy-metal sensitive, and susceptible to

microbes (Maughan et al., 2010). The mutation studies confirmed the fact that GSH

homeostasis is involved in defense responses in the plant (Maughan et al., 2010). The

transporters are involved in maintaining GSH level regulation and redox potential of

cytosol.

AtMRP1 and AtMRP2 are two ABC transporters from Arabidopsis involved in GS

conjugate transport. AtMRP1 is a functional and structural homolog of HmMRP1 gene

product of humans related to multidrug resistance. Overexpression of this MRP gene is

associated with improved ATP-mediated glutathione S-conjugate carrier activity in

human cancer cells (M€uller et al., 1994). Among these two ABC transporters, AtMRP2

has the potential for parallel transport of Bn-NCC-1, i.e., chlorophyll catabolite trans-

porter substrate of Brassica napus and GS conjugates (Lu et al., 1998). These genes are

expressed differentially in plants. It has been shown that AtMRP2 can efficiently transport

both glutathionated herbicides and anthocyanin.
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OsCLT1, a CRT-like transporter confined to the membrane envelope of the plastid, is

the gene responsible for the arsenate-sensitive mutant rice variety. Both complementa-

tion and genomic sequencing were employed for identification of OsCLT1 (Yang et al.,

2016). OsCLT1 plays a pivotal function in GSH homeostasis by performing the export of

two components, namely γ-EC and GSH from plastid to cytoplasm to affect AS and Cd

detoxification in rice. Furthermore, its activity of GSH transport has not been established

experimentally (Bogs et al., 2003; Hussein et al., 2004; Cagnac et al., 2004a).

FromBrassica juncea, cloning and functional characterization of BjGT1was performed

(Bogs et al., 2003). The BjGT1 cDNA showed similarity with HGT1, a GSH transporter of

Saccharomyces cerevisiae (Bogs et al., 2003; Cagnac et al., 2004; Zhang et al., 2004). BjGT1-

expressed S. cerevisiae hgt1 strain was able to restore the growth on themediumwith GSH

as a lone sulfur source and mediated the uptake of labeled GSH. It has been observed that

BjGT1-mediated uptake of GSH in yeast ABC822 strain depends on pH. The optimal pH

observed for GSHuptake was at pH 5.0. It has also been observed that the BjGT1-mediated

initial rate of GSH uptake does not follow Michaelis-Menten kinetics (Bogs et al., 2003).

Previous studies showed that Cd has great potential to induce BjGT1 in leaves and stems.

Cd-induced regulation of BjGT1 reveals the functional involvement of this transporter

during a period of heavy metal stress (Bogs et al., 2003; Wachter et al., 2004).

From Zea mays, another GSH transporter, namely ZmGT1, was cloned by using RACE

PCR. This ZmGT1 protein showed close similarity to GSH transporters of other plants.

ZmGT1 was also able to restore yeast mutant growth on a medium supplemented with

GSHas only the source of sulfur (Pang et al., 2010). Atrazine-mediated strong upregulation

of this transporter suggests that ZmGT1 might be involved in xenobiotics detoxification

(He et al., 2012; Pang et al., 2012).

Another transporter of GSH, namely OsGT1, was screened from Cd-induced rice cDNA

librarywith yeastHGT1 (Zhang et al., 2004). ThisOsGT1was able to restore growth ofHgt 1

mutant yeast on a GSH-supplemented medium as the only sulfur source. Cd-induced

OsGT1 is weakly expressed in different portions of the rice plant. During the period of abi-

oticorbiotic stress, it can functionby retrievingGSconjugates,GSSG,andpeptides (Cagnac

et al., 2004). Different types of GSH transporters of plants are depicted in Table 18.1.

2 Role of glutathione transporter in abiotic stress

It has been observed that reduced GSH is one of the crucial players that keeps the ROS

under control (Noctor and Foyer, 1998). When plants face any abiotic stress, it increases

the rates of ROS production and leads to augmentation of ascorbate-glutathione cycle

(Fig. 18.3). Many plants are able to handle excessive stress by maintaining proper ratio

of GSH/GSSG redox state, and it is mainly depends on ascorbate-glutathione cycle at var-

ious growth points. During acclimation reaction, antioxidant concentrations and activi-

ties of related enzymes increase transiently. There is growing evidence that suggests

that the augmentation is under direct control of the GSH/GSSG redox state itself

(Baena-González et al., 2001; Noctor et al., 2002) and/or generation of ROS (like H2O2)
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Table 18.1 Different types of GSH transporter of plants.

