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P. Suprasanna, G.C. Nikalje, and A.N. Rai

Abstract

Plants being sessile are challenged by biotic and abiotic stresses. Osmotic
adjustment has been shown to be an effective component of stress toler-
ance, and accumulation of osmoprotectants (proline, glycine betaine,
gamma-aminobutyric acid and sugars) is a common response observed in
different plant systems. Information on the metabolic pathways of these
compatible solutes for their regulation, enzymes involved and compart-
mentalisation are well characterised in most important plant species. Such
information has prompted researchers to devise strategies for improve-
ment of plant tolerance through the accumulation of osmolytes in plants
by expression of core biosynthetic enzymes or their derivatives and expres-
sion of related transporters. Pathway engineering for overproduction of
compatible solutes is being attempted through stress-inducible and/or
tissue-specific regulation in order to avoid primary metabolic costs and
minimise the pleiotropic effects. Understanding the mechanisms by which
plants perceive environmental signals and transmit them to cellular
machinery to activate adaptive responses is crucial for the development of
crop improvement strategies to impart stress tolerance.
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1.1 Introduction

Plants are challenged by hostile environments of
temperature, drought, salinity and heavy metals
which disrupt cellular and developmental pro-
cesses. One such mechanism is ‘osmotic adjust-
ment’ by which plants accumulate small organic
molecules called osmolytes to protect the cellular
machinery against denaturing environmental
stresses (Yancey 2005; Chen and Jiang 2010;
Liang et al. 2013). Plants have developed com-
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plex and well-organised mechanisms to adopt
and tolerate biotic and abiotic stress conditions
(Munns and Tester 2008). Abiotic stresses such
as drought, salinity, cold, freezing, high tempera-
ture, anoxia, high light intensity and nutrient
imbalances affect plant growth, development and
productivity. It is thus important to understand
the mechanisms controlling different metabolic
pathways and their interplay during abiotic stress
and develop improved crop varieties for realising
complete yield potential.

To combat stress, plant metabolism is altered
in many different ways including compatible sol-
ute production (Fig. 1.1) to stabilise proteins and
cellular structures and/or to maintain cell turgor
by osmotic adjustment and redox metabolism to
remove excess levels of ROS and re-establish the
cellular redox balance (Chinnusamy and Zhu
2009; Janska et al. 2010; Krasensky and Jonak
2012). Osmotic adjustment in mediating stress
tolerance and protecting subcellular structure has
been considered as a central dogma in stress
physiology (Hare et al. 1998); however, it is still
debated whether increased osmolyte accumula-
tion can benefit crop yield (Seeraj and Sinclair
2002).

Osmotic adjustment has been shown to be an
effective component of stress tolerance, and
accumulation of osmoprotectants such as proline,
glycine betaine, gamma-aminobutyric acid
(GABA) and sugars is a common response
observed in different plant systems (Ashraf and
Foolad 2007; Chen and Jiang 2010) (Fig. 1.2).
Organic osmolytes found in plants include low
molecular weight compounds (sugar and sugar
alcohols), methylated tertiary N compounds (gly-
cine betaine) and amino acids (proline and gluta-
mate) and other low molecular weight metabolites
(Chen and Jiang 2010). In addition, b-alanine
betaine, proline betaine, dimethylsulphoniopro-
pionate and pinitol have also been associated
with adaptation in halophytic plant species
(Slama et al. 2015). Osmolytes are involved in
unique reactions that can protect plant cells in
various ways other than osmotically (Yancey
2005). Table 1.1 presents some of the protective
properties that have been demonstrated in several
research reports. Genetic engineering of meta-
bolic conduit for a number of compatible solutes

P. Suprasanna et al.

such as proline, glycine betaine, sorbitol, manni-
tol and trehalose has led to successful demonstra-
tion that transgenic plants display increased
resistance to drought stress, high salinity and
cold stress (Bhatnagar-Mathur et al. 2008;
Reguera et al. 2012). In this review, we provide
an update on different osmolytes, their accumula-
tion and transgenic approach to improve abiotic
stress tolerance in plants.

1.2  Sugars and Sugar Alcohols

Sugarsnot only function as osmoprotectants dur-
ing stress but as substrates for growth and regula-
tors of gene expression (Koch 1996).
Disaccharides (sucrose, trehalose), raffinose
family oligosaccharides (RFOs) and fructans are
essentially involved in plant stress tolerance
(Keunen et al. 2013). It has been demonstrated
that some stress conditions such as drought,
salinity, low temperature and flooding, in gen-
eral, result in increased soluble sugar levels,
whereas low sugar levels are seen under other
stress conditions like high light irradiance, heavy
metals and nutrient deficiency (Strand et al. 1999;
Gill et al. 2001). The initial response to drought
stress appears to be associated with an increase in
monosaccharides, while the more delayed
response seems to be associated with an increase
in fructan (Kerepesi and Galiba 2000). In many
higher plants, carbohydrate metabolism is modi-
fied under dehydration stress to favour the con-
version of other sugars to sucrose (Whittaker
et al. 2001). In Craterostigma plantagineum, sur-
vival under almost complete tissue dehydration is
associated with accumulation of sucrose in aerial
tissues because of metabolism of 2-octulose
(Norwood et al. 2000). During the development
and maturation of seeds of some species, stachy-
ose levels rise as water is lost from the seed
(Saravitz et al. 1987). Trehalose possesses the
unique feature of reversible water absorption
capacity to protect biological molecules from
desiccation-induced damage and appears to be
superior to other sugars at conferring protection
(Rontein et al. 2002; Delorge et al. 2014). In the
plant kingdom, most species do not seem to accu-
mulate detectable levels of trehalose, with the
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ENVIRONMENTAL
STRESS AGENTS
Salinity, Cold,
Drought, Heat g

Damage and/ or Disruption Of lonic And Osmotic
Homeostasis, Membrane, Proteins

Stress Response :
Osmotic, lonic, Oxidative

&

.

Osmosensors, phospholipid-cleaving enzymes,
second messengers, MAP kinases, Ca2+
sensors, calcium-dependent protein kinases

&

TRANSCRIPTION FACTORS

STRESS RESPONSIVE
MECHANISMS

GENE ACTIVATION

membranes

Revival of cellular homeostasis, functional and
structural protection of proteins and

1 B

TOLERANCE

Fig.1.1 Mechanisms of abiotic stress tolerance in plants.
Different environmental stress conditions, such as
drought, salinity and high/low temperatures induce

exception of the highly desiccation-tolerant ‘res-
urrection’ plants.

Raffinose family oligosaccharides (RFOs)
have been implicated in mitigating the effects of
environmental stresses such as cold, heat or
dehydration (ElSayed et al. 2014). RFOs func-

signalling and regulatory networks leading to develop-
ment of tolerance response

tion in protecting cellular integrity during desic-
cation and/or imbibition, extending longevity in
the dehydrated state and providing substrates for
energy generation during germination. Taji et al.
(2002) examined the functions of RFO in
Arabidopsisthaliana plants under drought and
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Salinity

Drought

Fig. 1.2 Response of plants to different abiotic stresses and osmolyte production

Table 1.1 Compatible solutes and mechanism of

protection

Compatible solutes | Mechanism of protection

Proline, glycine Protein integrity, ROS

betaine scavenging activity and singlet
oxygen quenching ability

Trehalose Reversible water absorption
capacity, increase
thermostability, membrane
protection

Polyols Stabilise enzymes or membrane
structures, support redox control

GABA N metabolism, signal mediating

(y-aminobutyric plant-microbe interactions

acid)

Methylamines Counteract inorganic ion
inhibition

cold stress conditions based on the analyses of
function and expression of genes involved in
RFO biosynthesis. Sugar analysis showed that
drought-, high salinity- and cold-treated

Arabidopsis plants accumulate a large amount of
raffinose and galactinol, but not stachyose, sug-
gesting that raffinose and galactinol are involved
in tolerance to drought, high salinity and cold
stresses. Besides their role in abiotic stress,
galactinol and RFOs are thought to act as signals
to mediate stress responses (Valluru and Van den
Ende 2011). Pathogen-induced systemic resis-
tance has been shown to have signals mediated
by these sugars possibly indicating a role in
defence against biotic stresses (Kim et al. 2008;
Valluru and Van den Ende 2011). Since biotic
and abiotic stresses have integrating crosstalk, it
is possible to assume such signalling mechanism
operating in abiotic stress (Valluru and Van den
Ende 2011).

Sugar alcohols also protect large molecules
during dehydration and rehydration against rapid
osmotic changes and oxidative stress (Tarczynski
et al. 1993). Sugar alcohols could function as
scavengers of activated oxygen species, thereby
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preventing peroxidation of lipids and resulting
cell damage. Myo-inositol, D-pinitol and
D-ononitol have been reported to be capable of
scavenging hydroxyl radicals (Smirnoff 1998).
Following stress in ice plant, enhanced inositol
levels are utilised by the enzyme inositol
O-methyl transferase to generate D-ononitol,
which is then converted into D-pinitol. Myo-
inositol accumulates under most abiotic stress
conditions and is positively contributing to toler-
ance as a compatible solute (Tan et al. 2013). The
sugar alcohol mannitol plays an important role in
osmotic adaptation and confers enhanced toler-
ance to high salinity or water stress. In celery
(Apium graveolens), mannitol is synthesised in
equal amounts to that of sucrose and constitutes
as much as 50 % of the translocated photoassimi-
late (Loester et al. 1992). Mannitol accumulation
has also been shown to increase when plants are
exposed to low water potential, and this accumu-
lation is regulated by inhibition of competing
pathways and decreased mannitol consumption
and catabolism (Stoop et al. 1996).

Although accumulation of sugars is well asso-
ciated with osmotic adaptation, sugars are also
known to participate in specific signal transduc-
tion mechanisms during abiotic stress environ-
ment (Radomiljac et al. 2013). It is interesting to
study the specificity of such sugar mediated sig-
nalling and derive a functional role for the indi-
vidual sugars apart from their osmoprotectant
roles (Radomiljac et al. 2013). In addition, it is
also interesting to note that soluble sugars such as
disaccharides, raffinose family oligosaccharides
and fructans are strongly related to stress-induced
ROS accumulation in plants.

1.3  Amino Acids

Accumulation of amino acids has been observed
in plants exposed to abiotic stress (Rhodes et al.
1986; Lugan et al. 2010). During episodes of abi-
otic stress exposure, plants accumulate stress-
related molecules with osmolyte role. Proline,
glycine betaine and GABA) are involved and
subsequently have become the candidates for
genetic manipulation for improved stress toler-

ance (Huang et al. 2000; Giri 2011; Suprasanna
et al. 2014).

1.4  Proline

Proline acts as a compatible solute to protect
plant cells under osmotic stress (Csonka and
Hanson 1991; Hare and Cress 1997; Kavi Kishor
et al. 2005). As a molecular chaperone, proline
has also been demonstrated to protect protein
integrity and increase the enzyme activities.
Proline is also suggested to bear an antioxidant
role, having ROS scavenging activity and sin-
glet oxygen quenching ability (Smirnoff and
Cumbes 1989; Alia and Matysik 2001; Matysik
et al. 2002). Proline is synthesised from (i) glu-
tamate by Al-pyrroline-5-carboxylate (P5C)
synthetase (P5SCS) and P5C reductase (P5CR)
and (ii) also from ornithine, which is converted
into PSC/GSA via ornithine-d-aminotransferase
(Liang et al. 2013; Rai and Penna 2013). In
plants, the pathway from glutamine is the pri-
mary route for the synthesis under osmotic
stress conditions, and the pathway from orni-
thine is known to operate under nitrogen limita-
tion (Delauney et al. 1993). In chloroplasts an
enhanced rate of proline biosynthesis during
stress can maintain the low NADPH: NADP+
ratio, contribute to sustaining the electron flow
between photosynthetic excitation centres, sta-
bilise the redox balance, and reduce photoinhi-
bition and damage of the photosynthetic
apparatus (Hare and Cress 1997).

During recovery from stress, proline is con-
verted to Al-pyrroline-5-carboxylate (P5C) by
proline dehydrogenase (PDH) and then to gluta-
mate by P5C dehydrogenase (PSCDH). While
proline accumulation under conditions of drought
(low water potential), salinity and freezing
(Verslues et al. 2006), heavy metal exposure
(Sharma and Dietz 2006), and plant pathogen
defence (Fabro et al. 2004) is reported, heat stress
doesn’t result in proline accumulation in tobacco
and Arabidopsis plants, and induced proline
accumulation renders plants more sensitive to
heat (Rizhsky et al. 2004; Dobra et al. 2010; Lv
etal. 2011).



A common adaptive response to various abi-
otic stresses in halophytes is seen through the
accumulation of proline. The Aizoaceae family
members accumulate large quantities of proline
showing its role in osmoprotection (Deuschle
et al. 2001; Lokhande et al. 2011). Such an
osmotic adjustment mediated through proline
accumulation is also evident in other halophyte
species of different families (Slama et al. 2015,
Table 1.2). High proline levels can improve the
salt tolerance of the halophyte plant Pancratium
maritimum by stabilising detoxifying enzymes
and protein turnover machinery and stimulating
the accumulation of stress-protective proteins
(Khedr et al. 2003). Although proline hyperac-
cumulation correlates well with the halophytic
behaviour in some plant species contributing to

P. Suprasanna et al.

their salinity tolerance, it may not be an absolute
requirement for them to adapt to extreme envi-
ronmental conditions. For example, in some
halophytes, such as Camphorosma annua or
Limonium spp., instead of high proline, carbohy-
drate or betaine-derived osmolytes get accumu-
lated under stress (Murakozy et al. 2003).
During multiple stress exposures (drought and
heat stress), proline doesn’t seem to accumulate
while it gets accumulated under drought alone
(Rizhsky et al. 2004). Heat stress has been shown
to ameliorate the toxicity of proline to cells, and
instead of proline, sucrose is accumulated in
plants subjected to the stress combination, per-
haps to protect hyperactive and susceptible mito-
chondria from the build-up of potentially toxic
pyrroline-5-carboxylate (Rizhsky et al. 2004;

Table 1.2 Osmolytes, functions and distribution among angiosperm families

Type of osmolytes Osmolytes

Amino acids Proline, alanine, arginine,
glycine, glutamine,
asparagine, y-aminobutyric
acid, pipecolic acid,
citrulline, ornithine

Role Distribution in angiosperms
Precursors for most of the Poaceae
osmolytes, alleviation of Cymodoceaceae
cytoplasmic acidosis, Juncaginaceae
prevents membrane damage | Posidoniaceae
and ion toxicity Zosteraceae

Asteraceae

Brassicaceae Myrtaceae
Plumbaginaceae Portulacea
Aizoaceae

Casuarinaceae
Rhizophoraceae Fabaceae
Plantaginaceae

Quaternary Glycine betaine, B-alanine
ammonium betaine, proline betaine,
compounds choline-O-sulphate,

Tertiary sulphonium
compounds

Sugars

Sugar alcohols

hydroxyproline betaine,
pipecolate betaine
Dimethyl
sulphoniopropionate
(DMSP)

Sucrose, trehalose, fructose,
maltose, rhamnose

Pinitol, mannitol, myo-
inositol, ononitol, sorbitol

Modified after Slama et al. (2015)

Protection against damage
of membrane, enzyme
activity, regulation of ROS
detoxification

Osmoprotection, detoxifies
excess sulphur

Osmotic adjustment and in
stabilising membranes

Facilitates osmotic
adjustment and acts as
signalling molecules

Solanaceae, Fabaceae
Acanthaceae Asteraceae
Plumbaginaceae
Amaranthaceae Aizoaceae
Frankeniaceae

Poaceae

Fabaceae, Plumbaginaceae
Rhizophoraceae
Cyperaceae Juncaceae,
Poaceae

Juncaginaceae
Posidoniaceae

Zosteraceae Asteraceae
Brassicaceae

Cymodoceaceae Asteraceae
Aizoaceae Combretaceae
Plantaginaceae

Fabaceae
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Mittler 2006). These findings suggest that during
a combination of drought and heat stress, sucrose
replaces proline in plants and functions as a
major osmoprotectant. However, a recent study
demonstrated the involvement of proline in the
protection of plants against a combination of
drought and heat stress (Cvikrova et al. 2013).

1.5 Glycine Betaine

Glycinebetaine  (N,N,N-trimethylglycine) is
widely accumulated in plants and other organ-
isms (Chen and Murata 2002). In the case of
osmoregulation, the compatible solute glycine
betaine (GB), a small organic metabolite, can
potentially play a crucial role in effective protec-
tion against salt, drought, and extreme tempera-
ture stress (Ashraf and Foolad 2007; Chen and
Murata 2008, 2011; Giri 2011). GB is synthe-
sised via two distinct pathways from two sub-
strates: choline and glycine, respectively. The
conversion of choline to GB involves two-enzyme
pathway occurring naturally in various plants,
animals and microorganisms. In this pathway,
GB is formed as the result of the two-step oxida-
tion of choline via the toxic intermediate betaine
aldehyde. In higher plants, the reactions are cata-
lysed by choline monooxygenase (CMO) and
NAD+-dependent betaine aldehyde dehydroge-
nase (BADH), both of which are localised in the
stroma of chloroplasts. The biosynthesis of GB is
stress-inducible and the concentration of GB in
vivo varies among plant species, ranging from 40
to 400 p mol (g DW)™! (Rhodes and Hanson
1993).

