Chapter 5

Glycinebetaine-Mediated Abiotic Oxidative-
Stress Tolerance in Plants: Physiological
and Biochemical Mechanisms
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David J. Burritt, and Mohammad Anwar Hossain

Abstract Plants face many stressful conditions during their lifetimes and because of
their sessile nature they have to adapt to these conditions in order to survive. One
unfortunate and unavoidable consequence of all major biotic and abiotic stresses is the
overproduction of reactive oxygen species (ROS). ROS are highly reactive and toxic
chemical entities and can cause serious damage to cellular proteins, lipids, carbohy-
drates and DNA, leading to irreparable metabolic dysfunction and cell death. Plant
cells and their organelles, particularly the chloroplasts, mitochondria and peroxisomes
have antioxidant defence systems, composed of enzymatic and non-enzymatic com-
ponents, to counter the deleterious effects of ROS and/or to perform signalling func-
tions. It is an established fact that the timely induction of antioxidant defences is a key
to protection of plant cells from oxidative damage due to stress. Enzymatic antioxi-
dants include superoxide dismutase, catalase, peroxidases and glutathione reductase,
while the major non-enzymatic antioxidants are compatible osmolytes (glycinebeta-
ine, GB; and proline), ascorbic acid, reduced glutathione, a-tocopherol, amino acids
and polyphenols. Stimulated biosynthesis and accumulation of low molecular weight
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compatible osmolytes is one of the most effective mechanisms evolved by plants to
maintain their cellular integrity and ensure survival when exposed to multiple abiotic
stresses. Glycinebetaine, an N-trimethyl derivative of glycine and a quaternary ammo-
nium compound, is one of the most studied and efficient compatible solutes. Due to
its unique structural features, it interacts both with the hydrophobic and hydrophilic
domains of macromolecules, including enzymes and proteins. GB has been reported
to protect plants from the antagonistic effects of a range of abiotic stresses, by main-
taining the water balance between plant cells and environment, osmotic adjustment,
protecting the thylakoid membrane system, protein stabilization, photosystem and
photosynthetic electron transport chain protection and by modulating ROS detoxifica-
tion. In recent years, GB has attained unprecedented attention due to its multifunc-
tional roles in plants under stressful conditions. In this chapter, we summarize our
understanding of ROS formation under abiotic stress and GB biosynthesis and accu-
mulation, as an adaptive mechanism, with particular emphasis on the new insights
into the biochemical and molecular mechanisms involved in GB-mediated abiotic
oxidative stress tolerance in plants.

Introduction

Plants face many stressful conditions during their lifetimes and because of their sessile
nature they have to adapt to these conditions in order to survive. In their natural environ-
ment plants are exposed to various biotic and abiotic stressors. Abiotic stressors include
drought, flooding, salinity, extreme temperatures, heavy metals, nutrient deficiency,
high light intensities and UV radiation, all of which can have negative impacts on plant
growth, development and crop production and can reduce product quality. Fuelled by
the ever-increasing human population, increased crop productivity, from available
lands, coupled with minimization of crop losses due to abiotic stress has become the
highest agricultural priority, in recent times (Tuteja et al. 2011). However, production of
abiotic stress tolerant plants requires a comprehensive understanding of the complex
mechanisms associated with how plants respond to stress. One of the most active fields
of plant science research focuses on understanding the molecular, physiological and
genetic responses of plants to environmental stress, coupled with the development of
approaches to improve abiotic stress acclimation and tolerance (Cabello et al. 2014).
One unfortunate and inevitable consequence of abiotic stress is the induction of oxi-
dative stress. Therefore, oxidative stress is considered as a component of all major abi-
otic stresses. A common feature of plants’ responses to these stressors is the overproduction
of reactive oxygen species (ROS) (Petrov et al. 2015). They are formed by the incom-
plete reduction or excitation of molecular oxygen and are major causative factors of
oxidative damage to lipid membranes and other essential macromolecules found in
plants, including pigments, proteins, DNA and RNA. Overproduction of ROS can lead
to irreparable metabolic dysfunction and ultimately causes cell death (Qureshi et al.
2013; Petrov et al. 2015). However, ROS also have the ability to work as signalling
molecules, at lower cellular concentrations, and regulate plant development, as well as
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various aspects of stress tolerance (Ismail et al. 2014). Interestingly, plants have evolved
cellular repair mechanisms to maintain cellular redox balance and to convert oxidized
macromolecules back to their reduced states (Krishnamurthy and Rathinasabapathi
2013). These mechanisms involve the induction of plant antioxidant systems, with enzy-
matic and non-enzymatic components, to detoxify or scavenge ROS (Khare et al. 2015).
Upon exposure of plants to abiotic stressors, metabolic shifts occur, which result simul-
taneously to changes in the levels and range of cellular metabolites (Chen and Murata
2011). As a result, plants accumulate common cell solutes such as carbohydrates,
organic acids and inorganic ions, which contributes to enhanced stress tolerance.
However, high concentrations of these common solutes can if not localized inhibit
enzyme activities and so plants often accumulate these solutes in vacuoles, where their
increasing concentrations do not harm cellular metabolism (Kurepin et al. 2015).