Transporter Plants Family Location Functions References

CLT1, CLT2,

and CLT3

Arabidopsis Belongs to

chloroquine-

resistance

transporter (CRT)-

like transporter

family (CLT)

They are found in the

chloroplast

• CLTs are responsible for

efflux of GSH taking

place from chloroplast to

cytosol through plastid

target signal peptide

• Mutation (like single

mutation of clt1 or dou-

ble mutation like clt1clt3

or tri-mutated form of

clt1clt2clt3) shows low

level of GSH in cytosol

and showed increased

susceptibility to micro-

bial infection

• However, only

clt1clt2clt3 tri-mutant

and clt1clt3 double-

mutant showed higher

cadmium (Cd) sensitivity

Maughan

et al. (2010)

AtMRP1 and

AtMRP2

Arabidopsis Belongs to ATP-

binding cassette

(ABC) family

Found in chlorophyll • AtMRP1 is structurally

and functionally homol-

ogous to human multi-

drug resistance protein

(HmMRP1) and pos-

sesses GS-conjugates

transport activity

• AtMRP2 is one of the

heterogeneously

expressed transporter

capable of high-affinity

transport of Bn-NCC1

(Brassica napus chloro-

phyll catabolic substrate)

M€uller et al.

(1994) and

Lu et al.

(1998)

OsCLT1 Oryza

sativa

It also belongs to

chloroquine-

resistance

transporter (CRT)-

like transporter

family (CLT)

Found in plastidial

envelope

• It plays a crucial role in

maintaining homeosta-

sis of GSH, through

transporting γ-EC from

plastid to cytoplasm

• It also acts as a detoxi-

fying agent of arsenate

(As) and cadmium (Cd)

Zhang et al.

(2004) and

Yang et al.

(2016)

Continued
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Table 18.1 Different types of GSH transporter of plants—cont’d

Transporter Plants Family Location Functions References

AtOPT4 Arabidopsis Oligopeptide

transporter (OPT)

family

It is primarily expressed

through leaves, stem, and

roots. It is mainly present in

the plasma membrane of

epidermal cells of those

plant parts

• AtOPT4 is one of the low

affinity GSH trans-

porters, which mediate

GSH uptake in plants

• Its expression through-

out the plant body sug-

gests that it may act on

long-distance transport

system of glutathione

• In the presence of GSH

as a sole source of sulfur,

the growth of met15

opt1 double-mutant

plant is rescued by the

expression of AtOPT4

Stacey et al.

(2006) and

Zhang et al.

(2016)

AtOPT6 Arabidopsis Oligopeptide

transporter (OPT)

family

It is mostly restricted in the

dividing zones of plants

and inside the plasma

membrane of specific cell

types. However, in the

higher plants, it is also

present in the vascular

systems

• It has the capacity to act

as a glutathione and oli-

gopeptide transporter

• In presence of herbicide

(primisulfuron), they

promote long-distance

transport of GSH

• They are less sensitive to

abscisic acid and cad-

mium (Cd)

• It also played an impor-

tant signaling role during

nematode pathogenicity

Cagnac

et al. (2004)

and Pike

et al. (2009)

BjGT1 Brassica

juncea

Belongs to

oligopeptide

transporter (OPT)

family

Strongly expressed in

leaves, but its expression is

less and null at stems and

roots, respectively

• It is involved in the reg-

ulation of GSH

concentration

• It is strongly sensitive to

heavy metal like cad-

mium (Cd)

Bogs et al.

(2003)

ZmGT1 Zea mays Belongs to

oligopeptide

transporter (OPT)

family

It is located in all parts of

the maize seedlings.

However, in comparison to

others, leaves showed

higher content of this

transporter

• Three- to five-fold

improvement of tran-

scription of GSH trans-

porter (ZmGT1) is

observed by atrazine

treatment

• Helps in detoxification of

xenobiotics

Pang et al.