In many crop plants, including sugar beet
(Beta vulgaris), spinach (Spinacia oleracea), bar-
ley (Hordeum vulgare), wheat (Triticum aesti-
vum) and sorghum (Sorghum bicolor), GB is
known to accumulate in response to stress
(McCue and Hanson 1990; Rhodes and Hanson
1993 and Yang et al. 2003). In these species, tol-
erant genotypes normally accumulate more GB
than sensitive genotypes in response to stress.
Chen and Murata (2008) listed plant species with
stress-induced accumulation of GB. Natural

accumulators of GB contain low levels of GB
under non-stressed conditions, but accumulate
larger amounts of GB under abiotic stress condi-
tions (Rhodes and Hanson 1993).

Transgenic plants with overproduction of
GB-synthesising genes exhibited increased pro-
duction of GB and an enhancement in tolerance
to salt, cold, drought or high temperature stress
(Rhodes and Hanson 1993).

GB could be involved in inhibiting ROS accu-
mulation, protection of photosynthetic machin-
ery, activation of some stress-related genes and
membrane protection (Chen and Murata 2008,
2011). The role of GB in ROS detoxification is
also evident by reduced accumulation of ROS in
transgenic plants under water-deficit stress as
compared with control plants (Kathuria et al.
2009). Therefore, GB can provide tolerance to
abiotic stresses even at low concentration by pro-
tecting photosynthesis under abiotic stress
(Al-Taweel et al. 2007; Takahashi and Murata
2008). GB has also been implicated in protection
of quaternary structure of proteins (thereby main-
taining the enzyme activity) from damaging
effects of environmental stresses. During salt or
drought stress, synthesis of proteins involved in
PSII repair is affected leading to photoinhibition
(Al-Taweel et al. 2007; Takahashi and Murata
2008). GB antagonises the inhibition of protein
biosynthesis and thus enhances the PSII repair,
which leads to increased stress tolerance (Chen
and Murata 2008).

Exogenous application of GB to low-
accumulating or non-accumulating plants may
help reduce adverse effects of environmental
stresses (Yang and Lu 2005). GB accumulation
could contribute to osmoregulation by stabilisa-
tion of the highly ordered structures of certain
complex proteins, induction of the expression of
specific genes that encode reactive oxygen spe-
cies (ROS)-scavenging enzymes and subsequent
depression of levels of ROS in plant cells,
resulting in protection of the photosynthetic
machinery from the combined effects of light
stress and other kinds of stress, as well as of ion
channel proteins and the integrity of cell
membranes.



1.6 Gamma-Aminobutyric Acid

(GABA)

GABA is a non-protein amino acid induced in
response to biotic and abiotic stresses. The pre-
cursor for GABA is a-ketoglutarate which is con-
verted by glutamate dehydrogenase to glutamate
and by glutamate decarboxylase to GABA. Under
adverse environmental conditions, GABA plays
an important role in plant metabolism including
osmotic and pH regulation and nitrogen metabo-
lism, and it prevents accumulation of reactive
oxygen species (Barbosa et al. 2010; Renault
et al. 2010). Accumulation of GABA has been
shown in response to salinity (Kinnersley and
Turano 2000; Zhang et al. 2011; Renault et al.
2010). Flooding stress associated with marked
decline in cytosolic pH and oxygen deprivation
stress induces the higher accumulation of GABA
(Kinnersley and Turano 2000). Other stresses,
including cold, heat, salt and mild or transient
environmental factors, such as touch, wind, rain,
etc., rapidly increase cellular levels of Ca2+
which can stimulate calmodulin-dependent glu-
tamate decarboxylase activity and GABA synthe-
sis (Kinnersley and Turano 2000). Using
Caragana intermedia (a legume shrub), exoge-
nous GABA supply has been shown to alter the
gene expression in roots under NaCl stress and
activation of multiple mechanisms involved in
signalling cascades, regulation of protein degra-
dation, hormones biosynthesis, ROS production
and PA metabolism (Shi et al. 2010).

1.7  Bioengineering
for Development of Stress-

Tolerant Crops

Progress in cellular and molecular biological
tools has made it possible to clone important
osmolyte biosynthetic genes and transfer them
into crop plants (Wang et al. 2003). The elevated
level of compatible osmolytes, radical scaven-
gers and other transgene products has been dem-
onstrated with the stress tolerance (Vinocur and
Altman 2005). Several researchers have high-
lighted the genetic engineering efforts for

P. Suprasanna et al.

enhanced osmolyte synthesis (for proline and
glycine betaine) and stress tolerance (Wani et al.
2013). Overexpression of proline synthesis genes
in tobacco plants have shown increased drought
stress tolerance (Kavi Kishor et al. 1995).
Overexpression of MfMIPS1 (Medicago falcata
myo-inositol phosphate synthase) in tobacco
resulted in an increased MIPS activity and myo-
inositol, galactinol and raffinose, resulting in
enhanced resistance to chilling, drought and salt
stresses in transgenic tobacco plants (Tan et al.
2013).

Several of the glycine betaine
accumulating and stress-susceptible crops have
been used as targets for genetic engineering of
osmotolerance by producing betaine in nonaccu-
mulators (McCue and Hanson 1990), and trans-
genic plants with moderate tolerance to salt stress
have been obtained (Jia et al. 2002). Transgenic
sweet potato plants expressing BADH gene
exhibited higher tolerance to various abiotic
stresses, including salt, oxidative stress and low
temperature (Fan et al. 2012). Exogenous choline
addition increased the level of GB accumulation
in Arabidopsisthaliana, Brassica napus and
Nicotiana tabacum, suggesting that choline sup-
plement is necessary for high GB levels in trans-
genic plants (Huang et al. 2000). Transgenic
Brassica plants containing choline oxidase
(codA) gene showed resistance to multiple abi-
otic stresses as a result of increased glycinebeta-
ine accumulation (Wang et al. 2010).
Overexpression of betaine by manipulation of
betaine aldehyde dehydrogenase (BADH) via
chloroplast genetic engineering may prove to be
an important strategy in order to confer salt toler-
ance on desired crops (Kumar et al. 2004;
Fitzgerald et al. 2009).

In order to genetically engineer plants for
improved stress tolerance, trehalose biosynthesis
pathway has served as the choice target system in
several studies (Delorge et al. 2014). Initial stud-
ies used orsA (trehalose-6-phosphate synthase)
and otsB (trehalose-6-phosphate phosphatase)
genes from E. coli to raise transgenic tobacco
plants more drought tolerance than controls, even
though they exhibited morphological changes
and higher levels of nonstructural carbohydrates

non-
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(Pilon-Smits et al. 1998). To overcome such phe-
notypic and growth penalties, overproduction of
trehalose in rice transgenic plants was studied
using stress-inducible or tissue-specific expres-
sion of a bifunctional trehalose-6-phosphate syn-
thase/phosphatase ~ (TPSP)  fusion  gene
(comprising the E.coli trehalose biosynthetic
genes OtsAand OtsB with TPS and TPP activity,
respectively) (Garg et al. 2002). Cortina and
Culianez-Macia (2005) explored a further possi-
bility of genetic engineering for abiotic stress tol-
erance of tomato using the yeast 7PS/ gene. The
TPS1-tomato plants had improved tolerance pos-
sibly through carbohydrate alterations produced
via trehalose biosynthetic pathway. In some
cases, although trehalose overproduction has
resulted in plant growth abnormalities, such a
condition can be circumvented by using stress-
inducible promoters or in tissue-specific manner
(Karim et al. 2007; Delorge et al. 2014). The
Arabidopsis mutants deficient in GABA trans-
aminase showed oversensitivity to salt stress
(Renault et al. 2010), and the rice plants overex-
pressing the GAD gene accumulated extremely
high amounts of GABA under salt stress
treatment.

Ectoine, a common osmolyte mostly found in
a halobacteria (Lentzen and Schwarz 2006) is
shown to improve protein folding and protect
biomolecules (Knapp et al. 1999). Three genes,
ectB, ectA and ectC, which encode L-2,
4-diaminobutyric acid aminotransferase, L-2,
4-diaminobutyric acid acetyl transferase and
L-ectoine synthase, respectively, are responsible
for ectoine biosynthesis. Transformed cultured
tobacco cell lines with ectA, ectB and ectC under
the control of the constitutive CaMV 35S pro-
moter resulted in increased resistance to
mannitol-induced osmotic stress (Nakayama
et al. 2000). Tobacco plants transformed with
ectoine biosynthetic genes showed improvement
in the maintenance of root function to enable
water transport consistently to shoots under
saline conditions and enhanced the nitrogen sup-
ply to leaves by increasing transpiration and by
protecting RuBisCO proteins (Moghaieb et al.
2006).

1.8  Conclusions

In the face of climate change and impending
recurrence of stress factors, agronomically
important plants should be the targets for improv-
ing abiotic stress tolerance. Abiotic stress factors
significantly affect plant growth and develop-
ment and consequently productivity of crop
plants. Since stress adaptive mechanisms include
metabolic changes, gene expression and osmo-
lyte synthesis, considerable research involving
metabolites such as proline, mannitol, trehalose
and glycine betaine has been done to validate
their role in stress tolerance. Although genetic
engineering efforts have mostly been conducted
in model plants, this research has generated
immense interest in the manipulation of crop
plants for stress-related pathways of osmolyte
production. This will undoubtedly require devel-
oping knowledge base of pathways and related
networks in important crop plants.

In the past couple of decades, success has
mostly been in improving tolerance to single
stress factors (e.g. salt, drought, heat). Elucidation
of multiple tolerance mechanisms through
molecular detailing of the stress perception, sig-
nal transduction and genetic regulation and
developing strategies for achieving tolerance can
provide means to engineer tolerance to combined
stresses. Understanding molecular crosstalk may
lead to developing master controls to combat
biotic and abiotic stresses towards sustainable
agriculture.
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Abstract

Abiotic stresses, mostly drought and salinity, are the major environmental
factors which limit plant distribution in nature and reduce crop yields
worldwide. The biotechnological improvement of crop stress tolerance
would significantly contribute to the needed increase in food production,
but requires a deep understanding of the mechanisms underlying plant
responses to stress. Accumulation of osmolytes is one of those responses,
which appears to be essential for tolerance in many species. Their main
assumed role is to contribute to osmotic adjustment under conditions caus-
ing cellular dehydration, but they also have osmoprotectant functions as
low-molecular-weight chaperons and reactive oxygen species (ROS) scav-
engers. Yet, important aspects of their mechanisms of action remain
largely unknown, especially regarding the relevance and relative contribu-
tion of specific osmolytes to the stress tolerance of a given species. This
gap in our knowledge is partly due to the experimental approaches com-
monly used to study those mechanisms, which have focused on non-
tolerant model species and/or experiments performed under controlled —but
artificial — laboratory or greenhouse setups.

In this review, we will summarise the (relatively scarce) data from field
studies on the accumulation of different osmolytes in wild plants adapted
to distinct stressful environments: saline, arid and gypsum habitats. We
propose that more effort and resources should be invested on the study of
the stress responses of wild plants in their natural habitats, as a comple-
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ment to greenhouse experiments. We believe that this approach will sig-
nificantly enhance our knowledge on this specific topic and could
eventually be applied to the genetic improvement of crops.

2.1  Introduction

The great majority of wild plants and almost all
cultivated species are sensitive to abiotic stress.
The initial domestication and subsequent devel-
opment of crop plants throughout history, by
selection of traits such as growth rate, biomass
accumulation, production of fruits and seeds,
etc., did not enhance at all their stress tolerance.
Quite on the contrary, cultivated plants are gener-
ally less tolerant than their wild predecessors,
since inhibition of vegetative growth and repro-
ductive development is actually the most general
and immediate response to stress in plants, which
use all their resources (energy, metabolic precur-
sors, etc.) to survive the adverse environmental
conditions (Serrano and Gaxiola 1994; Zhu
2001).

Yet, there are plants naturally adapted to dif-
ferent abiotic stresses, which grow in particular
stressful habitats under harsh environmental con-
ditions, such as halophytes, or salt-tolerant plants
present on saline soils; gypsophytes or plants
adapted to gypsum soils; and xerophytes, which
are drought-resistant plants growing in arid and
semiarid areas. In all these habitat types, an addi-
tional factor limiting plant development is gener-
ally the scarcity of nutrients in the soil. Only the
specialised plants mentioned above are able to
survive and complete their life cycle in such habi-
tats, despite the adverse environmental condi-
tions. Given the undoubted scientific interest of
those environments, there are numerous botani-
cal and ecological studies on such plants and
their habitats. Their responses to stress have been
also addressed in particular cases at the physio-
logical and, to some extent, at the biochemical
level. However, most of these studies have been
performed in laboratory or greenhouse setups
that, while allowing tighter experimental control,
do not reflect the natural conditions of the plants.
Moreover, very little is known about the molecu-

lar basis of the mechanisms of stress tolerance in
these wild plants; paradoxically, most studies on
stress responses and stress tolerance in plants
have been conducted in model species that are
not tolerant, especially in Arabidopsisthaliana
and, to a much lesser extent, in some crops
(Sanders 2000; Zhu 2000, 2001), which a priori
do not seem to be the most appropriate experi-
mental material for this type of research. Yet, the
use of non-tolerant models could be at least par-
tially justified, since there is abundant evidence
that both sensitive and tolerant plants use the
same basic mechanisms to respond to abiotic
stress and that these mechanisms are overlapping
or common to different types of environmental
stress. The degree of tolerance to drought, salt,
high temperatures, etc., which can reach
Arabidopsis (or crop) plants is not at all compa-
rable to those of wild plants adapted to each par-
ticular environment. This clearly indicates that
the mechanisms of response to abiotic stress
operating in the latter must be much more effec-
tive than those that function in non-tolerant mod-
els, although all may share the same molecular
basis. Among the conserved mechanisms confer-
ring stress tolerance in plants, the most important
are based on: i) the control of ion homeostasis
and cellular osmotic balance: regulation of water
transport into the cell, compartmentalisation of
toxic ions into the vacuole, synthesis and accu-
mulation of compatible solutes, the so-called
osmolytes (sugars, polyalcohols, amino acids or
derivatives), in the cytoplasm; ii) the synthesis of
protective low-molecular-weight compounds
(the aforementioned osmolytes, in their ‘osmo-
protectant’ role, see below) or proteins (heat
shock proteins, LEA proteins, osmotin etc.); iii)
the activation of antioxidant systems, both enzy-
matic (superoxide dismutase, catalase, ascorbate
peroxidase, glutathione peroxidase, glutathione
reductase) and non-enzymatic (reduced glutathi-
one, vitamins C and E, carotenoids, flavonoids
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and other phenolic compounds, etc.) (Zhu 2001;
Munns 2002; Vinocur and Altman 2005).

A possible explanation for the large differ-
ences observed between different plant species,
with regard to their stress tolerance, is that certain
proteins involved in stress responses — and play-
ing a key role in the mechanisms of tolerance —
have higher levels of expression and/or intrinsic
activity in tolerant taxa as compared to the
homologous proteins from non-tolerant species.
These proteins, encoded by ‘stress tolerance
genes’, may include, among others, plasma
membrane and tonoplast ion transporters,
enzymes involved in the synthesis of osmolytes,
antioxidant enzyme systems or regulators of the
expression or activity of any of the former, such
as specific transcription factors, protein kinases,
etc. Differences in gene expression levels could
be due to the relative strength of the correspond-
ing promoters or differences in their regulatory
mechanisms; for example, the expression of a
given ‘stress tolerance’ gene may be inducible
under stress conditions in the tolerant species, but
not that of its homologs in stress-sensitive plants.
Therefore, stress-tolerant wild plants represent a
convenient source — underutilised at present, in
our opinion — of ‘stress tolerance genes’ and their
regulatory elements. Once isolated and charac-
terised, they can be used as biotechnological
tools for the genetic improvement of stress toler-
ance in (transgenic) crop plants, tools that could
hopefully be more effective than those presently
available, isolated from non-tolerant models. The
development of transgenic crops tolerant to
drought, salinity and other abiotic stresses is one
of the strategies that can significantly contribute
to increasing agricultural productivity and thus
food production, essential to feed a growing pop-
ulation in a global context of climate change,
which will exacerbate the ongoing reduction of
the area of cultivated land and increasing scarcity
of water available for irrigation (DB Climate
Change Advisors 2009).