In addition to these common solutes, plants often produce compatible solutes, or
compatible osmolytes, which are membrane-impermeable solutes that accumulate in
the cytoplasm to very high concentrations (C=0.2 M) in response to stress (Kurepin
et al. 2015). One of the best-documented and important abiotic stress-responsive
mechanisms adopted by plants is the biosynthesis and accumulation of compatible
osmolytes. Compatible osmolytes are found in many living organisms, ranging from
bacteria to plants and animals, and show considerable chemical diversity among liv-
ing organisms. As they accumulate in the cytoplasm and remain non-toxic, even at
molar concentrations, in response to water deficit they are also often called osmopro-
tectors. The most common compatible osmolytes include amino acids (proline, gluta-
mate, glutamine and alanine) and their derivatives (ectoine and hydroxyectoine),
quaternary amines (glycinebetaine, polyamines and dimethyl sulfonioproprionate),
sugars (trehalose) and polyols including sugar alcohols (mannitol, sorbitol, pinitol,
glycerol and galactinol) (Khan et al. 2009; Jewell et al. 2010; Kumar and Khare 2015).
These osmoprotectors have wide-spectrum functions including scavenging of ROS,
balancing cell redox, acting as osmoprotectants or osmoticums, and the stabilization
of cytosolic pH, proteins, enzymes and membranes, in addition to acting as a potential
source of carbon and nitrogen for plants both during stress events and the subsequent
recovery phases (Kumar and Khare 2015). Amongst these, one of the most efficient
compatible solutes is glycinebetaine (abbreviated as GB; N,N,N-trimethylglycine),
which helps to protect plants against the stress-induced oxidative damage (Wani et al.
2013). The numerous properties of GB include a antichaotropic function related to its
zwitterionic nature (Papageorgiou et al. 1985), a low molecular weight, a high solubil-
ity and a low viscosity, all of which make GB one of the most efficient osmoregulators
(Yancey 2005; Kurepin et al. 2015). This chapter aims to describe and discuss various
aspects of GB-mediated oxidative stress tolerance in plants.

Biosynthesis of Glycinebetaine

GB is a quaternary ammonium compound that occurs naturally in most biological
systems ranging from prokaryotes, eukaryotic microorganisms, most animals,
plants and microorganisms like cyanobacteria, algae and fungi. GB is synthesized
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via two pathways, using choline and glycine as respective substrates. In plants, the
key enzyme for choline synthesis is phosphoethanolamine N-methyltransferase
(PEAMT; EC 2.1.1.103), a cytosolic enzyme that catalyses all three of the methyla-
tion steps required to convert phospohoethanolamine to phosphocholine, the precur-
sor to choline biosynthesis (McNeil et al. 2001). In plants choline is then transported
into the chloroplast where it undergoes a two-step oxidation reaction: first choline
is oxidized to betaine aldehyde, a toxic intermediate, which then is oxidized to
GB. The first oxidation is catalysed by choline monooxygenase (CMO, EC
1.14.15.7), an unusual ferredoxin-dependent soluble protein with a motif character-
istic of Rieske-type iron-sulphur proteins. In animals and bacteria this oxidation
reaction is catalysed by choline dehydrogenase (CDH; encoded by the betA gene),
but some bacteria may also use choline oxidase for the first step GB synthesis. The
second oxidation step is catalysed by NAD*-dependent betaine aldehyde dehydro-
genase—BADH, EC 1.2.1.8, in most organisms (Rathinasbapathi et al. 1997),
although in some bacteria CDH and choline oxidase can also catalyse the second
step. In higher plants, GB can also be synthesized in the chloroplast from serine via
ethanolamine and betaine aldehyde (Rhodes and Hanson 1993). Although both
CMO and BADH are localized in the stroma of chloroplasts, they are encoded by
nuclear genes and contain transit sequences targeting them to chloroplasts. An alter-
nate biosynthetic pathway of betaine from glycine, catalysed by two
N-methyltransferase enzymes, has been reported for cyanobacterium and
Arabidopsis, and it was found that the co-expression of N-methyltransferase genes
caused accumulation of betaine that confers stress tolerance. Interestingly, in some
naturally GB-accumulating plants, including mangrove (Hibino et al. 2001) and
barley (Fujiwara et al. 2008), no CMO activity was detected in chloroplasts.

Though, GB is found in many plant species, its distribution is sporadic amongst them.
For instance, many higher plants, including Arabidopsis and tomato, have been reported
not to accumulate GB. While GB is a small organic metabolite and is highly soluble in
water, it also contains a non-polar moiety consisting of 3-methyl groups. Owing to its
unique structural features, it has the ability to interact with the hydrophobic and hydro-
philic domains of macromolecules including proteins (Gupta and Huang 2014).

Transportation and Translocation of Glycinebetaine in Plants

Though, little is known about the transport of GB in plant cells, it is likely that trans-
porters of GB are located in the plasma and chloroplast membranes, but no
GB-specific transporters have been reported to date (Chen and Murata 2011). The
transport of GB from the cytosol to various subcellular compartments is also poorly
understood. In spinach, GB levels in the chloroplasts of unstressed spinach plants
were ~0.7 pmol mg~' against 6.6 pmol mg™" chlorophyll in stressed plants’ chloro-
plasts indicating most GB accumulation in response to salt stress was found in the
chloroplasts. This concentration gradient across the chloroplast envelope suggests
the existence of a specific transport mechanism. Schwacke et al. (1999) demonstrated
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that the product of the tomato gene LeProT1, a homologue of a proline transporter in
Arabidopsis, transported GB with high affinity and both proline and y-amino butyric
acid (GABA) with low affinity, when expressed in yeast. Similar results were also
reported for the GABA and proline transporter, ProT2, whose gene was cloned from
Arabidopsis (Breitkreuz et al. 1999). Here, the ProT2-mediated transport of GABA/
proline was strongly inhibited by GB, indicating that GB had strong affinity for the
transporter. These results suggest that the transporters of both proline and GABA
might also transport GB. However, Ueda et al. (2001) cloned the gene for a proline
transporter (HvProT) from the roots of salt-stressed barley and demonstrated that the
uptake of proline by the yeast cells expressing HvProT was not inhibited by GB, sug-
gesting that HvProT does not act as a transporter of GB.