(2010,

2012)

OsGT1 Oryza

sativa

Belongs to

oligopeptide

transporter (OPT)

family

Present in all the parts of

rice

• Regulate uptake of GSH

level to retrieve GSSG,

GS conjugates, peptides,

and amino acids under

different stresses

• It is widespread and

weakly expressed

but induced by

cadmium (Cd)

Zhang et al.

(2004)



(Mittler, 2002; Neill et al., 2003). The ROS scavenging capacity of the ascorbate-glutathione

cycle increases gradually until and unless a new steady-state has been achieved. This stage

is not only identified by the higher concentrations of ascorbate and GSH but by a restored

redox balance (i.e., the GSH/GSSG ratio) and/or improved enzyme activities compared

with values of a stress-free environment. However, it has been observed that the total

turnover rate of GSH has been increased but without hampering the total tissue concen-

trations in UV-challenged maize plant (Ferretti et al., 2009; Masi et al., 2002; Tolin et al.,

2013). This observation signifies that the systemwas able to maintain the GSH homeosta-

sis internally. “Overcompensation” may also happen in extended responses, which finally

leads to higher GSH/GSSG ratios in stress-adapted plants due to establishment of the

defense mechanism (Srivalli et al., 2003; Srivalli and Khanna-Chopra, 2008).

2.1 Response to various environmental stresses

Among all other stresses, water deficit constitutes the major limiting factor and incurs

multiple damages in plants. This adverse condition generally creates an osmotic imbal-

ance, which systematically develops various metabolic and physiological disorders of

plants. Preferentially, it acts on the photosynthetic apparatus and subsequently inhibits

photosynthesis by modification of chlorophyll content (Nayyar and Gupta, 2006). The

damaging effects also include alteration of developmental process and growth, imbalance

in CO2 diffusion, decrease in stomatal conductance, malfunctioning of electron transport

GSH

GR DHAR MDHAR APX

DHA

MDHA
NADPH

NADP+

NADP+

NADPH

GSSG
ASG

H2O

H2O2

FIG. 18.3 The glutathione-ascorbate cycle of H2O2 degradation. Detoxification of H2O2 occurs in the plant cell with

the help of ascorbate peroxidase (APX). Through this process, monodehydroascorbate (MDHA) is generated from

reduced ascorbate (ASC). The unstable MDHA has two possible fates. It either reacts to form dehydroascorbate

(DHA) or reduces to recycle ASC by monodehydroascorbate reductase (MDHAR). ASC can also be recycled from

DHA, and the enzyme dehydroascorbate reductase (DHAR) catalyzes this reduction process. This reaction is also

coupled with the formation of oxidized form of glutathione (GSSG) from reduced glutathione (GSH).

Subsequently, reduction of GSSG forms GSH, and the enzyme glutathione reductase (GR) helps in this process.

Regeneration of electron acceptor (NADP+) takes place during the reduction process of GSSG and MDHA

(Roychoudhury and Basu, 2012).
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through cell membrane, etc. (Lawlor, 2002; Pinheiro and Chaves, 2011). Under this head-

ing, different environmental stresses, their effects, and internal regulatory mechanism of

GSH transporter have been discussed.

2.1.1 Drought
To check the water loss during water deficit condition (like drought), plants tend to close

the stomata (Bhargava and Sawant, 2013; Hernández et al., 2012). Decrease in the water

level will lead to generation of oxidative stress inside the cell (Zechmann, 2014). As a con-

sequence, malfunctioning of the photosynthetic pathway takes place. Reduction of CO2

level leads to ROS generation due to increased level of photo-oxidative stress in chloro-

plasts (Miller et al., 2010). To detoxify the toxic environment developed by gaseous imbal-

ance, gradual increase of H2O2 takes place (Foyer and Noctor, 2009). This condition

ultimately stimulates the ascorbate-glutathione cycle (Fig. 18.3) in the subcellular com-

partments of the plant cell (mainly chloroplast and peroxisomes) (Gill and Tuteja, 2010;

Zechmann, 2014).