Only in recent years several salt- and drought-
tolerant species of the genus Thellungiella, some-
what related to Arabidopsis, as both genera
belong to the same family (Brassicaceae), were
proposed as extremophile models for abiotic

stress tolerance studies (Inan et al. 2004; Kant
et al. 2006). Comparative studies of these models
are providing information on the molecular
mechanisms of stress tolerance. A complemen-
tary approach, which could substantially contrib-
ute to the advance of knowledge in this field,
would be based on the study of the stress response
pathways in tolerant wild plants in their natural
habitats; this will provide complementary infor-
mation to that obtained using model systems sub-
jected to controlled stress treatments under
artificial ~ laboratory/greenhouse  conditions.
Specifically, this strategy will allow establishing
the relative contribution of different responses to
stress tolerance mechanisms for a given species
and under ecologically relevant conditions in the
wild. For these studies, as mentioned before, we
have a wide range of biochemical and enzymatic
stress markers whose levels/activity can be deter-
mined in the plants; variations in these biomark-
ers could then be correlated with changes in the
environmental conditions of the plants regarding,
for example, soil properties and climatic
conditions.

The synthesis of compatible organic solutes or
osmolytes is one of the most common responses
to stress in plants (Flowers and Colmer 2008;
Hussain et al. 2008; Tiirkan and Demiral 2009).
The accumulation of these compounds is induced
in response to all environmental conditions lead-
ing to cellular dehydration, in all organisms,
ranging from microorganisms to plants (Yancey
et al. 1982; Burg et al. 1996), which represent a
striking case of convergent evolution. Osmolytes
are very soluble, low-molecular-weight organic
compounds which do not interfere with normal
metabolism, even at high concentrations.
Chemically, they are diverse, including some
amino acids, such as proline (Pro), and quater-
nary ammonium compounds (QACs), such as
glycine betaine (GB), as well as polyols (glyc-
erol, sorbitol, mannitol, several inositol isomers
and derivatives) and soluble sugars (trehalose,
sucrose, fructose or glucose) (Sairam and Tyagi
2004; Bartels and Sunkar 2005).

Besides their role in osmotic adjustment,
osmolytes fulfil additional roles during the stress
response, acting as ‘osmoprotectants’: they can
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directly stabilise proteins and membrane struc-
tures under dehydration conditions — acting as
low-molecular-weight chaperons — and protect
the cell against oxidative stress as scavengers of
‘reactive oxygen species’ (ROS), as it has been
largely discussed in many reviews (Shen et al.
1997; Hong et al. 2000; Akashi et al. 2001; Zhu
2001; Chen and Murata 2002; Ashraf and Foolad
2007; Szabados and Savouré 2010).

In this chapter, we will focus on the responses
of wild plants to stress in the field, based on the
analysis of changes in the levels of different
osmolytes in plant material collected in natural
habitats and under different environmental condi-
tions. Although conditions such as soil salinity,
humidity, temperature or rainfall cannot be con-
trolled in nature, they can be measured and cor-
related with the plant responses. The number of
publications dealing with this specific topic is
limited, which is not surprising considering the
complexity of such studies, which require a mul-
tidisciplinary approach including plants’ taxo-
nomic identification, soil and climate analyses,
determination of physiological responses and
biochemical assays. In addition, the analysis of
field data is much more complicated than the
interpretation of laboratory results, since in their
natural ecosystems, plants must respond simulta-
neously to different types of stress, which may
activate similar or different mechanisms, either
independent, showing additive effects or interact-
ing in more complex ways (Krasensky and Jonak
2012; Ben Hamed et al. 2013).

2.2 Plant Stress Responses

in Saline Environments

Salt stress, with its two well-known compo-
nents — osmotic stress and ion toxicity — has a
clear inhibitory effect on plant growth. The
‘osmotic stress’ component is generated not only
by excessive soil salinity but also by drought,
cold or high temperatures; all these conditions
cause dehydration and loss of turgor at the cellu-
lar level (Greenway and Munns 1980; Serrano
and Gaxiola 1994). Intracellular accumulation of
Na* and/or Cl~ at high concentrations, on the

0. Vicente et al.

other hand, is specific for salt stress; these ions
have a toxic effect, since they inhibit the activity
of many enzymatic systems and some basic cel-
lular processes, such as protein synthesis or
mRNA processing (Serrano 1996; Yeo 1998; Zhu
2001; Forment et al. 2002). NaCl also affects
plant mineral nutrition, by interfering with K*
and Ca?* uptake, and promotes oxidative stress
through generation of reactive oxygen species
(Serrano and Gaxiola 1994; Yeo 1998; Zhu
2001). All these effects, in addition to inadequate
photosynthesis due to stomatal closure and the
subsequent reduction of CO, uptake, produce the
inhibition of growth in the presence of salt and
eventually plant death if the limits of tolerance
are surpassed.

Halophytes are plants adapted to grow and
complete their life cycle in habitats with soil
salinity equivalent to, at least, 200 mM NaCl
(Flowers and Colmer 2008). They represent only
a small fraction (ca. 0.25 %) of all angiosperms,
including about 350 species belonging to a small
number of genera and families (Flowers et al.
2010). They grow in different saline ecosystems,
including wet littoral and inland salt marshes, but
also dry habitats such as saline deserts or dunes
and cliffs in coastal areas. Their salt tolerance
depends mainly on their ability to accumulate
Nat* and CI™ in the vacuole, so that their levels in
the cytoplasm are substantially lower, thus avoid-
ing the inhibition of metabolic processes (Flowers
et al. 1986; Serrano and Gaxiola 1994). The con-
comitant synthesis and accumulation of compat-
ible solutes (osmolytes) in the cytoplasm is a
fundamental mechanism for the maintenance of
cellular osmotic balance.

Although in recent years the analysis of stress
responses in halophytes is getting increasing
attention, the overwhelming majority of these
studies have been conducted in artificial labora-
tory or greenhouse conditions, which do not
reflect at all the environment of plants in their
natural habitats. Nevertheless, there are also pub-
lications reporting measurements of biochemical
stress markers, and specifically of different
osmolytes, using field-collected plant material
from halophytes, which have provided informa-
tion regarding the different mechanisms of
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response to salt stress of these salt-tolerant taxa.
Some of these studies are summarised in the fol-
lowing paragraphs.

In earlier studies on the chemical composition
of different halophytes, collected in the area of
Neusiedler Lake in Austria, Albert and Kinzel
(1973), Albert (1975) and Albert and Popp (1977,
1978) introduced the term ‘physiotypes’; it refers
to a peculiar chemical composition of halophytes,
based mostly on ion contents and soluble carbo-
hydrates accumulation in their leaves. A few
years later, this concept was further developed by
Gorham et al. (1980), who extended the measure-
ments to other types of compatible solutes. A
specific study on halophytes’ osmolytes was pub-
lished by Briens and Larher (1982), who quanti-
fied the contents of soluble carbohydrates,
polyols, betaines and free proline in different
organs of plants collected from coastal salt
marshes. They identified three main groups of
halophytes: those producing high levels of solu-
ble carbohydrates only; those which accumulated
mostly nitrogenous compounds, such as proline
and glycine betaine; and species which synthe-
sised both classes of osmolytes under high salin-
ity conditions. An exhaustive study on betaines,
in 63 species collected in coastal areas in Europe,
Asia and South America, was reported by Adrian-
Romero et al. (1998), who found high levels of
these compounds in plants of the Chenopodiaceae
family. The biochemical diversity of 51 halo-
phytes from a salt marsh in Turkey was analysed
by Tipirdamaz et al. (2006), who found that these
species can be discriminated according to their
capacity to accumulate in the field, either proline,
glycine betaine or both compounds.

All these studies were extremely valuable for
the understanding of the strategies adopted by
different halophytes, present in the same habitat,
to respond to specific environmental conditions.
However, they did not provide much information
regarding the contribution of osmolyte accumu-
lation to the salt tolerance (or, more generally,
stress tolerance) of those species, as the measure-
ments were based on single samplings of plant
material; that is, those experiments represent
‘snapshots’ under a particular set of environmen-
tal conditions, but did not correlate variations in

osmolyte levels with changes in the degree of
stress affecting the plants. This kind of analysis
can be performed by determining osmolyte con-
tents in two or more populations of the same
halophytic species, growing in different geo-
graphic locations with distinct edaphic and cli-
matic characteristics, but there are very few
published studies wusing this experimental
approach (Youssef 2009; Bankaji and Sleimi
2012). Nevertheless, even if differences in the
levels of specific osmolytes are detected, they
may not be due to the different external condi-
tions of the plants, but rather the result of genetic
variability between the populations.

Therefore, the correlation of osmolyte accu-
mulation and the level of environmental stress in
a given species, to assess its possible role in stress
tolerance mechanisms, is more appropriately
addressed by determining seasonal fluctuations
in successive samplings of material from plants
growing in the same location. Several publica-
tions report studies based on this strategy. For
example, Doddema et al. (1986) analysed sea-
sonal variations in water content, toxic ions (Na*
and CI") and mineral nutrients in soil and plants,
as well as those of soluble carbohydrates, proline
and proteins in roots and shoots of Arthrocnemum
fruticosum, in a saline area by the Dead Sea
(Jordan). Sodium and total soluble carbohydrate
contents in plant roots showed a sudden sixfold
increase in June, as compared to the values deter-
mined in previous months, in parallel to a drop in
soil water content; proline was detected, at low
concentrations, only in plants sampled in March.
Seasonal variations of soluble carbohydrates lev-
els were analysed by Murakeozy et al. (2002) in
Limonium gmelini subsp. hungarica growing in a
saline steppe in Hungary; these authors detected
a fivefold increase in summer in the leaf contents
of pinitol, the major osmolyte in this taxon, com-
pared with the lowest values recorded in mid-
April, but additional peaks were obtained in
winter/early spring. These higher pinitol values
corresponded to the most intense levels of water
stress and lower temperatures, respectively.
Lepidium crassifolium and Camphorosma annua
from this habitat were also studied by the same
group (Murakeozy et al. 2003), who detected the
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highest levels of reducing sugars, sucrose and
pinitol in early spring, the period of maximum
soil salinity and lowest atmospheric temperature.
Variation in ion and osmolyte levels in three
endemic Limonium species from Central Anatolia
were analysed, together with soil characteristics,
by Furtana et al. (2013), using samples collected
in summer and autumn (2007-2008) from three
locations around Tuz Lake. In this case, however,
no clear positive correlation could be found
between soil salinity and the levels of ions and
the major osmolytes (proline, carbohydrates or
quaternary ammonium compounds) in the plants.
A significant increase in summer and autumn, as
compared with winter and spring, was found by
Mouri et al. (2012) in total soluble sugars and
proline contents in Ammophila arenaria from
sand dunes in Algeria, probably due to the intense
drought and high temperatures affecting plants in
both seasons.

Seasonal variation of compatible solutes in
five different halophytes was systematically ana-
lysed by our group in a littoral salt marsh located
near the city of Valencia, SE Spain, in a study that
extended over a period of 2 years. EC and ion
contents of soil samples, collected simultane-
ously to plant material in each sampling, together
with meteorological data, were used to assess the
level of environmental stress affecting the plants
in the studied area. The most stressful season in
Mediterranean habitats is generally summer,
characterised by high temperatures and lack of
rain. In salt marshes, and in addition to drought,
salinity increases because of water evaporation
and concentration of salts. Statistical analyses of
the results revealed a significant correlation of
environmental conditions associated to water
stress and soil salinity with sorbitol levels in
Plantago crassifolia and with those of sucrose,
glucose and fructose in Juncus acutus and to a
lesser extent in J. maritimus (Gil et al. 2011). On
the contrary, in Sarcocornia fruticosa and Inula
crithmoides, which were the most salt-tolerant
taxa under study, there were no significant sea-
sonal variations of toxic ions and glycine betaine,
their major osmolyte, suggesting that their toler-
ance mechanisms are constitutive and relatively
independent of external conditions. Proline levels
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were too low in all selected species to possibly
have any effect on osmotic adjustment, but except
for P. crassifolia, they showed a very good cor-
relation with environmental stress, indicating that
proline probably plays a role in stress tolerance
based on its ‘osmoprotectant’ functions (Gil et al.
2014).

As mentioned above, most studies on halo-
phytes’ responses to salt stress, including osmo-
lyte accumulation, have been carried out under
controlled, but artificial, laboratory or green-
house conditions. Therefore, the biological rele-
vance of these responses should be confirmed in
field experiments; there are, however, very few
reports on this kind of comparative analyses. We
have addressed this question by measuring osmo-
lyte levels in plants grown in their natural habitat
and in plants obtained by germination of seeds
from the same location but grown in experimen-
tal controlled conditions; two salt-tolerant mono-
cots of the genus Juncus (J. acutus and J.
maritimus) and two halophytic dicots (Plantago
craasifolia and Inula crithmoides) were selected
for these studies (Boscaiu et al. 2013a; Pardo-
Domenech et al. 2015). A great discrepancy was
generally found between osmolyte contents in
plants sampled in the field and those grown in
artificial conditions, although EC measurements
of the soil surface and the pots substrate may
indicate a similar degree of salinity. The results
of these studies reinforced the idea that direct
quantitative comparisons between such data sets
are not possible for several reasons. First, the
developmental stages of the plants are different:
seedlings or young plants are used in the growth
chamber or greenhouse, while field material is
sampled from fully grown adult individuals, and
it is well known that responses to stress depend to
a large extent on the developmental stage of the
plants (Vicente et al. 2004). In addition, the roots
of the potted plants are found in a limited and
reduced environment with homogeneous salinity,
whereas roots in the field can explore a more het-
erogeneous and considerably larger volume of
soil. EC usually is higher in the upper soil layers
that are sampled for soil analysis, but the root
system can spread through deeper and less saline
soil. Therefore, the degree of salt stress could be
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considerably lower for plants growing in the field
than for plants submitted to controlled salt treat-
ments, even at moderate concentrations of NaCl.
In short, responses of a particular halophytic spe-
cies to salt stress under controlled artificial con-
ditions may differ considerably from its behaviour
in nature, if only because of the impossibility to
mimic accurately environmental conditions in
laboratory setups. Fieldwork is extremely impor-
tant to assess the biological relevance and the
relative contribution of osmolyte accumulation to
salt tolerance mechanisms in halophytes.

2.3 Plant Stress Responses

in Arid Environments

Drought is a climatic condition specific to des-
erts, arid and semiarid habitats, which cover a
huge surface throughout the world. Water avail-
ability is not the only restrictive factor for plant
growth in these zones, where nutrients are also
scarce, and there is an excess of solar radiation,
all contributing to additional stress for plants liv-
ing in those ecosystems (Valladares 2003). Arid
and semiarid areas of the world are among the
most sensitive to global climate change. Even the
least pessimistic models predict for such zones
an increase of average temperatures; decrease in
rainfall; higher frequency; intensity and duration
of periods of drought, ‘heat waves’ and other
extreme meteorological phenomena; and changes
in the seasonal weather patterns (Epstein and
Mills 2005) in a relatively short period of time.
Therefore, the knowledge of how xerophytes,
plants naturally adapted to arid environments,
can survive is of great importance. Among the
many complex and intricate responses of plants
to water stress, a relevant aspect is osmotic
adjustment, providing the means to avoid cellular
dehydration, which is essential for maintaining
cellular activity (Bartels and Ramanjalu 2005).
Although initially it was thought that osmotic
adjustment was specific for plants subjected to
high salinities, later studies proved that this
response is also common in plants grown in con-
ditions of water stress (Cushman 2001; Steudle
2000). Inorganic cations, organic acids, carbohy-

drates and free amino acids are the solutes known
to accumulate as a response to drought (Munns
et al. 1983).

There is difficulty in gathering information on
the responses of xerophytes to stress in their nat-
ural environments, since often drought is associ-
ated with increased salinity, and many plants are
at the same time water- and salt-stress tolerant.

In several recent studies, osmolyte levels were
compared in plants from sites with different
degrees of aridity. Sayed et al. (2013) analysed
soil characteristics and plant contents of soluble
sugars, total free amino acids and soluble pro-
teins, as well as of several ions (Ca*, Mg?*, Na*,
K*, CI- and SO,*) in Zilla spinosa, Citrullus
colocynthis and Morettia philaeana from Wadi
Natash (Eastern Desert, Egypt), but could not
establish a clear pattern of correlation between
soil properties and osmolytes accumulation in the
plant species.

Water status, chlorophyll fluorescence, carot-
enoids and proline were analysed in combination
with soil properties in two extreme xerophytes
from three sites in China, with different ecologi-
cal conditions (Zhou et al. 2010). Reaumuria
soongorica had tenfold more proline than Salsola
passerina, but while in the latter species proline
levels correlated positively with the degree of
aridity in the different sites, in the first taxon pro-
line contents did not change significantly among
sites.

Proline is one of the commonest and best stud-
ied compatible solutes in plants from arid regions,
accumulating in response to water stress
(Mohammed and Sen 1987). Proline concentra-
tions were reported to increase with increasing
water stress in three desert species from Pakistan
(Calotropis procera, Senna holosericea, Aerva
Jjaponica) (Khan and Beena 2002). In the same
three taxa and additionally in Abutilon indicum,
Aziz and Khan (2003) analysed their water status
and proline levels before and after the rainy sea-
son and found that proline decreased after
rainfalls.