GB translocation was studied with (**C)-labelled GB in barley (Ladyman et al.
1980), tomato, pea, soybean and turnip (Makela et al. 1996) and the results revealed the
translocation of GB within 2 h from the roots to the leaves via the phloem and labelled
GB was found throughout the plant within 24 h. Heat girdling of the leaf sheaths of
barley plants prevented the export of ['*C]-GB from the leaf blades. It appears that GB,
synthesized by mature leaves during exposure of plants to abiotic stress, behaves as an
inert end product, which upon re-watering of plants is translocated to the expanding
leaves. Makela et al. (1996) found similar results for tomato plants.

The GB biosynthesis pathway is present in many higher plant species, including
alfalfa (Medicago sativa L.; Wood et al. 1991), algarrobo (Prosopis alba Griseb.;
Meloni et al. 2004), barley (Hordeum vulgare L.; Ladyman et al. 1983; Kishitani
et al. 1994; Hattori et al. 2009), bean (Phaseolus vulgaris L.; Gadallah 1999), cot-
ton (Gossypium hirsutum L.; Desingh and Kanagaraj 2007), corn (Zea mays L.;
Quan et al. 2004), pea (Pisum sativum L.; Takhtajan 1980), sorghum [Sorghum
bicolor (L.) Moench; Mickelbart et al. 2003], spinach (Spinacia oleracea L.;
McCue and Hanson 1990), strawberry (Fragaria x ananassa Duchesne; Rajashekar
etal. 1999), townsend’s cordgrass (Spartina x townsendii H. Groves and J. Groves;
Storey et al. 1977) and wheat (Triticum aestivum L.; McDonnell and Jones 1988;
Wang et al. 2010). However, some plant species exhibit undetectable levels of GB
when exposed to abiotic stress, e.g. Arabidopsis thaliana (Hibino et al. 2002), egg-
plant (Solanum melongena L.; de Zwart et al. 2003), potato (Solanum tuberosum
L.; de Zwart et al. 2003), tobacco (Nicotiana tabacum L.; Nuccio et al. 1998),
tomato (Solanum lycopersicum L.; Park et al. 2004) and rice (Oryza sativa L.;
Sakamoto and Murata 1998) are reported to have no detectable accumulation of
GB in response to abiotic stress. Furthermore, in sugar beet (B. vulgaris), betaine
applied exogenously to old leaves was translocated preferentially to young leaves
and roots (Yamada et al. 2009). When GB was applied to individual mature leaves
of tomato plants, a large fraction of the incorporated GB were translocated to mer-
istem-containing tissues, which included flower buds and shoot apices (Park et al.
20006). Variations in the levels of GB in different plant organs indicate active and,
possibly, regulated translocation from the original site of application accumula-
tion/storage. Translocation of GB with photosynthetic assimilates to actively
growing and expanding parts of plants has also been reported, indicating that the
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long-distance transport of GB is phloem related (Makela et al. 1996). In
GB-accumulating transgenic Arabidopsis (Sulpice et al. 2003) and tomato plants
(Park et al. 2004, 2007), the highest levels of GB are found in actively growing
tissues, such as flowers and shoot apices, indicating that GB is efficiently translo-
cated from source to sink tissues via the phloem.

Cellular Glycinebetaine Accumulation and Abiotic Stress
Tolerance

As detailed earlier, although GB biosynthesis takes place in many plant species, it
does not appear to be ubiquitous in all species. Plant species such as eggplant,
potato, Arabidopsis, tomato and many cultivars of rice are reported not to accumu-
late the detectable amounts of GB (Kurepin et al. 2015). Therefore, genes associ-
ated with GB biosynthesis, of plant or bacterial origin, have been introduced/
overexpressed in these non-accumulators of GB (Chen and Murata 2011). Such
studies have resulted in a better understanding of the roles of GB in plants stress
responses. Levels of accumulated GB are generally directly correlated with the
plants’ tolerance to abiotic stresses (Giri 2011; Chen and Murata 2011; Wani et al.
2013). GB has been reported to accumulate intra-cellularly to high concentrations
as a result of biosynthesis, uptake, or both, abiotic stresses in a variety of plants
(Bhuiyan et al. 2007; Hassine et al. 2008; Hattori et al. 2009; Wang et al. 2010).
However, Sarwas et al. (2006) reported that endogenous GB levels varied greatly
between various cotton (Gossypium hirsutum L.) genotypes, as did the tolerance to
drought stress, and the authors observed that genotypes with increased drought tol-
erance had higher endogenous GB levels.

Many halotolerant plants accumulate GB in their chloroplasts and plastids to
increase tolerance against range of abiotic stresses (Chen and Murata 2008).
GB-mediated enhancement of tolerance to abiotic stresses may be attributed to the
ability of GB to protect the functioning of the photosynthetic apparatus, by protect-
ing the enzymes and lipids required to maintain optimal linear electron flow through
the electron transports chains embedded in the thylakoid membranes and to maintain
CO, assimilation (Sakamoto and Murata 2002; Chen and Murata 2011). Besides the
earlier protective roles, GB also helps to limit stress-induced inactivation of the PSII
complex, which is considered the most vulnerable component of the photosynthetic
apparatus and plays a pivotal role in the photosynthetic responses of plants to abiotic
stress (Murata et al. 1992; Allakhverdiev et al. 2003, 2007; Adams et al. 2013).