Beside regular stress management strategies, different crop plants show various kinds

of modifications to combat against different degrees of drought stress (Srivalli and

Khanna-Chopra, 2008). In this connection, pine trees fine-tuned GSH/GSSG ratio under

short-term drought stress (Herbinger et al., 2002; Tausz et al., 2001). It is suggested that the

modification is due to the formation of a long-distance signal for long-term acclimation

processes. However, this concept (i.e., decrease in GSH/GSSG ratios) is not fruitful for the

long-term responses in the wheat plant under the same stress condition. So it can be

stated that leaves with various water potentials may indicate different stress intensity.

It has to be taken into account that alternative defensive systemsmay also play some vital

roles. For example, improved energy dissipation by overproduction of zeaxanthin

(Herbinger et al., 2002; Tambussi et al., 2002) and altered photorespiration (Noctor

et al., 2002)may have some pivotal role in thewheat plant under severe drought condition.

These processes could reduce the oxidative load on the glutathione–ascorbate cycle in the

chloroplast.

2.1.2 Salinity
In the present situation, salinity is being considered as one of themajor andmost powerful

factors affecting yields of crops globally. Due to a recurrent increase of salinity stress, a

majority of the cultivatable lands have been transformed into uncultivable ones. As a con-

sequence of soil salinity, enzymes related to Calvin cycle are inhibited and leads to gen-

eration of oxidative stress in plant cells (Heyneke et al., 2013; Kocsy et al., 2013). Since

enhancement of soil salinity is one of the major concerns of a majority of the world’s pop-

ulation, research has been shifted to find underlying mechanisms and generation of

salinity-tolerant plants. As we know, adaptation is the best strategy to survive under stress,

and many crop plants involve GSH transporters for cellular signaling to activate further

defense cascades. Previous studies showed the upregulation of cysteine production in

Arabidopsis under salinity stress (Kocsy et al., 2013; Simon et al., 2013; Tolin et al.,
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2013) and drew further research direction to find other thiols in salinity resistance (Koffler

et al., 2014a). During study with different tomato (Lycopersicum esculentum) cultivars, it

has been observed that wild relative L. pennellii have differed from others in GSH metab-

olism under salt stress. Furthermore, in comparison to salinity-sensitive cultivars,

improved GSH production and GSH/GSSG redox ratio was observed in those salinity-

tolerant plants after 2 weeks of stress implementation. Interestingly, unlike GR, GST

and GPx activities are improved in L. pennellii, suggesting an intensive retort of numerous

GSH-relatedmetabolic pathways under stress (Mittova et al., 2003). It has been also docu-

mented in salinity-resistant rice cultivar where it shows higher accumulation of GSH than

susceptible cultivar under salinity stress (Vaidyanathan et al., 2003).

In view of stress-responsive perception of the GSH involvement, a higher amount of

GSHunder stress would confer an enhanced antioxidative shield andwould be considered

as acclimatization. An increased ratio of GSH/GSSG (i.e., more reduced), as noticed in the

tolerant tomato cultivar, would denote “overcompensation” by amplified recycling of GSH

under adverse salinity stress. However, the question has been raised about the whole plant

response under salinity stress. Salt elimination or sequestration mechanisms may evade

photo-oxidative stress to stress-induced plants and leave antioxidative responses obso-

lete. For example, Brassica napus (wild type) accumulated GSH and cysteine under salt

stress, while transgenic plants with a high sodium sequester capacity into the vacuoles,

did not show antioxidative responses (Ruiz and Blumwald, 2002).

2.1.3 Light and temperature
Acute high and low temperature is also among the primary causes of limited crop yields.

Improved understanding of reactions generated in plant cells to extreme temperature can

lead to more satisfactory predictions of crop yield and the simultaneous designing of

crops that are best fit to this adverse environment (dos Reis et al., 2012). Heat stressmainly

constitutes secondary water stress by vigorous damaging of different cellular structures

and altered metabolic pathways. Many cereal crops suffer at least 4%–10% grain loss

due to a rise of minimum 1°C temperature. Sometimes, much greater loss takes place

if the adverse temperature strikes during grain-filling stages, as it is related to an increased

rate of leaf senescence. Although there are several reports available on oxidative stress and

the response of antioxidant defense mechanisms in heat-stressed plants (Anderson and

Davis, 2004), there have been fewer reports focusing on GSH. Maize roots treated with

40°C heat shock resulted in a decrease of cysteine content and amplification of GSH levels.