A further study on seasonal changes in proline
in Artemisia scoparia, Juniperus exceltata,
Onobrychis cornuta and Sophora alopecuroides
growing in an arid region in Ziarat valley in
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Pakistan (Aziz 2007) confirmed the good correla-
tion of proline levels and water stress. After the
snow melting and spring showers in April, pro-
line concentrations decreased in all taxa. The
same group determined seasonal variations of
water status and proline contents in Suaeda fruti-
cosa, Heliotropium curassavicum, Haloxylon
stocksii and Atriplex stocksii from a natural area
near Karachi, Pakistan, detecting again a peak in
proline at increased osmotic potential, especially
in H. curassavicum followed by A. stocksii (Aziz
etal. 2011).

Proline accumulation has also been reported
in two Mediterranean shrubs, Halimium halimi-
folium and Pistacia lentiscus, in both natural and
experimental water deficit conditions (Ain-Lhout
et al. 2001). In H. halimifolium, proline accumu-
lation was induced only upon severe dehydration
and was hardly reversible with plant mortality of
50 % under natural conditions. In P. lentiscus, on
the contrary, proline accumulated gradually in
response to drought and also to cold. These
results indicated that in P. lentiscus, proline rather
than an osmotic agent seemed to have protective
role in cases of severe abiotic stress.

The levels of proline and soluble carbohy-
drates were determined in plants of several xero-
phytic Mediterranean species, collected in the
wild in winter and spring, in a semiarid area near
Valencia, Spain (Boscaiu et al. 2009). The results
obtained showed a general reduction in both sugar
and proline contents from the winter to the spring
sampling, in agreement with a strong reduction of
the environmental stress due to the heavy rains
registered in early spring in the year of sampling.

A 5-month study, with samplings every month
of plant material from four native species (Sophora
davidiana, Bauhinia faberi var. microphylla,
Convolvulus  tragacanthoides and Artemisia
gmelinii), was conducted by Yangiong et al. (2007)
in an arid valley in the area of Minjiang River in
China. The content of chlorophyll, free proline
and soluble sugars in the samples increased with
increasing drought stress, whereas evaporation
ratio showed a parallel reduction.

An additional difficulty when analysing data
from field studies is that the endogenous concen-
tration of osmolytes may change quite quickly in
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response to rapid changes in the environmental
conditions of the plants, which could mask
changes taking place within much longer time-
frames, such as seasonal variations. For instance,
as reported by Batanouny and Ebeid (1981) for
two desert species, Zygophyllum quatarense and
Francoeuria crispa, proline contents, which were
relatively low before sunrise for both species —
ca. 10 and 6 pmoles/g fresh weight, respec-
tively — increased during the day, as the
temperature and the rate of evapotranspiration
rose to about double values in the afternoon than
in the early morning.

24 Plant Stress Responses

in Gypsum Habitats

Although geological formations bearing gypsum
are widely spread in the world, gypsiferous soils
are common only in arid or semiarid climates,
since abundant rainfall removes the gypsum by
leaching (Parsons 1976) and gypsum crystals
occur on the surface only in those regions where
there is a dry season. Soils with gypsum accumu-
lation extend over 100 million ha in the world
and are widespread in Africa and Asia (Verheye
and Boyadgiev 1997). Within Europe, Spain is
the country with some of the largest deposits of
gypsum, which cover more than 30,000 km?,
mostly in the dry south-eastern part of the
Peninsula (Mota et al. 2004). The vascular flora
colonising these gypsum deposits is extremely
diverse and includes many endemic and rare taxa.
Iberian gypsum habitats are considered as prior-
ity habitats (Pueyo et al. 2007) and shelter about
30 endemic gypsophytes (Merlo et al. 1998). The
high rate of endemicity is explained by the fact
that gypsum soils represent an especially stress-
ful environment, providing the selective force for
the evolution of endemics (Meyer 1986).

Several physical constraints act in this habitat
type: limited water retention in the soil and there-
fore an accentuated aridity, often associated with
the formation of a hard soil surface crust which
can limit seedling establishment, and a mechani-
cal instability and lack of plasticity and cohesion,
structural deterioration and low porosity, which
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interfere with root growth (Verheye and
Boyadgiev 1997; Palacio et al. 2007; Martinez-
Duro et al. 2010). Gypsum soils have also some
chemical characteristics which negatively affect
the development of plant communities. They are
generally poor in organic matter — which ranges
from between 0.4 and 1 % for surface layers to
less than 0.2 % in the subsurface layers — and
have very low levels of nitrogen and phosphorous
(FAO 1990). The relatively high concentration of
soluble calcium unbalances the availability of
other macronutrients such as phosphorus, potas-
sium and magnesium. Similarly, the interaction
between calcium and several mineral micronutri-
ents (zinc, iron and manganese) may cause a drop
in their availability to plants. Another relevant
aspect is the toxic effect of sulphates at high con-
centrations (Duvigneaud 1968; Ruiz et al. 2003).

An additional factor which affects the plant
communities developing on gypsum is the
marked irregularity in the distribution of their
water content. In soils with a high amount of gyp-
sum, moisture is uniform only on the surface
layer, whereas below 10-15 cm, water is
restricted to channels of 10-20 cm in size and the
other parts of soils are dry. Therefore, water
stress represents an important limiting factor for
plants in gypsum areas, especially when com-
bined with the aforementioned additional restric-
tive characteristic of this type of habitat.

Although the gypsicolous flora is of great sci-
entific and conservationist interest, only a few
studies have been published focusing on the
responses to stress of plants from such habitats.
Several authors have analysed the pattern of ger-
mination of plants present in gypsum zones
(Caballero et al. 2003; Escudero et al. 1997,
Ferriol et al. 2006; Moruno et al. 2011), and spe-
cial attention has received the effect of the hard
crusts which form on the surface of gypsum soils
and restrain seedling establishment, thus limiting
the presence of many species in such areas
(Escudero et al. 1999; Meyer 1986; Meyer and
Garcia-Moya 1989; Romao and Escudero 2005).
The effects of terrain topography, such as the
presence of a slope and its orientation, have also
been discussed by several authors (Meyer et al.
1992; Pueyo et al. 2007).

The mineral composition of plants living on
gypsum was studied in earlier studies
(Duvigneaud 1968; Duvigneaud and
Denaeyer-De Smet 1966). More recently, Palacio
et al. (2007, 2014) reported differences in the
chemical composition of ash and in the concen-
trations of several ions, between gypsophytes
(specific for gypsum environments) and
gypsovags (plants that grow on gypsum but are
frequent also on other soil types). Alvarado et al.
(2000) analysed nitrogen metabolism — nitrate
and nitrite reductase activities and nitrate, total
free amino acids, soluble proteins, proline and
organic N contents — in a study carried out on five
gypsophytes from the Iberian Peninsula and
found that Lepidium subulatum L., a shrubby
gypsophyte of the Brassicaceae family endemic
to the Iberian Peninsula and North of Africa,
showed the highest levels of proline and the high-
est nitrogen metabolism. Although these authors
sampled plant material in different seasons, they
presented only average values, without address-
ing possible correlations of changes in the levels
of these compounds with ecological factors.

All these studies, however, did not contribute
relevant information regarding the mechanisms
of response to environmental stress in plants
adapted to gypsum habitats. The analysis of pos-
sible changes in the levels of biochemical stress
markers, and specifically of different osmolytes,
in plants living in gypsum soils, according to spa-
tial or temporal (seasonal) variations in environ-
mental conditions, has been undertaken only
recently, by Boscaiu et al. (2013b) and Llinares
et al. (2015), on several species — including gyp-
sophytes and gypsovags — from a gypsum area in
the province of Valencia (SE Spain).

There are several factors that could affect
osmolyte contents in plants from gypsum habi-
tats, especially those related to salt and water
stress. If gypsum itself were the most important
stressful factor for the plants, one should expect
to detect higher osmolyte levels in plants present
in those areas with higher gypsum content in the
soil. However, the conclusion of these two stud-
ies is that drought (and not the osmotic or toxic
effects of gypsum) represents the major ecologi-
cal factor inducing the synthesis and accumula-
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tion of osmolytes in plants from such habitats.
Proline was shown to be a common osmolyte in
plants from gypsum habitats and a good indicator
of environmental water deficit; its concentrations
strongly varied among samples collected in dif-
ferent seasons, with generally higher levels in
summer, the most stressful period of the year due
to higher temperatures and lack of rain (Boscaiu
et al. 2013b). When considering the topographic
gradient, higher levels of proline were detected in
plants collected in the driest plot, which was that
with lower gypsum content in the soil. Salinity
levels in the gypsum soils are moderate and
steady along the year, since the soil solution is
gypsum saturated independently of the humidity.
It could be concluded that proline biosynthesis is
mostly triggered by water deficit in the soil, not
by the presence of high gypsum concentration
(Boscaiu et al. 2013b).

Glycine betaine was also analysed in the same
experimental plot in the gypsum zone, in two
gypsophytes and two gypsovags, but only low
levels were found in all but the gypsophyte
Ononis tridentata, which had double amounts in
comparison to the other selected taxa (Llinares
et al. 2015). However, those levels were also
much lower than the values detected in halo-
phytes that are clear GB accumulators (Khan
et al. 2000; Tipirdamaz et al. 2006). There was
little spatial and seasonal variation of this com-
pound in the four analysed species, and it did not
correlate with soil water availability or other
environmental factors that could affect the syn-
thesis of osmolytes. It was also not possible to
correlate the levels of total sugars with the degree
of environmental stress, thus supporting the
notion that proline is probably the major osmo-
lyte in most of the analysed gypsum-adapted
species.

2.5 Conclusions

Drought and salinity are the most important envi-
ronmental factors responsible for the reduction of
crop yields worldwide, and these adverse condi-
tions will worsen in the near future in many
regions due to the foreseeable effects of global
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climate change, thereby exacerbating the prob-
lem, especially in the most productive arable
lands of the world, those cultivated under irriga-
tion in arid and semiarid zones. There is an urgent
need of increasing food production to feed a
growing human population, and the genetic
improvement of the stress tolerance of our major
crops, both by traditional breeding methods and
by modern biotechnological approaches, would
significantly contribute to this goal. Yet this
requires a deep understanding of the molecular
mechanisms underlying the responses of plants
to environmental stress, which — apart from the
undeniable academic interest of this topic — has
stimulated the study of these mechanisms over
the last few decades.

One of the most general responses of plants to
abiotic stresses, which appear to be essential for
stress tolerance in many species, is based on the
synthesis and accumulation of osmolytes.
Osmolytes are compatible solutes that contribute
to the maintenance of cellular osmotic balance
under all those environmental conditions causing
cellular dehydration (such as drought, soil salin-
ity, cold or high temperatures), but also play
‘osmoprotectant’ roles by acting as low-
molecular-weight chaperons and reactive oxygen
species (ROS) scavengers. Despite intensive
research, important aspects of their mechanisms
of action remain largely unknown, especially
regarding the biological relevance and the rela-
tive contribution of specific osmolytes to the
stress tolerance mechanisms of a given species
under natural conditions. This gap in our knowl-
edge is partly due to the common approach used
in these studies, which have focused on non-
tolerant model species and/or experiments per-
formedundercontrolled—butartificial—laboratory
or greenhouse setups, which cannot mimic the
conditions plants encounter in their natural
habitats.

In this short review, we have commented some
of the relatively few published data reporting
field studies on the accumulation of osmolytes in
wild plant species adapted to specific stressful
environments: saline habitats (halophytes), arid
or semiarid environments (xerophytes) and gyp-
sum soils (gypsophytes). The available
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information support the notion that the responses
of plants to controlled stress treatments in the
laboratory do not reflect their behaviour in their
natural habitats, where they must react simulta-
neously to different, uncontrollable and continu-
ously changing environmental stress factors,
which can interact in complex ways rather than
show simple additive effects. Aware of these lim-
itations, and as a complementary approach to
laboratory and greenhouse experiments, we pro-
pose that more effort and resources should be
invested on the study of the abiotic stress
responses of wild plants growing in their natural,
stressful habitats. We believe that this fieldwork
will significantly contribute to enhance our
knowledge on the general mechanisms of envi-
ronmental stress tolerance in plants, which could
eventually be applied to the genetic improvement
of stress tolerance in crop species.
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Salinity Tolerance: Growth, Mineral
Nutrients, and Roles of Organic
Osmolytes, Case of Lygeum
spartum L., A Review

Bouzid Nedjimi

Abstract

Soil salinity is a major environmental problem that limits plant growth,
productivity, and survival. Proper drainage and the application of high
quality water can although solve the problem; however, these measures are
very costly and cannot be applied in extensive agriculture. An alternative
strategy for sustainable agriculture in saline marginal lands is to select
plants that can tolerate salinity. The plant’s ability to tolerate salinity
depends on multiple biochemical pathways that enable retention and/or
acquisition of water, protect photosynthetic functions, and maintain
homeostasis of ions. Lygeum spartum L. is a pioneer grass species, used
for sand dune fixation, desalination, and rehabilitation of degraded arid
lands. The plant tolerates abiotic constraints such as salinity and drought
and is also used to provide standing feed browse for livestock. The present
paper reviews L. spartum plant responses to salinity stress with emphasis
on the biochemical and physiological mechanisms of salt tolerance.

3.1 Introduction

ing soil salinity is decreased precipitation, high
evaporation from surface, nature of the native

Soilsalinityis a principal environmental restric-
tion to crop production, affecting an estimated 45
million hectares of irrigated land, and is expected
to increase due to global climate changes and as
a consequence of many irrigation practices
(Rengasamy 2010). The main reasons for increas-
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rocks, use of brackish water for irrigation, and
poor cultural practices. The damaging effects of
salinity on the growth of plants are associated
with (1) low osmotic potential (water stress), (2)
nutritional imbalance, (3) specific ion effect (salt
stress), or (4) a combination of these factors
(Ashraf 1994).

Salinity has diverse effects on the plant growth
and development, and the biological effects can
be detected at physiological, biochemical, and
molecular levels (Munns 2002). Generally, the
negative effects of salinity are assigned to the
increased content of Na* and CI~ ions in different
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parts of plants. These ions intercept with different
plant mechanisms and produce the critical condi-
tions for the survival of plant.

Salt-tolerant plants exhibit multiple adapta-
tion features in both morphology and/or structure
and also in metabolic and physiological strate-
gies that enable them to survive under harsh
saline conditions. The osmotic adjustment (OA)
mechanism is an important strategy that can help
plants to avoid toxicity of ions and maintain
water uptake and retention by accumulating large
amount of osmolytes (Ashraf and Foolad 2007).
In salt-stressed plants, OA can occur by accumu-
lating either low molecular weight organic sol-
utes or high concentrations of either inorganic
ions. Although the role of both organic and inor-
ganic osmolytes is crucial in higher plants grown
under saline conditions, however, their relative
contribution varies between species and cultivars
and even between different compartments in the
same plant (Shannon 1998).

The soil and water resources in many arid and
semiarid regions in the world are too saline for
majority of the common economic crops.
Increased use of brackish groundwater in many
areas for landscape irrigation has resulted in a
need for breeding salt-tolerant plant species or
selection of suitable halophytes (Nedjimi 2014).

In the soils with high salt concentration, the
halophytes and salt-tolerant plants emerge as
highly evolved and specialized organisms with
well-adapted morphological and physiological
characteristics that allow them to tolerate these
extreme conditions. Exploitation of these plants
for the better utilization of saline water and for
the rehabilitation of highly saline soils can be an
important strategy for sustainable agriculture
(Khan and Duke 2001). However, it is important
to know the mechanisms these plants adapt to
complete their life cycle under high salinity.
Among the operational mechanisms that these
plants use to adapt themselves to extreme saline
conditions, the foremost important is one that
helps to maintain the content of Na and Cl ions at
a much lower level in the cytoplasm than in the
soil solution, which protects the cytoplasmic
organelles from toxic effect of ions (Glenn et al.
1999). The second mechanism should reduce
their water potential, thus increasing the water
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supply to plants under high soil salinity (Flowers
and Colmer 2008). Munns (2002) realized that
maintenance of low Na and Cl concentrations in
young plant parts with active metabolism, such as
the meristem and generative organs, is a strategy
of ionic homeostasis (Munns 2002).

Among the different halophytic grasses,
Lygeum  spartum L., commonly called
“Albardine,” is an important grass of the Poaceae
family. This plant has a distinct biochemical
physiological flexibility that enables it to adapt
and survive under conditions of abiotic stress
(Pugnaire and Haase 1996; Conesa et al. 2007;
Nedjimi et al. 2010). L. spartum constitutes an
essential element for soil protection of semiarid
and arid zones, its aboveground biomass, and its
extensive root system makes them an efficient
tool against desertification and in the rehabilita-
tion of degraded lands. Its remarkable ability to
accumulate green fodder over several seasons has
contributed to its traditional use as a source of
browsing fodder for livestock (Nedjimi 2009).
This chapter provides a comprehensive review of
the major responses of L. spartum plants to saline
environments and the mechanism adaptation of
this species against salt stress.