Due to its properties as a compatible osmolyte, GB protects cells against osmotic
inactivation via increasing water retention (Sakamoto and Murata 2002; Ashraf and
Foolad 2007; Kurepin et al. 2015). Since compatible osmolytes like GB remain
uncharged at neutral pHs and are highly soluble in water, they are excluded from the
hydration sphere of proteins and help to stabilize the proteins (Low 1985). GB sta-
bilizes the quaternary structures of enzymes and other complex proteins, as well as
maintaining the ordered state of membranes, at non-physiological temperatures and
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high salt concentrations (Papageorgiou and Murata 1995). The effects of GB in
mitigating the detrimental effects of oxidative bursts induced by various abiotic
stressors are well established. GB acts as an activator or stabilizer of some ROS-
scavenging enzymes or as a repressor of ROS production, by the mechanisms
largely unknown. GB is known for its strong protective roles in the reproductive
organs of plants growing under abiotic stress conditions, which is considered criti-
cal for maintaining high crop yields (Chen and Murata 2008).

ROS Production Under Abiotic Stress

As described earlier, the electrons that have a high-energy state are transferred to
molecular oxygen (O,) to form ROS (Mittler 2002), which comprise of singlet oxy-
gen ('0,), super oxide anion (O,™), hydrogen peroxide (H,0,) and hydroxyl radical
(OH). In plants, ROS are primarily formed at low levels as by-products of several
aerobic metabolic processes like photosynthesis and respiration in the organelles
such as chloroplasts, mitochondria, peroxisomes, plasma membranes, endoplasmic
reticulum, cell walls and the apoplastic space (Rhoads et al. 2006; Mgller et al. 2007,
Ahmad et al. 2010a, b; Sharma et al. 2012). During abiotic and biotic stress condi-
tions, the generation rates of ROS are highly elevated (Ahmad et al. 2009, 2010a, b;
Sharma et al. 2012; Mostofa et al. 2015a, b) leading to the onset of oxidative stress
(Mittler 2002; Mittler et al. 2011; Kotchoni et al. 2006; Hossain et al. 2015).

The light-dependent electron transport chains (ETCs) in photosystems I (PS I)
and II (PS II) are considered to be the main source of ROS in plant cells (Doyle
et al. 2010; Khanna-Chopra 2011; O’Brien et al. 2012). ROS production by these
sources is enhanced by conditions limiting CO, fixation, such as drought, salt,
extreme temperatures and high light (Sharma et al. 2012). In response to salinity
and drought stress, plants decrease their stomatal conductance, to reduce excess
water loss, which ultimately leads to a decrease in internal CO, concentrations and
slows down the reduction of CO, by the Calvin cycle and induces photorespiration
(Abogadallah 2010; Sanda et al. 2011). High temperatures suppress the carboxyl-
ation reaction catalysed by ribulose 1,5-bisphosphate carboxylase (RuBisCO) by
reducing the specificity of the enzyme for CO, (Kim and Portis 2004; Kaushal et al.
2011), whereas low temperatures slow the activities of the Calvin cycle enzymes,
causing NADP* depletion (Wise 1995). With respect to cadmium (Cd) stress metal
ions, such as Ca®* and Mn*", present in the PS II centre can be replaced by Cd ions,
thereby limiting photosystem reactions and leading to uncoupling of electron trans-
port in the chloroplast (Mohanty and Mohanty 1988; Atal et al. 1991).

Mitochondria can also produce ROS in plants. Under normal aerobic conditions,
electron transport and ATP syntheses are tightly coupled, but stress can lead to changes
in the mitochondrial electron transport chains (ETC) that can lead to overreduction of
electron transporters and the excess production of ROS (Noctor et al. 2007; Blokhina
and Fagerstedt 2006). Increased ROS production as a result of ETC perturbations has
been reported in plants exposed to chilling (Prasad et al. 1994a, b; Purvis et al. 1995),
salinity (Herndndez et al. 1993; Mittova et al. 2003), high temperatures (Schwarzlander
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et al. 2009), exposure to Cd (Schwarzlander et al. 2009) and phosphate deficiency
(Juszczuk et al. 2001; Malusa et al. 2002). Metal ions such as Fe, Cu and Zn are essen-
tial for the proper functioning of the mitochondrial enzymes involved in the TCA
cycle, ATP synthesis, electron transport and antioxidant defences (Tan et al. 2010;
Nouet et al. 2011). ROS production in the endoplasmic reticulum (ER) could facili-
tate the transmission of toxic Cd?** ions at the ER—mitochondria interface. Again, H,O,
could diffuse out of the ER and attack the membranes of neighbouring mitochondria,
bypassing the protection conferred by mitochondrial SOD that is located in the mito-
chondrial matrix (Karuppanapandian et al. 2011).

Peroxisomes compartmentalize the enzymes involved in the f-oxidation of fatty
acids, the C, photorespiratory cycle and they are major sites of intracellular H,O,
production due to their essentially oxidative metabolism (del Rio et al. 2006).
Peroxisomes produce O, as a consequence of normal metabolism (Corpas et al.
2001), with three integral peroxisomal membrane polypeptides (PMPs), with
molecular masses of 18, 29 and 32 kDa embedded in the membrane, having been
shown to form O,'~ (del Rio et al. 2002).