It is thought to be an adaptation by which maize plants, by improving GSH content, may

be able to cope with heat stress situations. Accretion of GSH has also been observed in

heat-stressed tomato seedlings (Rivero et al., 2004). In wheat also, high temperature stress

induces accumulation of GSH levels, related enzymes of GSH synthesis, and modified the

GSH/GSSG ratio (Kocsy et al., 2001; Szalai et al., 2009). This was correlated to the frost sen-

sitivity of the wheat genotypes as well as its accumulation being higher in the sensitive

genotypes. In fact, heat stress improved GSH levels in the flag leaf of two contrasting

heat-tolerant wheat genotypes at the stage of grain development (dos Reis et al., 2012).
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Overall studies suggest that GSH levels and GSH/GSSG ratio declined during grain devel-

opment in the flag leaves of wheat in both control and heat-stressed plants. The rate of

reduction was elevated under heat stress. However, low or high temperature-treated cot-

ton seedlings in field condition do not alter the GSH concentration and GR activity

(Mahan andMauget, 2005). Low temperature or cold stress is also amajor source of stress

that limits crop productivity. Many economically important crops are prone to damage

when air temperatures decrease below the nonfreezing critical threshold value (Szalai

et al., 2009). The duration of chilling exposure may be one of key factor that possess det-

rimental effects on chilling-sensitive plants. Augmentation of GSHandGRaction has been

noticed in many plant species under low temperature stress such as Sorghum (Badiani

et al., 1997), tomato (Walker and Mckersie, 1993), wheat (Szalai et al., 2009), jack pine

(Zhao and Blumwald, 1998), and poplars (Foyer et al., 1995). In fact, chromosome 5A of

wheat is involved in the up- and downregulation of GSH accumulation during cold accli-

mation (Kocsy et al., 2013).

Important food crops such as rice and maize are very much sensitive toward chilling

stress. Compared with chilling-sensitive to chilling-tolerant maize seedlings, the amount

of cysteine and GSH levels are higher under stress (Kocsy et al., 1996, 2001; Szalai et al.,

2009). The importance of GSH as a shield against chilling injury in maize was proved by

the application of herbicide “safeners” on chilling-sensitive lines (Kocsy et al., 2013). The

treatment increases the pool of GSH and its precursor molecules such as cysteine and

γ-glutamyl-cysteine, and there was an increase in GR activity as well, which gives a sys-

temic protection. A long-term chilling exposure in maize showed improved activities

of all the antioxidant enzymes including GR (Hodges et al., 1997). This could be due to

acclimation as an increase in GR activity (34%–47%) and induction in new iso-forms of

GR have been shown inmaize during acclimation to chilling stress (Anderson and Davis,

2004; Prasad, 1996). Interestingly, transgenic cotton in the field condition overproduce

GR; however, there was no significant difference towild plants as GR activity stands dou-

bled in those plants during slow chilling exposure in the field (Logan et al., 2003). Genetic

transformation studies inmaize for subzero lenience showedupregulationof threegenes,

including GSTs, under both normal and cold-adapted situations (Yan et al., 2006). GSTs

are strictly involved in the signaling cascade of the oxidative pathway and played an

important role in genetic alteration toward subzero tolerance in maize. Not only that,

chilling stress and cold acclimation studies in rice showed an increase in several antiox-

idant enzymes, including GR (Kuk et al., 2003). Proteome analysis of rice during chilling

injury clearly indicate upregulation of cysteine synthase (Yan et al., 2006). This enzyme

is responsible for the ultimate step in cysteine biosynthesis and is a key limiting step in

GSH fabrication. Thus, GSH and GR are essential for enhancement of resistance to

chilling injury.

2.2 Role of glutathione as antioxidant and regulatory molecules

Beside other valuable functions of reduced GSH and its oxidized form (GSSG), they prin-

cipally maintain cellular redox homeostasis even under stressed condition (Meyer, 2008).