3.2  Salt Stress Tolerance

Salt-tolerant plants can reduce the harmful effects
of salts (e.g., toxicity of ions, osmotic stress, and
nutritional disorder) by modifying morphological,
anatomical, and physiological mechanisms (Munns
and Tester 2008). The plant salt tolerance may
involve many strategies like controlled uptake of
salts, ions sequestration in the vacuoles and special-
ized organs, and production of compatible solutes.

3.2.1 Germination

Seed germination is one of the most fundamental
and vital phases in the growth cycle of plants that
determine plant establishment and the yield of
the crops. In salt conditions, the germination
rates and percentage of germinated seeds at a par-
ticular time vary considerably among species and
cultivars (Baskin and Baskin 1998).
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Under salt stress conditions, the critical fac-
tors to crop production are the rapid germination
of seed and stand establishment. In several spe-
cies, germination of seed and early seedling
growth are the most crucial stages to salinity.
Salinity may reduce plant growth and yield by
delaying germination, reducing the rate of germi-
nation, and increasing the dispersion of germina-
tion events (Khan and Gul 2006).

Seed germination is also affected by change in
temperature. They may affect the permeability of
membrane and the activity of membrane-bound
and cytosolic enzymes (Probert 1992). Soil mois-
ture is another important factor determining germi-
nation and the growth of seedling and plays an
important role in determining the pattern of distri-
bution of species (Bewley 1997). Ungar (1995)
reported that under salinity, stress temperature
affects germination in saline dry areas. Although
high salinity reduces germination, the deleterious
effect of salinity is generally less harmful at the
suitable thermal optimum (Tlig et al. 2008; Nedjimi
2013). Seed germination under saline conditions

usually occurs after high precipitation, when soil
salinity is reduced due to leaching (Ungar 1995).

One of the first physiological disorders taking
place during seed germination under salt stress is
a decreased seed imbibition due to low water
potential of the germination medium. In addition
slow rate of imbibition may lead to a chain of
metabolic changes, including regulation of
enzyme activities (Guerrier 1988), perturbation
in the mobility of inorganic nutrients (Ashraf and
Wahid 2000), imbalances in the levels of plant
growth regulators (Khan et al. 2006), and reduc-
tion in hydrolysis and utilization of food reserves
(Promila and Kumar 2000).

In a recent study, Nedjimi (2013) reported that
L. spartum seeds showed the highest percentage
of germination under non-saline conditions. As
salinity increased, germination was inhibited;
however, about 20 % of the seeds germinated
even at 150 mM NaCl (Fig. 3.1). This suggests
that L. spartum is a moderately salt-tolerant grass
at germination stage compared to the other
grasses found at the Algerian steppes.
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Fig. 3.1 Effect of salinity (NaCl) and temperature on final germination percentages of L. spartum. Bars represent

mean=SE (n=4) (Nedjimi 2013)
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3.2.2 Growth

Salt tolerance involves a variety of mechanisms
and is a complex phenomenon. Flowers and
Colmer (2008) defined salt tolerance as the abil-
ity of a plant to complete their growth cycle under
saline conditions with appreciable or acceptable
growth and yield. Leaf surface expansion is
reduced as the first response of salt stress (Munns
2002). Salt stress also decreases the fresh and dry
weights of boot roots and shoots (Abdul Qados
2011). Under salt stresses, L. spartum exhibits
various adaptations through growth and water-
use efficiency. The growth observed in terms of
fresh and dry weight of root and shoots is found
to significantly decrease under higher salt expo-
sure (Nedjimi 2011). However, improved growth
of L. spartum under lower concentrations of salt
has been correlated with delicate balance among
the accumulation of ions, osmotic adjustment,
maintenance of pressure potential, and osmolytes
synthesis. Thus, L. spartum may be conserving
growth and nutrition acquisition during moderate
salt stress as a consequence of decreased water
potential and increased water-use efficiency
(Nedjimi et al. 2013).

L. spartum, being a moderate salt-tolerant
grass, grows well under salinity up to 50 mM
NaCl. Data on tolerance of the plant exposed to
salinity reveal that L. spartum maintains its
growth by sequestration of Na and Cl ions into
the vacuoles to maintain the osmotic balance
between vacuole and cytoplasm (Parida and Das
2005).

3.2.3 Photosynthesis

Salt stress reduces photosynthesis by decreasing
the water potential. There are some other factors
that reduce photosynthetic rates under salt stress:
enhanced senescence, changes in enzyme activ-
ity, and alterations of chloroplasts (Sudhir and
Murthy 2004). Photosynthesis is also reduced
due to reduction in stomatal conductance which
restricts the availability of CO, for carboxylation
reactions (Sudrez 2011). Under saline conditions,
the decreased stomatal conductance helps to
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avoid water losses and to minimize Na ions
uptake. Under salt stress, leaf pigment contents
decrease in general (Nedjimi 2014). Nedjimi
(2009) showed that stomatal conductance (g,),
Net CO, (Aco,) assimilation rate, and photosyn-
thetic pigments (Chl a and b) did not differ sig-
nificantly at 50 mM NaCl (Fig. 3.2); however,
these tree parameters decreased when salinity
reached the value of 100 mM NaCl. At high
salinity, the rate of salt loading might be reduced
through decreased transpiration rates and reduced
stomatal conductance. Reduction in transpiration
rate would increase the longevity of leaf by main-
taining salts at sub-toxic levels for longer dura-
tion compared to conditions when transpiration
rates were not decreased (Ramani et al. 2006).

3.2.4 Mineral Nutrients

Mineral nutrients play an important role in
osmotic adjustment. Among the organic and
inorganic nutrients, in some plants, inorganic
ions play more important roles than that of com-
patible solutes. Among the mineral ions, Na ion
appears to be the main ion and a low-cost source
of osmoticum to maintain the osmoregulation
under salt stress (Blumwald 2000). Under high
salinity, K/Na is altered by the unrestrained influx
of Na through the K pathways. Accumulation of
Na ion and its sequestration into the vacuole con-
sequently restrict the K uptake by roots, therefore
decreasing K level in the shoots (Maathuis and
Amtmann 1999).

Excess accumulation of minerals and salts
contributes to increased ash content in L. spartum
which was found to be higher in the shoots than
in the roots and increased with increase in salin-
ity (Nedjimi et al. 2010). The accumulation of Na
ions in shoots was reported to be two times higher
than in the roots (Nedjimi 2009). The root system
of this grass is adjusted to enable absorption of
large amounts of ions and the transfer of bulk
amounts of Na and Cl to the aboveground organs.
These results suggest that L. spartum is able to
accumulate Na in their shoots and to maintain
turgor and osmotic adjustment. It appeared that
salinity tolerance was maintained in this species



3 Salinity Tolerance in L. spartum — A Review 31
16 5 a 0.14
a b a
~ 141 a F0.12
Iw -
R )
g 121 L 010 o
[} b £
Q
= =
£ 10 A +0.08 E
8 : 3
O
< 8 r 0.06
6 0.04
c a d 2
4.0 ! =
s i B0 2
E 3.5 [
g 160 >
s b @
2 0 3
£ | c S
g 2.5 2
G ¢ log E
2.0 1 L
1.5 T T T T T T 0
0mM 50 mM 100 mM 0mM 50 mM 100 mM
NaCl NaCl
Fig.3.2 Effects of salinity (NaCl) on net CO, assimila- grown in hydroponic conditions. Values represent

tion rate (Aco,) (a), stomatal conductance (g) (b), glycine
betaine, (c¢) and total soluble sugars (d) of L. spartum

essentially by using Na as an osmoticum and
compartmentalizing it within leaf cells away
from the cytosol, perhaps by Na/H antiport at the
vacuolar membranes (Hasegawa et al. 2000).

In contrast, increasing the external NaCl con-
centration was accompanied by a concomitant
decrease in K content. Increased concentration of
Na can reduce the uptake of K and result in K
deficiency and growth reduction. Therefore,
instead of low Na or high K, it is the relative K
and Na concentration that is a key factor in deter-
mining plant salt tolerance (Maathuis and
Amtmann 1999). Potassium is important for the
activation of enzyme, synthesis of protein, and
photosynthesis, and it helps in osmoregulation
during cell expansion, stomatal movements, and
tropisms. Besides, it is required for solute trans-
port through phloem and for cation/anion balance
in the cytosol as well as in the vacuole. The abil-
ity of plants to prevent salinity stress depends

means+SE (n=5) (Nedjimi 2009)

strongly on the status of their K nutrition.
Reduction in K content in the salt-stressed L.
spartum plants may be due to a downregulation
of the genes involved in the transport of K (Zhu
2003) and/or return of K to the root media due to
increased salt-induced plasma membrane dam-
ages (Shabala et al. 2005). Further, salinity-
induced reduction in the K content in tissues of L.
spartum might also be merely due to competition
of K with Na at the root plasma membrane (Tester
and Davenport 2003). Many researchers have
reported that the reduction in K accumulation of
salt-stressed plants is usually attributed to the
competition between Na and K during uptake
(reducing the influx of K) and returning back of
K to the bathing solution (increasing the efflux of
K), mostly due to loss in plasma membrane integ-
rity (Patel et al. 2009; Nedjimi 2014). All of these
factors either alone or in combination strongly
reduce the net uptake of the K nutrient.
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3.2.5 Supplementary Calcium
Enhances Salinity Tolerance

Calcium is an essential plant nutrient that has a
role in metabolic activities, including membranes
stabilization, transduction of signals through sec-
ond messenger, and control of the activity of
enzymes (White and Broadley 2003). It is known
to ameliorate the deleterious effects of salinity in
plants, probably by facilitating higher K/N selec-
tivity (Hasegawa et al. 2000). Calcium helps in
maintaining the integrity of membrane and
hydraulic conductivity of roots involving aqua-
porins (Martinez-Ballesta et al. 2006). Elevated
concentration of Ca in nutrient solution alleviates
the adverse effects of NaCl by inhibiting the
uptake of Na (Epstein 1998) and reducing the
leakage of membrane (Kaya et al. 2002).
Application of Ca protects cell membranes from
the adverse effect of Na and reduces the leakage
of cytosolic K. In this manner it may help in the
restoration of the K concentrations to an adequate
level in the root that is reduced by salinity (Tuna
et al. 2007). Thus, maintaining an adequate sup-
ply of Ca in saline soil solutions is an important
factor in controlling the severity of specific ion
toxicities, particularly in crops which are suscep-
tible to Na and Cl injury (Epstein 1998). For
example, Nedjimi et al. (2010) found that root
applied 40-mM Ca as CaCl, counteracted salt-
induced growth inhibition in L. spartum. This
ameliorative effect of Ca on growth was sug-
gested to be due to increased leaf K and Ca cou-
pled with decrease in leaf Na. Likewise, Nedjimi
and Daoud (2009a) found that the growth pro-
moting effect of supplemental Ca on salt-grown
two saltbush species was due to the ameliorative
effect of Ca on root hydraulic conductivity as
well as water uptake. Similarly, Nedjimi and
Daoud (2009b) found that addition of CaCl, to a
saline nutrient medium helped in maintaining
membrane permeability and thus increasing con-
centrations of Ca and K and reducing concentra-
tion of Na, which could offer an economical and
simple solution to Atriplex halimus under saline
conditions. The presence of adequate Ca in the
substrate influences the selectivity of K/Na by
shifting the uptake ratio in favor of K at the
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expense of Na. Improvement in Ca-mediated
membrane integrity invariably leads to reduction
of K leakage from root cells and a more favorable
root-K status (Nedjimi and Daoud 2009b).

3.2.6 Osmolytes Accumulation

Plants exposed to osmotic stress accumulate
active compounds called osmolytes that lower
their osmotic potential. Osmolytes are also
referred to as compatible metabolites since they
do not apparently interfere with the normal cel-
lular metabolism of the cell. The main role of
compatible solutes is to maintain the cell turgor
and to provide the driving gradient for water
uptake (Parida and Das 2005).

The accumulation of inorganic and organic
solutes helps in osmotic adjustment, which is
necessary for growth in a saline environment.
Inorganic ions are believed to be sequestered in
the vacuoles, while organic solutes are assumed
to be compartmentalized in the cytoplasm to bal-
ance the low osmotic potential in the vacuole
(Munns and Tester 2008). Plants synthesize a
variety of compatible solutes such as proline,
glycine betaine, and soluble sugars. These com-
pounds protect plants from oxidative damage
caused by free radicals and maintain the enzyme
activities under salt stress (Ashraf and Harris
2004).

Glycine betaine (GB) is the most widely and
extensively studied compatible compound due to
its versatile functions. Several studies have shown
that the level of GB is increased in the naturally
accumulating plants under stressful conditions.
GB has not only protected the plants against vari-
ous stresses but also protected various enzymes
involved in stress protection, including the qua-
ternary structure of proteins and other macromol-
ecules under stressful conditions (Chen and
Murata 2002).

Glycine betaine in plants is synthesized in the
chloroplasts from serine via ethanolamine, cho-
line, and betaine aldehyde. It is mainly localized
in chloroplasts and plays a vital role in chloro-
plast adjustment and protection of thylakoid
membranes, thereby maintaining photosynthetic
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efficiency (Ashraf and Foolad 2007). L. spartum
accumulates large quantities of GB, a quaternary
ammonium compound that often contributes to
osmoprotection, when exposed to osmotic stress
(Fig. 3.2). Accumulation of this organic solute
under various abiotic stresses in L. spartum indi-
cates that GB plays a key role in osmoregulation
to retain its growth potentialities in saline condi-
tions (Nedjimi 2009). Higher salinity also causes
increased accumulation of valine (Nedjimi 2011).
The accumulation of free amino acid in plants
under salt stress has often been attributed to the
change in biosynthesis and degradation processes
of amino acids and proteins (Hare et al. 1998).
Valine has also been reported to accumulate in
plants in response to salt stress such as straw-
berry (Keutgen and Pawelzik 2008) and
Phragmites  australis ~ (Hartzendorf  and
Rolletschek 2001). Despite involvement of GB
and valine in OA, the contribution of total soluble
sugar accumulation to osmotic adjustment was
significant. The total soluble sugar content was
observed to increase with an increase in salinity
(Fig. 3.2). It is widely believed that synthesis and
accumulation of soluble sugars contribute to OA,
carbon storage, radical scavenging, and stabiliza-
tion of the structure of proteins such as RuBisCO
(Dubey and Singh 1999). In several plants, sugars
are main osmolytes for OA. For example, Cha-um
et al. (2009) and Lépez et al. (2008) found that
high salinity increased the total soluble sugars in
rice cultivars and  Medicago  species,
respectively.

3.2.7 Root Hydraulic Conductivity
(Lo)

Under abiotic stress, such as water deficit or
salinity, stomata closure is considered to be the
first mechanism that the plant employs to pre-
serve water (Munns 2002). However, water
absorption by the roots is among the main mech-
anisms by which plants can maintain their water
content under stress conditions (Javot and Maurel
2002). The discovery of aquaporins in plants has
resulted in a paradigm shift in the understanding
of plant water relations (Maurel and Chrispeels
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2001). These proteins provide an organism with
the possibility to accelerate water movement
across membranes, but diffusion will still occur
in parallel. Furthermore, the ability to increase or
decrease the water permeability of a cell seems to
justify the enormous effort in expressing large
amounts of these proteins (Schéffner 1998).
Under salinity stress, growth reduction could
be caused by inhibition of the uptake of water due
to reduction in hydraulic conductivity of roots
cells. This in turn may result in a reduced overall
hydraulic conductivity of roots (Martinez-
Ballesta et al. 2000). L, in L. spartum seedlings
declined significantly with the increase of salin-
ity (Nedjimi et al. 2013). Effects of increased
salinity on L, have been reported also in other
plants (Martinez-Ballesta et al. 2003; Nedjimi
and Daoud 2009a), and it has been suggested that
they are due to the high concentrations of Na and
Cl in the cytoplasm that reduce water transport
through the plasma membrane aquaporins
(Carvajal et al. 1999). We assume that the large
reduction in root hydraulic conductivity of sali-
nized plants was probably related to the decrease
in activity or concentration of aquaporins in the
root plasma membrane, this effect being due
mainly to the specific toxicity of Na and Cl
(Martinez-Ballesta et al. 2006).