In addition to the earlier sites of ROS production, plant cells have several other
potential sites of ROS production. Electron transporting oxidoreductases are ubiqui-
tous in plasma membranes and can generate ROS. Plasma membrane-bound NADPH
oxidases have been proposed to play key roles in the production and accumulation of
ROS in plants and are involved in responses to various abiotic stressors (Orozco-
Cardenas et al. 2001; Kwak et al. 2003), including nutrient deficiency or excess of Cd,
copper (Cu) and nickel (Ni) (Quartacci et al. 2001; Hao et al. 2006). Cell walls are
also regarded as active sites for ROS production as cell wall-associated peroxidases
and oxidases are involved in H,O, generation. ROS generation by cell-wall-located
peroxidases has been shown to occur during the hypersensitive response (HR), trig-
gered in cotton by the bacterium Xanthomonas campestris pv. malvacearum (Martinez
et al. 1998), and potassium (K) deficiency in Arabidopsis (Kim et al. 2010; Higuchi
2006). Production of O,"~ and H,O,, was noted in the cell walls of maize roots (Liszkay
et al. 2004) and OH" generation was demonstrated in vivo and in vitro in the cell walls
of several other plant species (Schopfer 2001; Spiteller 2003). The apoplast is also an
important site for ROS accumulation in response to abiotic stressors, such as drought,
salinity, high and low temperatures, ozone and high light (Herndndez et al. 2001; Zhu
2001; Miller et al. 2009; Vahisalu et al. 2010) and the cell-wall-located enzymes have
been shown to be responsible for apoplastic ROS production (Apel and Hirt 2004;
Heyno et al. 2011). H,0, accumulation in the apoplast is involved in the acclimation
responses of plants, such as modulation of growth rate and cell wall strengthening, to
drought and salt stress (Herndndez et al. 2001; Zhu 2001; Rodriguez et al. 2004).

ROS Scavenging and Detoxification by Antioxidants

Plants possess complex antioxidant defence systems to protect cellular components
from oxidative damage. These systems include enzymatic and non-enzymatic compo-
nents to scavenge and detoxify ROS. The enzymatic antioxidants include multiple
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superoxide dismutases (SOD; EC 1.15.1.1), ascorbate peroxidase (APX; EC 1.11.1.11),
monodehydroascorbate reductase (MDHAR; EC 1.6.5.4), dehydroascorbate reductase
(DHAR; EC 1.8.5.1), glutathione reductase (GR; EC 1.6.4.2), catalase (CAT; EC
1.11.1.6), glutathione peroxidase (GPX; EC 1.11.1.9), glutathione S-transferase (GST;
EC 2.5.1.18), peroxidase (POX, EC 1.11.1.7), guaiacol peroxidase (GPOX; EC
1.11.1.7), and the non-enzymatic antioxidants include ascorbate (AsA), glutathione
(GSH), tocopherol, carotenoids, flavonoids, proline and GB (Ahmad et al. 2010a, b; Gill
and Tuteja 2010; Hossain et al. 2011a, b; Sharma et al. 2012; Mostofa et al. 2015a, b).
Increased levels of ROS scavenger enzymes, in response to various abiotic stress, are
found in different cellular locations, e.g. chloroplasts, mitochondria, the plasma mem-
brane and cell wall (Das et al. 2015; Hossain et al. 2015). ROS scavenging and detoxify-
ing in the different cellular compartments represents a coordinated response (Pang and
Wang 2008). The key ROS detoxification systems found in plants are shown in Fig. 5.1.
Various components of the antioxidant defence systems found in plants have been
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Fig. 5.1 Reactive oxygen species detoxification systems in plants (modified from Hossain et al.
2014). SOD, CAT, APX, GPX and GST are the proteins responsible for eliminating ROS. Enzymes
that promote the elimination of ROS via the ascorbate-glutathione cycle are APX, MDHAR,
DHAR and GR. The elimination of ROS by non-enzymatic processes is carried out by carotenoid
(vitamin A), a-tocopherol (vitamin E), AsA (vitamin C) and glutathione. Superoxide produced in
different cell organelles is rapidly converted to H,O, by SOD, which, in turn, is converted to H,O
by APX and CAT. The oxidation of AsA caused by ROS or by APX leads to the formation of
monodehydroascorbate (MDHA) and dehydroascorbate (DHA). MDHA is reduced to AsA by
MDHAR with the utilization of NADPH and DHA is converted to AsA by DHAR with the utiliza-
tion of GSH. GR is responsible for recycling of GSSG to GSH by the expense of NADPH. GST
and GPX catalyse the GSH-dependent reduction of H,0, and organic peroxides, including lipid
peroxides to H,O or alcohols. During lipid peroxidation, carotenoid, a-tocopherol and AsA help
regenerate GSSG back into GSH through vitA, vit E and vit C cycle. Abbreviations are defined in
the text
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manipulated, overexpressed or down-regulated to aid in our understanding of the roles
antioxidant systems play in the responses of plants to stress (Das et al. 2015).

The Molecular Mechanisms of ROS Quenching
by Glycinebetaine in Plants Under Stress

Though, GB does not appear to scavenge the ROS directly, various studies have attrib-
uted the ability of GB to protect photosystems to ROS scavenging (Murata et al. 2007,
Chen and Murata 2011; Giri 2011). Excessive light causes inactivation of PSII, a phe-
nomenon known as photoinhibition, which is an unavoidable process in photosynthetic
organisms, due to light being the driving force of photosynthesis (Chen and Murata
2011). Under normal conditions plants can efficiently repair of PSII (Aro et al. 1993),
but excessive generation of ROS in stressed plants can interfere with PSII repair,
mainly via suppression of de novo protein synthesis (Takahashi and Murata 2006).