The GSH/GSSG couple system evolved through a series of gene expressions for regulating
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the augmentation of adaptive mechanisms under various environmental stresses (Noctor

et al., 2012). This type of adaptation mainly relies on redox signaling pathway. As a con-

sequence of abiotic stress, excessive ROS generation takes place inside the affected cells,

and subsequently H2O2 level also increases significantly. Elevated concentration of H2O2

further induces the GSH biosynthesis along with its cognate oxidative form (GSSG)

(Noctor et al., 2012; Szalai et al., 2009). Both these molecules facilitate to decrease the

H2O2 concentration in the cell. This reaction exerts an effect in transcriptional modifica-

tions in growth regulatory factors. Finally, it can also amend posttranslational modifica-

tions that includes thiol/disulphide transition by GSH/GSSG and deglutathionylation

(Quan et al., 2008). GPx, with a diverse isozyme pattern, is the most important antioxidant

enzyme that removes H2O2 from the plant cell (Hernández et al., 2012; Kocsy et al., 2013;

Koffler et al., 2014b). It may be formed either in chloroplasts, endoplasmic reticulum,

mitochondria, or cytosol and catalyzes the detoxification of H2O2 and lipid hydroperox-

ides, in which GSH acts as a reducing agent, and thus finally protects biomolecules from

oxidative damage (H€oller et al., 2010; Király et al., 2012; Kocsy et al., 2013; Koffler et al.,

2014b; Zechmann, 2014). It is a well-known fact that GPxs exhibits substrate specificity

and can use both GSH and thioredoxins (Trxs) as reducing agents. Moreover, Trxs are

the most competent reducing factors, and thus, the enzyme can functionally be consid-

ered to be peroxiredoxins rather than GPx (Mittova et al., 2003). Beside all, conjugation

takes place in GSH with lipid peroxidase, toxic metabolic products, or xenobiotics that

are toxic and harmful to various plant species (Anderson and Davis, 2004; Dixon et al.,

1998). Translocation of those conjugates from cytosol to the vacuoles occur within the cell

where further processing of those molecules takes place (Dixon et al., 1998). Finally, those

molecules are released from the vacuole and maintain cellular homeostasis. The sche-

matic diagram is represented by Fig. 18.4 to state the possible roles of GSH/GSSG and their

translocations in helping to maintain cellular homeostasis.

3 Do glutathione transporters play a role to prevent biotic
stress?

We already discussed GSH, its multifunctional metabolic ability essential for plant growth

and development, and also how it makes a good supportive system under abiotic stress

conditions (Srivalli and Khanna-Chopra, 2008). Subcellular changes in GSH contents in

environmental stress increase the chance of attack by pathogens and other biotic factors,

which reflect the occurrence of compartment-specific oxidative stress (Zechmann et al.,

2008). It can act as a good stress marker and shows a high concentration of H2O2—as ROS

activity begins to rise. This unnecessary internal situation of plant cells is controlled either

directly by ROS scavenging through redox signaling (already discussed) or through the

ascorbate-glutathione cycle (Yousuf et al., 2012b).

In the ascorbate-glutathione cycle (Fig. 18.3), GSH is utilized to reduce DHA (dehydro-

ascorbate), both enzymatically as well as nonenzymatically, and is itself oxidized to GSSG

(oxidized glutathione) (Zechmann, 2014). The regeneration from GSSG to GSH is
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catalyzed by GSH reductase in which NADPH acts as a reducing power (Kocsy et al., 2013;

Zechmann, 2014). The central nucleophilic cysteine residue is responsible for high reduc-

tive potential of GSH. It scavenges cytotoxic H2O2 from cells and reacts nonenzymatically

with other ROS: singlet oxygen, superoxide radicals, and hydroxyl radicals (Miller et al.,

2010). This central role of GSH in antioxidative defense is due to its ability to regenerate

another powerful antioxidant, ascorbic acid, via ascorbate-glutathione cycle (Heyneke

et al., 2013; Kocsy et al., 2013; Koffler et al., 2014b; Zechmann, 2014). There was a report

that GSH, an antioxidant, helped to withstand oxidative stress in transgenic lines of

tobacco (Noctor et al., 2012).