3.3  Conclusion

Lygeum spartum L. (Poaceae) is a pioneer plant
species, used for sand dune fixation, desalination,
and phytoremediation along steppe regions. The
plant tolerates abiotic constraints such as salinity
and drought. This perennial grass is also used as
a fodder for domestic cattle. L. spartum grows
luxuriantly at 50 mM NaCl concentration. The
present review analyses research undertaken dur-
ing the last decade in physiology and biochemis-
try to abiotic stresses understands plant tolerance
mechanism of this species. L. spartum having the
ability to survive in the salt environment accumu-
lates organic solutes and/or inorganic ions as
osmolytes to alleviate or eliminate the salinity
environmental stresses. Osmolytes for OA are
accumulated in this plant by synthesizing in cells
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and/or absorbing the exogenous solutes from the
environment. Large-scale multiplication of L.
spartum in the arid and semiarid regions should
reduce the load of salt soils and provide a fodder
for livestock.
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Abstract

Drought and salinity are an immense threat to crop production worldwide,
and crop growth models predict that due to global climate change the fre-
quency and severity of drought and salinity stresses will be more severe in
the future to cause substantial damages. Drought, salinity and other abiotic
stresses are the reasons for crop losses worldwide as much as 50 %. So, it
is a burning concern to protest and prevent the destructive global effects of
drought and salinity. To cope with the stresses, plants, however, adopt a
variety of physiological and biochemical mechanisms at the cellular and
whole organism levels. Under these stress conditions, many plants and
organisms synthesize and accumulate compatible solute compounds
termed as osmolytes or osmoprotectants. Osmoprotectants are small, elec-
trically neutral non-toxic molecules at molar concentrations and highly
soluble organic compounds that efficiently maintain osmotic balance and
stabilize proteins and membranes under salt, drought or other stress condi-
tions. Researches in metabolomic, polyomic, transcriptomic and trans-
genic levels explored that plants overexpressing osmolyte biosynthesis or
metabolic genes showed enhanced stress tolerance. This chapter presents
information highlighting the vital roles of osmoprotectants against the
devastating effects of drought and salt stresses.
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4.1 Introduction

Drought and salinity are immense threat for crop
production worldwide, and crop growth models
predict that due to global climate change the fre-
quency and severity of drought and salinity
stresses will be more severe in the future to cause
substantial damages. Drought stress is supposed
to cause global crop production losses of up to
30 % by 2025, compared to present yield [accord-
ing to “Water Initiative” report of “The World
Economic Forum (2009)” at Davos; Zhang 2011].
On the other hand, worldwide, more than 45 mil-
lion hectares (M ha) of irrigated land have been
aggravated by salt which account for more than
20 % of total land. Every year, more than 1.5 M ha
area is taken out of production due to salinity
problem (Pitman and Lé&uchli 2002; Munns and
Tester 2008), and increasing salinity problem is
expected to result in up to 50 % loss of cultivable
lands by the middle of the twenty-first century
(Mahajan and Tuteja 2005; Hasanuzzaman et al.
2013a, b). Drought, salinity, and other abiotic
stresses are the reasons for crop losses worldwide
as much as 50 % (Rodriguez et al. 2005; Acquaah
2007). So, it is a burning concern to protest and
prevent the destructive global effects of drought
and salinity. Drought and salinity prejudice nor-
mal growth of plant. These stresses impair water
relations, water use efficiency, osmotic adjust-
ment, and ionic balance in plants and disrupt
membrane integrity and consistency and activity
of proteins/enzymes. As a result, physiological
processes including stomatal conductance, tran-
spiration, photosynthesis, and assimilate translo-
cation are distorted to severely affect plant
biomass accumulation and yield (Pefiuelas et al.
2013; Hasanuzzaman et al. 2014a, b). To cope
with the stresses, plants, however, adopt a variety
of physiological and biochemical mechanisms at
cellular and whole-organism levels. Plants often
alter gene expression and metabolism toward reg-
ulation of concentrations of several antistress
compounds which help to change their physiol-

ogy, phenology, growth, and reproduction to cope
up with stress conditions (Pefiuelas et al. 2013).
Under stress conditions, many plants and organ-
isms synthesize and accumulate compatible solute
compounds termed as osmolytes or osmoprotec-
tants. Osmoprotectants are small, electrically neu-
tral nontoxic molecules at molar concentrations
and highly soluble organic compounds which effi-
ciently maintain osmotic balance and stabilize
proteins and membranes under salt, drought, or
other stress conditions (Yancey 1994). Considering
the chemical basis, osmoprotectants are of three
types (Fig. 4.1): betaines (Bet) (N-methylated
amino acid derivatives) and related compounds
such as dimethylsulfoniopropionate (DMSP) and
choline-O-sulfate, amino acids such as proline
(Pro) and ectoine, and polyols and nonreducing
sugars such as trehalose (Tre), mannitol, and sor-
bitol (Rhodes and Hanson 1993; Bohnert et al.
1995). Numerous research findings reported the
stress-induced changes of osmoprotectants within
plant cell. Reports exist describing the beneficial
roles of exogenously applied osmoprotectants
under drought, salt, and other stress conditions.
Researches in metabolomic, polyomic, transcrip-
tomic, and transgenic levels explored that plants
overexpressing osmolyte biosynthesis or meta-
bolic genes showed enhanced stress tolerance
(Chen and Murata 2002, 2008; Rontein et al.
2002; Ashraf and Foolad 2007; Pefiuelas et al.
2013). This chapter is our little effort to gather and
present information highlighting the vital roles of
osmoprotectants against devastating effects of
drought and salt stresses.

4.2 Biosynthesis of Osmolytes

4.2.1 Proline

The amino acid Pro plays a highly beneficial role
in plants exposed to various stress conditions as
an osmolyte. The vital roles of Pro have also been
recognized as a metal chelator, an antioxidative
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Fig.4.1 Structure of different representative osmolytes. DMSP dimethylsulfoniopropionate

defense molecule, and a signaling molecule.
Stressful environment results in an overproduc-
tion of Pro in plants which is highly associated
with stress tolerance development imparting cel-
lular turgor or osmotic balance, stabilizing mem-
branes, controlling reactive oxygen species
(ROS) within tolerable range, and thus prevent-
ing plant cell from oxidative damage. Moreover,
the beneficial roles of Pro have been confirmed
through transgenic approaches where plants
overexpressing Pro biosynthesis gene accumu-
lated higher level of Pro and showed enhanced
tolerance to various environmental stresses
(Hayat et al. 2012).

Accumulation of Pro could be due to de novo
synthesis or decreased degradation or both (dos
Reis et al. 2012). In plants, it is synthesized via
two pathways, viz., glutamate (Glu) and orni-
thine (Orn) pathways (Fig. 4.2). However, the

earlier one takes part mostly in Pro synthesis dur-
ing osmotic stress (Lv et al. 2011; Witt et al.
2012). Glutamate is first converted into an inter-
mediate glutamic semialdehyde (GSA) by the
action of A'-pyrroline-5-carboxylate synthetase
(P5CS) which is spontaneously cyclized into
pyrroline-5-carboxylate (P5C). This intermediate
P5C is finally converted into Pro which is cata-
lyzed by Al-pyrroline-5-carboxylate reductase
(PSCR). The potentiality of Pro synthesis is
largely dependent on the activity and expression
of the catalyzing enzymes. Transgenic tobacco
plants overexpressing PS5CS have shown
increased concentration of Pro and provided bet-
ter protection against abiotic stress (Kishor et al.
1995). In most of the higher plants, P5CS is
encoded by two genes, whereas PSCR is encoded
by a single gene (Verbruggen et al. 1993;
Armengaud et al. 2004; Szabados and Savoure
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2010). Proline catabolism occurred in mitochon-
dria where two enzymes, viz., Pro dehydrogenase
(ProDH) and P5C dehydrogenase (P5CDH),
metabolize Pro into Glu. In Orn pathway, Orn
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can be transaminated either to GSA or to a-keto-
d-aminovalerate (KAV) by the activity of orni-
thine 8-aminotransferase (5-OAT). This KAV is
spontaneously cyclized to pyrroline 2-carboxylate
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(P2C), which is finally converted into Pro by the
activity of P2C reductase (P2CR; Trovato et al.
2008). The Orn pathway of Pro synthesis is com-
mon in some situation like seedling establish-
ment and under high-N input (Delauney et al.
1993; Xue et al. 2009).

Biosynthesis, catabolism, and transport
between cells and different cellular compart-
ments determine intercellular Pro level. It is sug-
gested that the biosynthetic enzymes (P5CSI,
P5CS2, and P5CR). are localized at the cytosolic
region. Mitochondrial localization is suggested
for the enzymes (PDH1/ERDS, PDH2, PSCDH,
and OAT) involved in Pro catabolism (Szabados
and Savoure 2010).

4.2.2 Glycinebetaine

Betaine is widely distributed in higher plants,
synthesized in many plant species in higher
amount under environmental stress conditions
(Rhodes and Samaras 1994). Betaines are
quaternary ammonium compounds (QACs)
which contain a carboxylic acid group. They may
be generally regarded as fully N-methylated
amino or imino acids. Different forms of Bet
exist depending upon plant species including

glycinebetaine (GB), proline betaine,
B-alanine  betaine, choline-O-sulfate, and
3-dimethylsulfoniopropionate =~ (Rhodes  and

Samaras 1994; McNeil et al. 1999). Among dif-
ferent kinds of betaine, GB is the most common.
Glycinebetaine, also called as original betaine
(N,N,N-trimethylglycine), was first discovered
from Beta vulgaris which is later found to be dis-
tributed in microorganisms, plants, and animals.
It is one of the most abundant quaternary ammo-
nium compounds that occurs during dehydration
stress in plants (Ashraf and Foolad 2007). It is
mostly found in chloroplast where it takes part in
protecting the thylakoid membrane and osmotic
adjustment. In contrast to existence of different
GB accumulator plant species, some are consid-
ered to be non-accumulators such as Arabidopsis,
rice, and tobacco.

Glycinebetaine is synthesized from choline in
a two-step oxidation by a ferredoxin (Fd)-

Ho\/\rL_

Choline
2FD(red) + O,

CMO
2FD(ox)

HO\(\ |+
OH |

Betaine aldehyde hydrate

—H20 +H20

O\/\,L_

Betaine aldehyde

NAD*
BADH
NADH + H*

OY\|
Lo

Glycinebetaine

Fig. 4.3 Schematic representation of GB biosynthesis in
plants. CMO choline monooxygenase, BADH betaine
aldehyde dehydrogenase

dependent choline monooxygenase (CMO) and a
betaine aldehyde dehydrogenase (BADH) with a
strong preference for NAD* (Fig. 4.3). In almost
all biological systems, conversion of choline to
GB is through a two-step dehydrogenation/oxy-
genation via the unstable intermediate betaine
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aldehyde. In higher plants, GB biosynthesis
occurs at chloroplasts. In the first step, choline is
converted to an unstable compound betaine
aldehyde by CMO. In the second step, betaine
aldehyde is converted to GB by BADH
(Rathinasabapathi et al. 1997). Besides this, other
pathways of GB synthesis such as direct
N-methylation of glycine also exists (Weretilnyk
et al. 1989). Unlike higher plants, bacteria pro-
duce GB from choline using choline oxidase
(COX) instead of CMO. The first enzyme is
much responsible to synthesize GB, and in many
plant studies, overexpression of BADH is found
to be highly associated with GB synthesis and
better tolerance to osmotic stress
(Rathinasabapathi et al. 2001; Sakamoto and
Murata 2001; Sulpice et al. 2003).

There are other biosynthesis pathways of GB
in other higher plants and in some other microor-
ganisms which are also considered as important,
because genes that encode the enzymes involved
in the biosynthesis of GB have been cloned from
other microorganisms in transgenic approaches
to enhance stress tolerance. Some evidences
which are genes for CMO and BADH from
higher plants (Rathinasabapathi et al. 1997),
CDH and BADH from Escherichia coli (Landfald
and Strom 1986), and choline oxidase (i.e., codA)
from Arthrobacter globiformis (Deshnium et al.
1995) have been exploited in transgenic
approaches.

4.2.3 Trehalose

Trehalose is a nonreducing disaccharide com-
posed of two glucose residues (a-D-
glucopyranosyl-1,1-a-D-glucopyranoside)
which are bonded by a-a-(1 1) linkage. Trehalose
was first reported in rye (Richards et al. 2002;
Elbein et al. 2003). It has been detected in a wide
range of organisms, including plants, bacteria,
fungi, and invertebrates (Elbein et al. 2003).
Among the disaccharides, Tre has particular
properties; both of the reducing ends of the mol-
ecule form glycosidic bond. Therefore, Tre is
resistant to acidic hydrolysis and is stable in
solution at high temperatures, even under acidic
conditions (Richards et al. 2002). Trehalose is a
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membrane and molecule stabilizer; it bears water
replacement mechanism where Tre replaces
water by establishing hydrogen bonds with
membranes or macromolecules during dehydra-
tion or freezing (Crowe 2007). Trehalose has
glass formation mechanism. Trehalose not only
crystallizes but also solidifies into a glassy state.
It is the only sugar which remains in glass-like
state when completely dehydrated (Richards
et al. 2002; Elbein et al. 2003). There are few
previous reports regarding Tre accumulation in
some desiccation-tolerant plants (Drennan et al.
1993; Bianchi et al. 1993; Albini et al. 1994).
Trehalose plays multiple roles in confirming
stress tolerance in plants. Recently published
reports explore the roles of Tre in multiple spe-
cies transcripts encoding putative Tre biosyn-
thetic genes (Fernandez et al. 2010).

There are different Tre biosynthesis pathways
existing in plants, bacteria, fungi, yeast, and
algae (Goddijn and van Dun 1999; Avonce et al.
2006; Paul et al. 2008). Trehalose biosynthesis in
higher plants only occurs through trehalose phos-
phate synthase (TPS)-trehalose phosphate phos-
phatase (TPP) pathway (which is also known as
OtsA-OtsB pathway) (Fig. 4.4). In the first step,
binding of glucose-6-phosphate to uridine
diphosphoglucose (UDP-glucose) is catalyzed by
TPS to produce trehalose-6-phosphate (T6P). In
the second step, trehalose-6-phosphate phospha-
tase (TPP) catalyzes the dephosphorylation of
T6P to Tre. In bacteria, OtsA and OtsB enzymes
catalyze the conversion of glucose-6-phosphate
and UDP-glucose to Tre. Yeasts TPS1 and TPS2
(homologues of TPS and TPP, respectively) cata-
lyze this process (Bell et al. 1998; Paul et al.
2008). Trehalose breaks down to two glucose
residues which have been found in almost all
organisms synthesizing Tre (Richards et al. 2002;
Elbein et al. 2003; Paul et al. 2008).

4.3  Plant Responses to Salinity
and Drought
4.3.1 Salinity

Salinity severely affects plant physiological pro-
cesses which primarily appears as osmotic and
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ionic stresses causing water deficit, phytotoxic-
ity, and nutrient imbalance (Munns 2002a).
Sodium (Na*) interferes with K* uptake, disturbs
stomatal regulation, and causes water loss.
Chlorine (CI") induces chlorotic toxicity symp-
toms as a result of impaired chlorophyll (chl) bio-
synthesis (Tavakkoli et al. 2010). Romero-Aranda
et al. (2001) observed that increase of salt in the
root medium restricts water transportation and
can lead to a decrease in leaf water potential.
Salt-induced adverse effects were documented in
all growth stages of different plants in numerous
research findings. High salinity inhibits seed ger-
mination (Khan and Weber 2008). Salinity may
alter water imbibition by seeds due to lower
osmotic potential of germination media (Khan

and Weber 2008) which affects germination.
Salinity alters the activity of enzymes of nucleic
acid metabolism (Gomes-Filho et al. 2008) and
other proteins’ metabolism (Yupsanis et al. 1994;
Dantas et al. 2007), disturbs hormonal balance
(Khan and Rizvi 1994), and reduces the utiliza-
tion of seed reserves (Promila and Kumar 2000;
Othman et al. 2006) which result in disturbed
germination. Salt stress can damage ultrastruc-
ture of cell, tissue, and organs of germinating
seedlings (Koyro 2002; Rasheed 2009). Delay in
seed germination and reduced germination per-
centage were reported for tomato (Cuartero and
Fernandez-Munoz 1999) and mustard (Bordi
2010) and mung bean (Nahar and Hasanuzzaman
2009). Reduction in germination rate, length of
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radicle and plumule, seedling length, and seed-
ling vigor werereported in maize (Khodarahmpour
et al. 2012). Decreased shoot and root weight,
plant height, leaf number, and total biomass were
reported in soybean plant due to salt stress
(Dolatabadian et al. 2011). Rice plants showed
remarkable reduction in plant height and tiller
number and leaf area index under salt stress
(Hasanuzzaman et al. 2009). Lauchli and Grattan
(2007) reported that salt stress adversely affected
performances of grain crops and cowpea plants at
vegetative, flowering, and seed filling stage. The
early reproductive stage was considered as the
most sensitive stage to salt stress. The decrease in
photosynthetic pigment contents including chl,
carotenoid, and xanthophyll under salt stress has
been reported in various studies with different
plants (Saha et al. 2010; Amirjani 2011;
Chutipaijit et al. 2011). Decrease in stomatal
conductance and photosynthetic rate is another
common effect of salt stress (Parida et al. 2004).
Changes in enzyme activity, alterations in cyto-
plasmic structure, and negative feedback by
reduced sink activity are some other reasons of
reduced photosynthesis under salt stress (Iyengar
and Reddy 1996). Reduced stomatal closure,
reduced CO, availability and inhibition in carbon
fixation, and excessive excitation energy in chlo-
roplast under salt stress result in increased gen-
eration of ROS such as superoxide (O,"),
hydrogen peroxide (H,0O,), hydroxyl radical
(OHe), and singlet oxygen (‘O,) (Parida and Das
2005; Ahmad and Sharma 2008; Ahmad et al.
2010a, 2011) causing severe cellular damage
through oxidation of lipids, proteins, and nucleic
acids (Pastori and Foyer 2002; Apel and Hirt
2004; Ahmad et al. 2010a, b). Salt-induced over-
production of ROS has been documented in grain
crop, oil seed crop, pulse crop, vegetable, and
fruit plants (Gueta-Dahan et al. 1997; Dionisio-
Sese and Tobita 1998; Mittova et al. 2004; Ahmad
et al. 2009, 2010b). Besides different ROS, salt
stress also overproduces cytotoxic methylglyoxal
(MG) and causes subsequent damages to cell.
Several studies showed that MG levels amplified
with an increase in salt stress (Yadav et al. 2005;
El-Shabrawi et al. 2010). Adverse effects of salt
stress in all the growth stages result in loss of
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economic yield including biomass production
and grain yield. The number of pods plant™' and
seeds pod~! and seed weight and total yield were
reduced in different varieties of mung bean under
salt stress with the highest reduction of total yield
by 77 % (Nahar and Hasanuzzaman 2009). Salt
stress severely affected the yield components of
rice, and as a result, yield was significantly
reduced up to 50 % (Hasanuzzaman et al. 2009).
Yield loss under salt stress has also been reported
in wheat (Quarrie et al. 2005), in barley (Ellis
et al. 2002), in tomato (Ghanem et al. 2011), and
in many other crops. The damage effects of salt
stress were highly depended on intensity of salt
stress, and in general, long-duration stress exerted
more severe effects. In contrast to salt-sensitive
crops, salt-tolerant crop varieties and halophyte
produce higher yield under salt stress.