Various transgenic studies support the role of GB in ROS scavenging and detoxi-
fication. For example, Kathuria et al. (2009) concluded that GB plays a significant
role in reducing the accumulation of and in the detoxification of ROS in transgenic
plants overexpressing genes encoding enzymes involved in GB biosynthesis, com-
pared to their wild-type plants. In addition, GB has been reported to lower the rate
of membrane lipid peroxidation, a consequence of oxidative stress, via inducing the
expression of fatty acid desaturase and lipoxygenase genes, and therefore helping to
maintain membrane integrity in tomato plants subjected to low temperature stress
(Karabudak et al. 2014). GB has also been reported to help maintain ROS homeo-
stasis in wheat plants under salinity stress by up-regulating the transcription of
alternative oxidase (AOX), H*/Na* antiporter exchanger (NHX1) and salt overly
sensitive 1 (SOS1) genes (Badran et al. 2015). Cruz et al. (2013) critically examined
the effectiveness of application of GB to Carapa guianensis plants growing under
water deficit, and they observed that GB caused a significant increase in APX activ-
ity and attenuated lipid peroxidation in stressed plants.

Enhanced Abiotic Oxidative Stress Tolerance via the Exogenous
Application of Glycinebetaine

All forms of abiotic stress, such as salinity, drought, chilling, freezing, heat and
heavy metals, can cause an excessive accumulation of ROS leading to irreparable
dysfunction and death in plants. In this section, we will discuss the involvement of
exogenous GB in modulating ROS and MG detoxification systems as a means of
inducing oxidative stress tolerance.

A series of recent experiments have shown that exogenous application of GB to
plants increases abiotic oxidative stress tolerance (Hossain et al. 2010, 2011a, b,
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2014; Hu et al. 2012; Anjum et al. 2012; ffSorwong and Sakhonwasee 2015). Park
et al. (2006) reported that exogenous application of GB induces chilling tolerance
in a GB non-accumulating variety of tomato (Lycopersicon esculentum Mill. cv.
Moneymaker). After 2 days of chilling treatment GB-treated plants had lower H,0,
levels and higher CAT activities than control plants. In was concluded that
GB-induced chilling tolerance involves the induction of H,0, detoxifying antioxi-
dant defence systems. Even pre-treatment of seeds with GB can enhance chilling
tolerance in hybrid maize (Zea mays L.), through the maintenance of higher water
contents; reduced electrolyte leakage (EL) and higher SOD, CAT and APX activi-
ties (Farooq et al. 2008a).

The role of GB in modulating salinity-induced oxidative stress tolerance has been
well documented in plants. Hoque et al. (2007) showed that exogenous GB enhances
salinity-induced oxidative stress tolerance in cultured tobacco (BY-2) cells, by mod-
ulating the activities of AsA-GSH cycle enzymes. In addition, it has also been shown
that exogenous GB application enhances salt tolerance by reducing protein oxidation
and by modulating GST, GPX and glyoxalase system enzymes activities (Hoque
et al. 2008). Nawaz and Ashraf (2010) studied the role of exogenous GB application
as a modulator of salt tolerance in two maize (Zea mays L.) genotypes. Salt stress led
to a decrease in photosynthetic activity, chlorophyll content and SOD activity in both
of maize cultivars. Exogenous application of GB significantly enhanced the photo-
synthetic capacity and the activities of SOD, CAT and POD in treated plants com-
pared to controls. These results suggested that GB-induced enhancement in
antioxidant enzyme activities might help to protect chloroplasts from salt-induced
oxidative damage. In a study of mung bean (Vigna radiata) seedlings under salinity
stress, salt led to a robust increase in ROS and MDA levels. Exogenous application
of GB significantly enhanced the activities of ROS and MG detoxification systems
and reduced salt-induced oxidative damage, with lower ROS and MDA levels com-
pared to the seedlings not treated with GB (Hossain et al. 2011a, b). Hu et al. (2012)
showed that exogenous application of GB increased salinity tolerance in perennial
ryegrass (Lolium perenne). Plants subjected to salt stress showed higher EL, MDA
and proline contents than control plants, but exogenous application of GB reduced
the EL, MDA and proline contents under salt stress. Salt stress significantly reduced
the activities of the antioxidant enzymes SOD, CAT and APX. Importantly, addition
of GB increased activities of ROS detoxifying enzymes. In addition, GB treatment
reduced the Na* accumulation whereas increased the K* content of shoots, which led
to a higher K*/Na* ratio under saline conditions. These results indicated that
GB-induced salt tolerance is at least in part due to higher SOD, CAT and APX activi-
ties, and improved ion homeostasis, resulting in less ROS induced damage. Recently,
Hasanuzzaman et al. (2014) showed that exogenous application of GB (5 mM) to rice
seedlings enhanced salinity-induced oxidative stress tolerance through the up-regu-
lation of the ROS and MG detoxification pathways. Yildirim et al. (2015) showed
that exogenous application of GB to lettuce plants could ameliorate the harmful
effects of salt stress by reducing lipid peroxidation, H,0O, levels and membrane per-
meability. Importantly, exogenous application of GB also found to increase the gib-
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berellic acid (GA) and salicylic acid (SA) and indole acetic acid (IAA) content under
salt stress condition.