Plants maintain a high cellular ratio of GSH to its oxidized form GSSG (about 20:1 in

unstressed conditions), but GSH reacts with oxidants during environmental stress and

becomes converted into GSSG (Queval et al., 2011). The intracellular homoeostasis

between GSH and GSSG ensures the signaling of a stress response and modulates plant

tolerance to abiotic stress. GR catalyzes the NADPH-dependent conversion of GSSG to

ROS
H2O2

Growth regulating factors GSH/GSSG Synthesis

Redox signaling Post translational changes

Induced
enzyme
activity

Increase
concentration

in cytosol

Conjugation with
metabolic products

and xenobiotics
Translocation
to vacuole for
further
processing

Grx

Trx

GSH
Transporter

Abiotic stress

REDOX HOMEOSTASIS

FIG. 18.4 Redox homeostasis by glutathione cycle. Severe abiotic stressful conditions lead to increases in Reactive

Oxygen Species (ROS) production, and further detoxification of ROS results in the formation of H2O2. The toxic

condition inside the plant cell promotes the formation of different growth regulating factors, higher amount of

reduced glutathione (GSH) and its oxidized form (GSSG), etc. Subsequently, GSH and GSSG maintain cellular

homeostasis by activation of redox signaling, posttranslationalmodification of proteins, etc. It also increases different

enzymes and protein modifiers in the cytosol including glutathione peroxidise (GPx), Glutathione-S-Transferase

(GST), thioredoxin (Trx), glutaredoxin (Grx) systems, etc. Through the GSH transporter, those molecules are

transported to the vacuole for storage and also to maintain redox homeostasis.
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its GSH form. This reaction provides the molecules of GSH necessary for active protein

function under stress conditions (Boguszewska et al., 2010; Gill and Tuteja, 2010;

Zagorchev et al., 2013) indicating that the GSH/GSSG ratio is an effectivemarker of cellular

redox homeostasis and may be involved in ROS activity perception by plants. In this way,

GSH/GSSG may have a direct or indirect key role in regulating and signaling at the tran-

scriptional and/or posttranslational level due to the interaction of these molecules with

other cellular redox systems such as glutaredoxin, thioredoxin, peroxiredoxin, and

mitogen-activated protein kinases (MAP kinases) (Anjum et al., 2011, 2012).

Consequently, GPxs, GSTs, and GR, in association with superoxide dismutases (SODs),

catalase (CAT), and other peroxidases, provide an effective way of defending plants

against the potential effects of oxidative stress. The components of cellular “glutathione

machinery” for the control of plant responses to different stresses, are gr, gpx, gsts, etc.

(Boguszewska et al., 2010).

4 Conclusion and future prospects

Nowadays, the function of GSH is well established, but there are fewmore questions to be

addressed. Exact regulatory role of GSH in plant abiotic stress is still under question.Many

research reports suggested the role of GSH in lowering oxidative stress. Apart from provid-

ing antioxidative defense by ROS scavenging, the interaction of GSHwith other molecules

at themolecular level isneeded tobeexplainedproperly.ExogenousapplicationofGSHand

its consequences need to be further analyzed at the genetic andmolecular level. Although

many common ROS interactions with GSH is established, some other oxidative stress

inducers such as reactive nitrogen species (RNS) and GSH interaction reports are scarce.

Signaling role of nitric oxide (NO) during abiotic stress tolerance and its interaction with

GSHcanbe anupcoming field of research. Interaction of GSHwith different signalingmol-

ecules at individual abiotic stress tolerance is needs to be explained properly. The role of

GSH in biotic stress tolerance can be regarded as a newer field of future researchwork. Var-

ious proteometabolomic and transcriptomic approaches canbe applied in the field ofGSH

research to explain the exact regulatory role of GSH at the molecular level. At the physio-

logical level of plants, how exogenous application of GSH can help in increasing the plant

biomass, germination percentage, and survival rate might be considered under a newer

fieldof research. InteractionofGSHwithvariousphytohormones indifferent typesofbiotic

and abiotic stresses can be considered as a newer outlook of future research work.

To sum up all the stories, it can be stated that GSH research can be considered as a

newer hope of light in alleviating different types of plant stresses.
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