4.3.2 Drought

Drought stress creates dehydration within the
plants which is characterized by changes in water
relations, nutrient uptake, biochemical and physi-
ological processes, membrane structure, and sub-
cellular organelles (Tuba et al. 1996; Sarafis
1998; Yordanov et al. 2003). Seed water imbibi-
tion is the prerequisite of seed germination,
drought arrests that process and hamper seed ger-
mination process. In sunflower, with the increase
of severity of drought stress, the germination pro-
cess is inhibited. Drought also increased abnor-
mal seedling and mean germination time and
caused delayed seedling emergence (Kaya et al.
2006). Okra showed reduced percentage of ger-
mination, increased average time necessary for
germination, reduced radical and plumule length,
and reduced fresh and dry weight (FW and DW,
respectively) in response to drought stress
(Baghizadeh and Hajmohammadrezaei 2011).
Response of drought stress is specific to plant
species and cultivar. The highest percentage of
germination was observed in wheat cultivars (cv.
Sabalan and cv. 4041) which was 96 %. In con-
trast, the lowest was in cv. Sissons (55 %).
Germination index, root length, and seedlings
FW were also negatively affected by drought dif-
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ferentially in different cultivars (Ghanifathi et al.
2011). Drought stress obstructs cell expansion
process and subsequently obstacles cell division
and growth (Prasad and Staggenborg 2008).
Pervez et al. (2009) reported reduction of plant
height and shoot DW in tomato plant under
drought stress. Similar adverse effects were
observed in chickpea under drought stress
(Mafakheri et al. 2010). Drought stress severely
reduced accumulations of C, N, and P; drought
reduced plant height, basal diameter, leaf num-
ber, and biomass production in Salix paragplesia
and Hippophae rhamnoides (Diaz-Loépez et al.
2012). Reduced shoot DW, osmotic potential,
leaf water potential, and stomatal conductance
were observed in drought-sensitive melon geno-
types (CU 40 and CU 252) (Kusvuran 2012).
Reduced leaf area, death of leaf tissue, and leaf
drop under drought stress are often considered as
drought avoidance mechanisms which are com-
mon in post-flowering and grain filling stages
(Prasad and Staggenborg 2008). Drought stress
differentially affects relative water content
(RWC), leaf water potential, osmotic potential,
pressure potential, and transpiration rate
(Kirkham 2005). In potato, early-season drought
substantially reduced water use efficiency (Costa
et al. 1997). In contrast higher water use effi-
ciency was reported in wheat and tomato under
drought than well-watered controls which was
attributed by reduced transpiration rates under
drought (Abbate et al. 2004; Subramanian et al.
2006). Drought decreases photosynthesis simply
by closing stomata and limiting CO, availability.
Drought stress reduced stomatal conductance,
CO, exchange rate, and the ratio of internal CO,
concentration to ambient CO, concentration in
wheat plant. These reductions affected reproduc-
tive attributes as evidenced by reduced grain
number at maturity, grain yield, and biomass pro-
duction (Monneveux et al. 2006). Soil drought
inhibits plant growth and development. Dry mat-
ter reduction in wheat plant was reported under
drought stress (Ahmad et al. 2007). Boutraa and
Sanders (2001) reported that mild drought stress
inhibited relative growth rate by 25 % which was
mainly due to changes in net assimilation rate
and photosynthetic rate. Stomatal movement is

more sensitive than RuBisCO activity which is
maintained even when leaf RWC drops to 50 %,
while stomata are already 75 % closed (Kaiser
1987; Flexas et al. 2006). Drought-affected plants
showed more decline in the photochemical chlo-
rophyll fluorescence quenching, photosystem II
quantum yield reduction, and diminished elec-
tron transport rate. Photoinhibition and photores-
piration often result from reduced CO,
assimilation under drought stress (Dias and
Bruggemann 2010). Reduction of chl a, chl b,
and carotenoid contents was reported in different
drought-affected plant species, such as wheat
(Chakraborty and Pradhan 2012), mustard (Din
et al. 2011), sissoo (Saraswathi and Paliwal
2011), mung bean (Pratap and Sharma 2010),
and common bean (Abass and Mohamed 2011).
Meiosis stage of pollen development is consid-
ered as the most sensitive stage exposed to
drought (Yang et al. 2007; Kato et al. 2008).
Anther dehiscence and pollen shedding and
impaired pollen germination and fertilization are
results of drought damage (Saini and Westgate
2000). Decrease in yield of grain legumes grown
under drought conditions is largely due to the
reduction in the number of pods plant™ (Pilbeam
etal. 1992; Lopez et al. 1996). In peanut, drought-
induced yield reduction is attributed by reduced
pod set, pod number, seed weight, and inhibited
peg penetration to the soil surface due to hard soil
surface resulting from desiccation by drought
(Haro et al. 2008). Failure of reproductive devel-
opment is a major cause of yield reduction in
faba bean and quinoa under drought stress (Adolf
et al. 2009). Early seed development like meiosis
of pollen development and the following later
phases of seed development are most sensitive.
Ovary abortion and pollen sterility under drought
in maize and in other small grains reduced the
grain number (Andersen et al. 2002; Adolf et al.
2009). Drought stress shortens the grain filling
period and enhances early senescence which is
one of the causes of yield reduction under drought
(Plaut et al. 2004). Drought stress during vegeta-
tive growth, flowering, and terminal stage
enhances spikelet sterility in rice that leads to
unfilled grains and reduced yield (Shahryari et al.
2008). In rice, drought stress at reproductive
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stage resulted in 93 % reduction in grain yield; in
wheat, drought stress from anthesis to harvest
stage resulted in 93 % reduction in yield (Kumar
et al. 2009); in barley, drought at grain filling
stage reduced grain yield by 52 % (Babaeian
et al. 2011); in canola, seed yield was reduced by
62 % due to drought imposition in flowering
stage (BirunAra et al. 2011); and in cowpea,
drought at vegetative and reproductive stages
reduced yield by 69 % (Ahmed and Suliman
2010). Drought stress can also lead to oxidative
stress creating ROS which damages the mem-
brane of cell and subcellular organelle and cellu-
lar components and disrupts biochemical life
processes. In case of extreme ROS production
under drought, this even leads to plant death (Li
et al. 2010; Faize et al. 2011; Hasanuzzaman and
Fujita 2011; Sorkheha et al. 2011). Drought
stress produces highly cytotoxic compound MG
which damages cell components. Drought-
induced MG production was reported in different
species of Brassica (Alam et al. 2014).

Mechanisms of Stress
Protection by Osmolytes

4.4

The existing research findings explored various
mechanisms by which osmolytes conferred stress
tolerance. Most of the reports primarily empha-
size the osmoregulatory roles. The other mecha-
nisms of osmolytes are biological membrane
protection, detoxification of toxic compounds
such as ROS and MG, alleviation of ionic toxic-
ity, protection of photosynthetic and mitochon-
drial structure, and metabolism. Moreover, the
signaling role of osmolytes has also been desig-
nated as a vital stress-protective mechanism.
Naturally, plants can accumulate osmoprotec-
tants at the levels ranging 5-50 pmol g~'FW
(Rhodes and Hanson 1993; Bohnert et al. 1995).
Osmoprotectants are typically confined to
cytosol, chloroplasts, and some other cytoplas-
mic compartments occupying 20 % or less of the
volume of mature cells. Natural osmoprotectant
concentrations in cytoplasmic compartments can
reach or exceed 200 mM which is osmotically
noteworthy in maintaining cell turgor and in gen-
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erating driving osmotic gradient for water uptake
under stress condition (Rhodes and Samaras
1994). The physicochemical basis of the protec-
tive effect by osmolytes involves the exclusion of
osmoprotectant molecules from the hydration
sphere of proteins (Timasheff 2008). This results
in presenting proteins to the least possible surface
area to the water so that native protein structures
are thermodynamically favored. Salts enter into
the hydration sphere and then interact with pro-
tein surfaces and cause unfolding. Thus, under
drought or salt stress conditions, osmoprotectants
serve not only to raise cellular osmotic pressure
but also to protect cell constituents. Similar pro-
tective effects can be achieved through osmopro-
tectants under other stress conditions (Yancey
1994).

Proline protects plants against stress injury by
maintaining osmoregulation. Proline is a molecu-
lar chaperon and it stabilizes subcellular struc-
tures including membranes and proteins. It is a
free radical scavenger, an agent for buffering cel-
lular redox potential under stress conditions.
Proline can serve as a nitrogen/carbon source of
cell (Verbruggen et al. 1996). It acts as a protein-
compatible hydrotrope, maintains cytoplasmic
pH, and alleviates cytoplasmic acidosis. Proline
serves as a proton acceptor and is involved in the
recycling of NADPH via its synthesis from gluta-
mate (Hare and Cress 1997) and thus maintains
appropriate NADP*/NADPH ratio compatible
with metabolism (Hayat et al. 2012). Trehalose is
often considered as the most effective protecting
disaccharide stabilizing dry membranes and
accumulating under drought condition. In case of
dehydration stress, lipid phase transitions and
vesicle fusion destabilize the membrane struc-
ture. Even negligible quantity of Tre is able to
inhibit vesicle fusion and depresses the phase
transition temperature of dry lipids and thus
maintains the liquid crystalline phase in the
absence of water (Crowe et al. 1992). Tre replaces
bound water associated with biological structures
(Donnamaria et al. 1994) which provide Tre a
high hydration potential. This potential gives Tre
scope to stabilize dry biological membranes and
proteins by hydrogen bonding of its hydroxyl
groups to the polar groups of proteins and phos-
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phate groups of membranes (Kawai et al. 1992).
During dehydration or freezing, this is the vital
mechanism of protection (Donnamaria et al.
1994). By special mechanism termed as vitrifica-
tion, Tre protects against desiccation stress.
Compared to other disaccharides, Tre forms pro-
tective glass-like structure which has low reactiv-
ity and makes it more stable due to its nonreducing
character. This hygroscopic glass-like structure
makes Tre extremely stable both at high tempera-
ture and at complete desiccated stress and allows
Tre to maintain its structure and function follow-
ing rehydration (Crowe and Crowe 2000;
Richards et al. 2002). GB maintains membrane
structure preventing peroxidation of membrane
lipids (Chen et al. 2000) and protecting electron
transport via complex II in mitochondria
(Hamilton and Heckathorn 2001). Other mecha-
nisms are stabilization of complex proteins and
membranes, regulation of transcriptional and
translational machinery, and intervention as a
molecular chaperone in the refolding of enzymes
(Sakamoto and Murata 2001).

Salt stress has major two primary events to
create stressful environment: first is lowering
water potential which causes loss of water and
turgor pressure and, second, creating high ionic
strength which results in imbalance among inor-
ganic ions. Osmolytes alleviate salt stress in two
major ways. At first, they lower the osmotic
potential and maintain normal turgor pressure
(Kempf and Bremer 1998). Second, osmolytes
act as stabilizers of proteins and cell components
against the denaturing effects of high ionic stress
(Hincha and Hagemann 2004). Glycinebetaine
plays a crucial role in effective protection against
salt stress (Ashraf and Foolad 2007; Chen and
Murata 2008) by osmotic adjustment (Gadallah
1999), protein stabilization, stabilization of
RuBisCO (Mikeld et al. 2000), photosynthetic
apparatus protection (Cha-Um and Kirdmanee
2010), and reduction of ROS (Ashraf and Foolad
2007). Glycinebetaine is suggested to have posi-
tive impact on absorption and translocation of
monovalent cations in salt-affected plants. GB
improved surviving percentages and growing
abilities of salt-treated plants which was associ-

ated with reduced Na* accumulation and with the
maintenance of K* concentration (Lutts 2000).
Nounjan et al. (2012) reported that exogenous
Pro reduced the Na*/K* ratio in salt-affected rice
plant. The similar result was obtained by exoge-
nous Tre application in other plant species under
salt stress (Zeid 2009; Nounjan et al. 2012).
Rapid breakdown of Pro upon relief of stress
provides reducing agents which help in improv-
ing mitochondrial oxidative phosphorylation and
generation of ATP for recovery and refurbishing
stress damages (Hare and Cress 1997; Hare et al.
1998). Presenting in chloroplast, GB protects the
thylakoid membrane and improves photosyn-
thetic efficiency (Robinson and Jones 1986;
Genard et al. 1991). Glycinebetaine helps to sta-
bilize the PSII complex. Papageorgiou and
Murata (1995) reported that GB stabilizes the
oxygen-evolving PSII complex against salts and
high-temperature stresses by protecting PSII
from dissociation of the extrinsic polypeptides.
Glycinebetaine accumulated in transgenic
Synechococcus which counteracted the inhibitory
effect of salt stress and helped to repair PSII by
counteracting the salt-induced inhibition of the
degradation and synthesis of D1 protein of PSII
(Ohnishi and Murata 2006). Several other studies
support that in salt-affected plants, GB provided
protections by enhancing PSII photochemical
performance (Hayashi et al. 1997; Sakamoto and
Murata Alia 1998; Holmstrom et al. 2000). Yang
et al. (2005) reported that exogenous application
of GB improved CO, assimilation, decreased sto-
matal conductance, and improved PSII efficiency
and growth of maize plants under salt stress. GB
is suggested to stabilize RuBisCO (Takahashi
and Murata 2006). Transgenic tobacco plants
accumulating GB alleviated the negative effects
of salt stress on the photosynthetic machinery
and rendered salt tolerance (Yang et al. 2008).
Trehalose has roles protecting the photosynthetic
apparatus which renders improved photosynthe-
sis (Zeid 2009). Ali and Ashraf (2011) reported
the vital roles of Tre in enhancing gas exchange
parameters contributing toward improved photo-
synthesis. Enhanced photosynthetic performance
can be achieved by sugar-signaling mechanisms.