The protective roles of GB have also reported in plants subjected to drought stress.
Farooq et al. (2008b) showed that exogenous application of GB enhanced drought
tolerance in fine grain aromatic rice (Oryza sativa L.). Drought stress greatly reduced
rice growth while GB application improved plant growth both under well watered and
drought conditions. Importantly, foliar application of GB under drought stress signifi-
cantly altered the level of ROS and MDA and increased the activities of SOD, APX and
CAT. Farooq et al. (2008b) concluded that GB-induced increased antioxidant produc-
tion reduced the oxidative damage in plants under drought stress. Anjum et al. (2012)
showed that exogenous application of GB modulates drought stress tolerance in two
maize cultivars contrasting of their drought stress tolerance. Prolonged drought stress
increased lipid peroxidation whereas GB treatment significantly reduced oxidative
damage, as indicated by lower MDA levels. The activities of POD, SOD and CAT
increased initially but subsequently declined with continued drought stress. Importantly,
GB-treated plants maintained higher levels of ROS detoxifying enzymes that would
have contributed to greater stress tolerance and improved growth and yields. Recently,
Molla et al. (2014) showed that exogenous application of GB reduces drought-induced
oxidative stress in lentil (Lens culinaris) seedlings. Drought stress led to a significant
increase in oxidative stress, as indicated by higher H,O, and increased glutathione
disulphide levels (GSSG). Exogenous application of GB (15 mM) to drought stressed
plants resulted in a significant increase in the GSH content and the activities of the
enzymes GST and Gly I, with a simultaneous reduction in GSSG and H,0O, levels.
Molla et al. (2014) also suggested that exogenous GB enhances drought stress toler-
ance by limiting H,O, accumulation and by increasing the activities of the antioxidant
and glyoxalase systems. Additionally, Hossain et al. (2014) showed that exogenous
application of GB to mustard (Brassica juncea) modulated drought-induced oxidative
stress tolerance as indicated by higher ROS and glyoxalase pathway enzymes along
with the lower level of H,O, and lipid peroxidation (Hossain et al. 2014).

The roles of exogenous GB in Cd stress tolerance were studied by Islam et al.
(2009a) in cultured tobacco BY-2 cells under Cd stress (100 pM Cd). Cd stress
caused growth inhibition and oxidative damage, as indicated by higher MDA levels.
Addition of GB caused an increase in endogenous GB, CAT activity, decreased
MDA levels and lower Cd accumulation. In a second study, Islam et al. (2009b)
showed that exogenous application of GB application also increased the activities
of APX, DHAR, MDHAR and GR, which helped to protect key cellular compo-
nents from Cd-induced oxidative damage (Islam et al. 2009b). Consequently, we
(Hossain et al. 2010) showed that exogenous application of GB increased Cd toler-
ance in mung bean (Vigna radiata L.) seedlings. Imposition of short-term (24 h) Cd
stress (1 mM) led to a significant increase in HO, and MDA levels in mung bean
leaf tissues in comparison to control plants. Inactivation or insufficient up-regulation
of MG and ROS detoxifying enzymes such as APX, MDHAR, DHAR, GPX, GST,
CAT, Gly I and Gly IT and AsA and GSH contents was found in seedlings subjected
to Cd stress. Surprisingly, 5 mM GB application favourably modulated the ROS and
MG detoxifying enzyme activities and the glutathione redox state, making the
plants more tolerant to Cd stress-induced oxidative damage.
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Duman et al. (2011) studied the effects of exogenous GB application on the
responses of duckweed (Lemna gibba L.) to Cd exposure. Duckweed samples were
subjected to various concentrations of Cd for 6 days in the absence or presence of
GB. Treatment with GB had no significant influence on Cd accumulation, but GB
had a significant influence on endogenous proline accumulation, ROS detoxifying
enzyme activities, the level of lipid peroxidation and photosynthetic activity. They
concluded that GB has a defensive role in plants exposed to Cd, reducing both ROS
and MDA levels. Cao et al. (2013) showed that exogenous application of GB
induces oxidative stress tolerance in rice seedlings exposed to Cd. Rice seedlings,
pre-treated with 100 pM GB and then exposed to Cd for 5 days, had greater root
lengths, fresh and dry weights, higher chlorophyll contents and less ROS-induced
damage, as shown by lower MDA levels, and higher SOD activities, in stem tissues,
compared to control plants not pre-treated with GB. Recently, Ali et al. (2015)
showed the exogenous application of GB enhanced chromium tolerance in wheat
(Triticum aestivum L.). Cr stress significantly inhibited growth, chlorophyll and
protein contents, and increased antioxidant enzyme activities. Foliar application of
GB (0.1 mM) under Cr stress reduces Cr accumulation in grains and modulated the
activities of APX and CAT in root and shoot tissues. Increased antioxidant enzyme
activities with GB application under Cr stress might be one of the possible mecha-
nisms of GB-induced metal tolerance in plants. Additionally, Lou et al. (2015)
showed that GB application induces Cd stress on perennial ryegrass (Lolium
perenne). Cd stress resulted in a decrease in turf quality, shoot growth, transpiration
rates and Chl contents, with significant increases in EL, MDA content, SOD, CAT,
POD activities, and oxalic and tartaric acid levels. Exogenous applications of GB
(20 mM) reversed the adverse impacts of Cd stress. Their findings suggested that
GB could alleviate the detrimental effects of Cd on perennial ryegrass and that ame-
lioration was mainly related to elevation of SOD, CAT and POD activities and
higher stress responsive gene expression.

Sorwong and Sakhonwasee (2015) showed that GB can enhance heat stress tol-
erance in marigold cultivars. Heat stress caused photoinhibition and lower CO,
assimilation, stomatal conductances and transpiration rates in heat-treated marigold
plants compared to control plants grown at a constant 25 °C. Significant increase in
H,0,, lipid peroxidation and cell death in all cultivars were observed under heat
stress. Foliar application of GB significantly reduced the levels of H,O,, superoxide
and MDA. Sorwong and Sakhonwasee (2015) conduced that the mechanisms of
GB-induced heat stress tolerance involved protection of the photosynthetic machin-
ery, increased gas exchange and ROS detoxification.

From the above reports it has become clear that GB plays a pivotal role in keep-
ing ROS levels, induced by various abiotic stressors, under control by regulating the
activities of enzymes involved in ROS scavenging and detoxification, and also by
regulating the glyoxalase system. However, more in-depth studies might also reveal
subtler regulatory roles for GB in modulating abiotic stress tolerance.
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Glycinebetaine-Accumulating Transgenic Plants and Abiotic
Oxidative Stress Tolerance

The cloning of various genes (codA and BADH) encoding enzymes that catalyse the
biosynthesis of GB has been reported, and many lines of transgenic plants have
been produced expressing GB biosynthetic genes with enhanced abiotic and abiotic
oxidative stress tolerance in plants (Yang et al. 2007; Ahmad et al. 2010a, b; Zhang
et al. 2011; Fan et al. 2012; Li et al. 2014a, b; Di et al. 2015).

Yang et al. (2007) reported that transgenic tobacco plants overexpressing a
BADH gene showed enhanced heat stress tolerance. The activities of antioxidant
enzymes (APX, MDHAR, DHAR, GR and CAT) all decreased in response to heat
stress in wild-type (WT) plants, but in the transgenic plants the activity of many of
these enzymes increased significantly or remained unchanged, and the levels of
AsA and GSH were higher in the transgenic plants. These findings suggest that
over-accumulation of GB in transgenic plants could lower ROS levels, which con-
tributes to heat stress tolerance. Ahmad et al. (2010a, b) found that overexpression
of multiple genes (codA, SOD and APX) in potato plants enhanced stress tolerance,
as compared to plants overexpressing only a SOD or APX gene. Transgenic plants
expressing multiple genes showed higher methyl viologen (MV)-induced oxidative
stress tolerance, as compared to the single gene transgenic plants. Additionally,
plants overexpressing three genes showed higher SOD, APX and CAT activities as
compared to wild type or APX or SOD-expressing plants, under salt or drought
stress. The synergistic effects of GB, SOD and APX appeared to help the transgenic
plants grow and develop better under conditions of abiotic stress.

Zhang et al. (2011) showed that transgenic cotton (Gossypium hirsutum L.) plants
overexpressing a betA gene (a gene for GB synthesis) showed enhanced salinity
tolerance, as indicated by higher rates of photosynthesis, better osmotic adjustment,
higher relative water contents, and lower levels of lipid peroxidation and ion leakage.
Fan et al. (2012) showed that transgenic sweet potato (I[pomoea batatas) plants over-
expressing a GB biosynthetic gene (BADH) had enhanced abiotic stress tolerance.
Transgenic plants maintained higher photosynthetic activities, and lower H,O, and
MDA levels under salt, chilling and M V-induced oxidative stress. Transgenic plants
also showed higher SOD gene expression and enzyme activities. Higher expression
levels of CAT, APX, MDHAR, DHAR, GR, GPX and POD genes were also observed
in plants under salt, drought and MV stress. Fan et al. (2012) concluded that better
abiotic stress tolerance in transgenic plants was in part due to improved ROS scav-
enging. Similarly Li et al. (2014a) showed that transgenic tomato (Lycopersicon
esculentum cv. ‘Moneymaker’) plants overexpressing a BADH gene exhibited higher
heat stress (42 °C) tolerance as compared to WT plants. Transgenic plants showed
higher photosynthetic activities, and lower levels of H,O, and superoxide and lipid
peroxidation as compared to WT plants. In addition, transgenic plants showed higher
antioxidant enzyme activities under stressful conditions. In a second study, Li et al.
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(2014b) showed that transgenic alfalfa (Medicago sativa L. cv. Xinjiang Daye) plants
overexpressing a codA gene showed enhanced tolerance to abiotic stress. Transgenic
plants showed better tolerance to MV-induced oxidative stress and better salinity-
induced oxidative stress tolerance, as indicated by higher Chl contents and lower
MDA levels as compared to the WT plants. From the above reports it is evident that
transgenic plants overexpressing GB biosynthetic genes have enhanced abiotic stress
tolerance and oxidative stress tolerance.

Conclusion and Future Perspectives

Extensive work in recent past has confirmed that GB is an important compatible
osmolyte with multiple functions in plant growth and survival, both under normal
as well as stressful conditions. Plants accumulate GB in their tissues in response to
and to counteract the deleterious effects of abiotic stresses and usually higher GB
levels are not only correlated with, but also attributable to better plant stress toler-
ance. Besides protecting vital enzymes and membranes, GB can also mitigate ROS-
mediated oxidative damage to plant cells and help to maintain the cellular redox
balance, as well as controlling potential oxidative bursts.

Due to its wide spectrum of functions, GB biosynthetic pathway genes have been
used to generate transgenic plants that accumulate GB and exhibit enhanced toler-
ance to various abiotic stresses, including secondary oxidative bursts. Recent scien-
tific advancements have supported the role of GB in the prevention of excess ROS
generation and oxidative stress in plants cells, when coupled with increased levels
of ROS-scavenging enzymes. However, further research focused more on identify-
ing genes associates with GB biosynthesis and explore the advantages of chloro-
plast engineering over its genome counterpart is required. Recent findings also
suggested GB-mediated up-regulation of gene cascades, some of them with ROS
scavenging roles, demonstrates a possible interaction between oxidative stress,
gene expression and the accumulation of GB under condition of abiotic stress. The
possibility of gene stacking and co-expressing various genes, with known antioxi-
dant potential, with genes associated with GB biosynthesis needs to be explored to
produce plants with enhanced oxidative stress tolerance. Further work is also needed
to establish whether the transcript changes are direct targets of GB or is just pro-
duced by transgenic plants via metabolic adjustment.Acknowledgements The
financial support from the Science and Engineering Research Board, Government
of India [grant number SR/FT/LS-93/2011] to V.K. as a Young Scientist Project is
gratefully acknowledged.
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