48

Trehalose metabolism interacting with sugar-
signaling pathways enhances photosynthetic
capacity (Paul et al. 2001; Zeid 2009).
Stress-induced generation of ROS is one of
the most common incident in most plants, and
prevention or protection from oxidative stress
induced by ROS is one of the vital mechanisms
of stress tolerances (Foyer and Noctor 2003;
Ashraf and Foolad 2007; Ashraf 2009). The ROS
can be scavenged by antioxidant defense system
comprising of different components; chiefly,
nonenzymatic antioxidant components ascorbic
acid (AsA), glutathione (GSH), phenolic com-
pounds, alkaloids, nonprotein amino acids, and
a-tocopherols are commonly found in plants. The
antioxidant system also has enzymes which are
mainly superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), monodehy-
droascorbate reductase (MDHAR), dehydro-
ascorbate reductase (DHAR), glutathione
reductase (GR), glutathione peroxidase (GPX),
and glutathione-S-transferase (GST)
(Hasanuzzaman et al. 2012). Improvement of the
antioxidant defense system is considered to be
effective in the development of resistance and
adaptive features in plants against stresses
(Sharma and Dubey 2005; de Carvalho 2008;
Gill and Tuteja 2010). Trehalose has role in plant
oxidative defense mechanism by increasing the
accumulation of antioxidative compounds under
stress conditions. Exogenously applied Tre
increased antioxidative secondary metabolites
including AsA and tocopherol which confer oxi-
dative stress protection (Reddy et al. 2004a, b;
Posmyk et al. 2009). Research findings also
proved that exogenous Tre increased the activi-
ties of enzymes of the antioxidant system and
reduced oxidative stress (Ali and Ashraf 2011;
Alam et al. 2014). Besides, Tre research finding
proved the vital roles of other osmoprotectants
such as Pro, GB, and sorbitol in imparting oxida-
tive stress tolerance in plants which was primar-
ily achieved by osmolyte-induced enhancement
of antioxidant defense mechanism (Ahmed et al.
2010; Theerakulpisut and Gunnula 2012;
Hasanuzzaman et al. 2014a). In vitro experiments
with mannitol, Pro, and sorbitol have been shown
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to be effective scavengers of ROS (Smirnoff and
Cumbes 1989).

Some of the most recent reports exposed that
osmolytes can significantly reduce the toxicity of
MG by reducing its content. Osmolytes reduced
MG by improving the components of glyoxalase
system which was one of the mechanisms of
osmolyte-induced stress protection. Alam et al.
(2014) reported the beneficial role of Tre in
detoxification of MG by improving activities of
enzymes Gly I and Gly II (glyoxalase I and gly-
oxalase II, respectively) and contents of GSH
under drought stress in different species of
Brassica. Similar beneficial roles were evidenced
to contribute by exogenous Pro and GB applica-
tion in different varieties of rice plant under salt
stress (Hasanuzzaman et al. 2014a).

Although there are some reports expressing
signaling functions of osmolytes, they are still
lacking proper pathways. As a signaling mole-
cule, Tre activates multiple physiological and
biochemical processes and responses. This sig-
naling behavior is involved in increasing the
accumulation of different secondary metabolites
including antioxidants under stress conditions
which impart stress protection (Avonce et al.
2004; Zeid 2009). Studies with transgenic
approaches proved that plants overexpressing
genes for osmoprotectants increased accumula-
tion of certain osmoprotectants together with
induction or upregulation of other mechanisms
related to stress protection. Upregulation of Pro
level is associated with accumulation of H,O,,
increased activities of antioxidative enzymes
(SOD, POD, APX, CAT), and upregulated tran-
script levels of genes encoding antioxidant
enzymes (Cu/ZnSOD, MnSOD, CytAPX, CatC)
in O. sativa seedlings under salt stress. Further,
exogenous Pro addition, increased endogenous
Pro and transcript levels of P5CS and .P5CR, and
transcription of genes encoding several antioxi-
dant enzymes are indication for signaling func-
tion of Pro (Nounjan et al. 2012). Wheat and
sugarcane plants overexpressing P5CS not only
accumulated Pro but also reduced oxidative stress
(Molinari et al. 2007; Vendruscolo et al. 2007). In
maize and cotton, overexpression of GB synthe-
sis gene betA (gene encoding choline dehydroge-
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nase, an enzyme of GB biosynthesis) or AhCMO
(choline monooxygenase, catalyst in GB synthe-
sis) resulted in reduced oxidative stress (Quan
et al. 2004; Lv et al. 2007; Zhang et al. 2009a).
These evidences demonstrate the signaling
behavior of different osmolytes. Proline accumu-
lation in plants has been reported to be mediated
by both ABA-dependent and ABA-independent
signaling pathways (Chiang and Dandekar 1995;
Shinozaki and Yamaguchi-Shinozaki 1997; Hare
et al. 1999; Zhu 2001, 2002) subjected to envi-
ronmental stresses. Moreover, ABA accumula-
tion in plants under osmotic stress has been
reported to regulate expression of P5CS (Xiong
et al. 2001).

4,5 Role of Osmolytes
in Conferring Stress
Tolerance

4.,5.1 Salinity

The accumulation of osmolytes including Pro,
Bet, and sugars is a well-known adaptive mecha-
nism in plants against salt stress (Parida and Das
2005; Ashraf and Foolad 2007). Moreover, use of
exogenous osmolytes improved plant perfor-
mance under salt stress. Several examples have
been presented in Table 4.1. Roles of Pro as a
compatible osmolyte or osmoprotectant and its
antioxidant feature to quench ROS made itself a
potent protectant of plants from the adverse abi-
otic stresses including salt stress (Smirnoff and
Cumbes 1989; Matysik et al. 2002). Werner and
Finkelstein (1995) found that an Arabidopsis
Pro-deficient mutant could not accumulate suffi-
cient amount of Pro and it was unable to continue
growth on saline media, while the wild type
accumulated Pro and continued better growth
performances. Proline can induce the expression
of salt stress-responsive proteins involved in
plant adaptation to salt stress (Khedr et al. 2003).
In Pancratium maritimum plants subjected to
severe salt stress, the activities of antioxidant
enzymes CAT and peroxidase (POD) reduced.
Activities of these enzymes were significantly
higher in the presence of Pro; thus, plants were

protected from NaCl-induced oxidative damage
(Khedr et al. 2003). Proline improves salt toler-
ance in tobacco plants by increasing the activities
of enzymes involved in the antioxidant defense
system (Hoque et al. 2008). According to Hoque
et al. (2008), salt stress increased protein carbon-
ylation and contents of GSH and oxidized gluta-
thione (GSSG) and enhanced the activities of
GST and Gly II enzymes in Nicotiana tabacum
L. cv. BY-2. Salt stress decreased redox state of
thiol and the activities of GPX and Gly [ enzymes.
Proline provides protective action against NaCl-
induced oxidative damage by enhancing antioxi-
dant defense and MG detoxification systems and
by reducing protein carbonylation. Proline func-
tions for stabilizing functional units of electron
transport and stabilizing the membranes, pro-
teins, and enzymes such as RuBisCO (Hamilton
and Heckathorn 2001). It protects the photosyn-
thetic apparatus (Ashraf et al. 2008) by function-
ing as an oxygen radical scavenger (Heuer 2003).
Olive plants were adversely affected in terms of
growth and physiology when subjected to salt
stress. Proline supplementation alleviated the
adverse effects of salt stress by maintaining plant
water status and soluble sugar contents. Proline
maintained better photosynthetic activity of olive
plants under salt stress. The antioxidant activity
was also enhanced by Pro. Thus, by helping in
physiological adaptation under salinity, Pro
developed salt stress tolerance in olive plants
(Ahmed et al. 2010). Exposure of rice seeds to
increasing concentration of NaCl (0, 100, 200,
300, and 400 mM) harshly reduced germination
percentage, root and shoot length, chl content,
and protein content. In contrary, rice seeds pre-
treated with Pro (1, 5, and 10 mM) and grown at
different NaCl concentrations neutralized the
adverse effect of salt stress and showed better
performance. Among different doses of Pro,
10 mM was not effective in improving plant
growth under higher-salinity levels of 300 and
400 mM NaCl (Deivanai et al. 2011).

According to Sobahan et al. (2009), exoge-
nous Pro and Bet suppressed Na-induced
trisodium-8-hydroxy-1,3,6-pyrenetrisulfonic
acid (an apoplastic tracer) uptake and Na* accu-
mulation, while Pro and Bet slightly increased
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Table 4.1 Summary of the protective effects of different exogenously applied osmoprotectants under salt stress

Name of the plant

Olea europaea L.
cv. Chemlali

Nicotiana tabacum
BY-2 cells

Oryza sativa L. cv.
BRRI dhan49 and
cv. BRRI dhan54

Oryza sativa L.
ssp. indica

Nicotiana tabacum
BY-2 cells

Oryza sativa L. cv.
Nipponbare

Cucumis melo L.
cv. Yuhuang and
cv. Xuemei

Oryza sativa L. cv.
KDML105

Oryza sativa L. cv.
Nipponbare

Salinity doses
and duration

100 and 200 mM
NaCl, 6 months

200 mM NaCl, 7
days

150 and 300 mM
NaCl, 48 h

150 mM NaCl

200 mM NaCl, 7
days

25 mM NaCl,
12h

100 mM NaCl, 5
days

100 mM NaCl, 6
days

150 mM NaCl, 5
days

Doses of
protectant

25 and 50 mM
Pro

20 mM Pro

5 mM GB

50 mM GB

20 mM GB

1 and 5 mM Pro
and GB

0.2 mM Pro

10 mM Pro

5 mM GB

Protective effects

Modulated antioxidative
enzyme activities
Increased photosynthetic
activity and plant growth
Maintained suitable plant
water status under salinity
conditions

Increased FW
Enhanced activities of POD
and CAT

Enhanced antioxidant system
Reduction of oxidative stress
parameters (lipid
peroxidation and H,0,) and
lipoxygenase activity
Improved MG detoxification
system

Increased leaf chl, RWC

Increased chl and carotenoid
content

Increased WUE

Increased seed weight and
yield

Increased FW

Increased activity of POD

Reduced Na* uptake in rice
plants
Increased K*/Na* ratio

Increased FW and DW
Increased photosynthesis,
quantum yield of PSII, and
chl content

Reduced O, level and H,0,
content

Enhanced activities of SOD,
POD, APX, CAT, and DHAR

Increased FW and DW
Reduced Na*/K* ratio
Increased endogenous Pro
and transcript levels of PSCS
and .P5CR

Upregulated transcription of
genes encoding several
antioxidant enzymes
Prevented salt-induced
swelling of thylakoids,
disintegration of grana
stacking and intergranal
lamellae, and disruption of
mitochondria

References
Ahmed et al. (2010)

Hoque et al. (2007)

Hasanuzzaman et al.
(2014a)

Cha-Um and
Kirdmanee (2010)

Hoque et al. (2007)

Sobahan et al. (2009)

Yan et al. (2011)

Nounjan et al. (2012)

Rahman et al. (2002)

(continued)
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Table 4.1 (continued)

Salinity doses Doses of
Name of the plant | and duration protectant
Oryza sativa L. cv. | 100 mM NaCl, 6 | 10 mM Tre
KDML105 days
Oryza sativa L. cv. | 150 and 300 mM | 5 mM Pro
BRRI dhan49 and | NaCl, 48 h
cv. BRRI dhan54
Zea mays cv. Giza | NaCl (with 10 mM Tre
2 0.2 MPa), 14
days
Oryza sativa L. cv. | 170 mM NaCl, 5 mM and
KDML105 24 h 10 mM sorbitol,
5 mM and
10 mM Tre

the K* content which led to a high K*/Na* ratio
under saline conditions. Responses of salt-
sensitive (BRRI dhan49) and salt-tolerant (BRRI
dhan54) rice (Oryza sativa L.) varieties were
studied and compared under two levels of salt
stress (150 and 300 mM NaCl, 48 h) and with
exogenous Pro and GB application with the salt
stress. Rice seedlings exposed to salt stresses sig-
nificantly reduced leaf RWC and chl content; salt
stress increased endogenous Pro, lipid peroxida-
tion, and H,0, levels. Sensitive and tolerant vari-
eties showed differential responses in terms of
antioxidant and glyoxalase system. Salt stress
reduced AsA, GSH, and GSH/GSSG, APX,
MDHAR, DHAR, GR, GPX, CAT, and Gly I
activities in sensitive variety, and these parame-
ters were increased in tolerant variety. But Gly II,
GST, and SOD activities were increased in both
cultivars. Exogenous Pro and GB application
alleviated salt damages by improving antioxidant
and glyoxalase system and improving physiolog-
ical adaptation. The salt-tolerant BRRI dhan54

References
Nounjan et al. (2012)

Protective effects
Increased FW and DW
Reduced Na*/K* ratio and
endogenous Pro

Hasanuzzaman et al.
(2014a)

Increased contents of AsA
and GSH, ratio of
GSH/GSSG, and activities of
APX, MDHAR, DHAR, GR,
GPX, CAT, Gly I, and Gly I
Improved oxidative stress
and MG toxicity tolerance

Increased plant height, root Zeid (2009)
and shoot DW, and leaf RWC

Increased photosynthetic

pigment and nucleic acid

content

Increased soluble sugar and

soluble protein content

Decreased ion leakage

Increased K*/Na* ratio

Enhanced growth
Reduced H,0, and lipid
peroxidation (indicated by
malondealdehyde, MDA),
contents, and electrolyte
leakage

Theerakulpisut and
Gunnula (2012)

showed better tolerance. Among two protectants,
Pro rendered better protection than GB
(Hasanuzzaman et al. 2014a).

Salt-sensitive Citrus sinensis “Valencia Late”
cell culture exhibited reduced growth rate in salt
media containing >200 mM NaCl which corrob-
orates with reduced Pro accumulation. When the
same cell culture specimen was provided with
exogenous Pro (5 mM), the growth performance
was better (Lima-Costa et al. 2008). Cucumis
melo seedlings subjected to 100 mM NaCl
showed reduced growth, chl content, and photo-
synthetic performances. Seedlings were in severe
oxidative stress due to distorted antioxidant
metabolism under salt stress. Yan et al. (2011)
demonstrated that application of exogenous
0.2 mM Pro with salt containing nutrient solu-
tion alleviated those adverse affects. Proline sup-
plementation with salt increased FW and DW of
seedlings. Exogenous Pro significantly alleviated
the decrease of photosynthesis, quantum yield of
PSII, and chl content. Compared with NaCl
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alone, exogenous Pro also reduced ROS
including the 'O, and H,0, content by the
enhancing activities of SOD, POD, APX, CAT,
and DHAR.

Salt stress disturbed antioxidant and MG
detoxification systems and causes oxidative dam-
age in Nicotiana tabacum L. cv. BY-2 cells grown
in suspension culture. Upregulation of the anti-
oxidant and glyoxalase systems induced by GB
provides protection against NaCl-induced oxida-
tive damage in plants. Exogenous GB application
reduced protein carbonylation and enhanced glu-
tathione redox state and activities of GPX, GST,
and Gly I under salt stress (Hoque et al. 2008).
Absorption and translocation of monovalent cat-
ions in salt-stressed rice plants was regulated by
GB. Exogenous GB was associated with reduced
sodium accumulation and maintenance of K*
concentration in salinized plants (Lutts 2000).
Rice seedlings showed ultrastructural damages
such as swelling of thylakoids, disintegration of
grana stacking and intergranal lamellae, and dis-
ruption of mitochondria under salt stress
(150 mM NacCl). Pretreatment of GB alleviated
the adverse effects of salt stress. Glycinebetaine
has the capability for the production of many
vacuoles in the root cells to act as storage of Na*
which was supposed to prevent Na* accumulation
in the shoots and its subsequent damage effects
(Rahman et al. 2002). Foliar spraying of GB in
salt-sensitive rice plants exposed to salt (150 mM
of NaCl) stress showed improved performance
by maintaining better water use efficiency (WUE)
and stabilizing photosynthetic pigment which led
higher CO, assimilation and higher photosynthe-
sis rate. Glycinebetaine also had its effects on
overall growth performance of rice plants
(Cha-Um and Kirdmanee 2010).

Trehalose functions as a compatible solute
which is well known. Exogenous Tre treatment
improved antioxidant capacity and reduced Na*/
K* ratio and endogenous Pro level in salt stress-
affected rice seedlings. Transcription of PSCS
and .P5CR was upregulated, and the activities of
SOD and POX were decreased, whereas the
activity of APX is increased by Tre. Trehalose
upregulated the transcription of all antioxidant
enzyme genes. Trehalose could not affect the
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growth inhibition during salt stress (Nounjan
et al. 2012). Metabolic activity of maize seed-
lings was altered by Tre application which helped
to alleviate damage effects of salt stress.
Presoaking maize seeds with Tre (10 mM)
increased Hill reaction activity and photosyn-
thetic pigment and nucleic acid content in salt-
affected seedlings. Trehalose treatment reduced
oxidative stress which is indicated by stabiliza-
tion of the plasma membranes, reduced rate of
ion leakage, and reduced lipid peroxidation of
maize root cells. Tre application increased the
ratio of K*/Na* in the leaves of maize seedlings
(Zeid 2009). Exogenous Tre (up to 5 mM)
reduced Na* accumulation and growth inhibition
of rice plant exposed to salt stress. Higher con-
centrations (10 mM) prevented chl loss in leaf
blades and preserved root integrity (Garcia et al.
1997). Alfalfa (Medicago sativa L.) plants
exposed to salt stress accumulated negligible
quantity of Tre in roots and bacteroids which was
not enough to act an osmoprotective function
(Fougere et al. 1991). In other studies, Medicago
truncatula showed downregulation of Tre under
salt stress (Lopez et al. 2008).

Sorbitol (5 and 10 mM) and Tre (5 and 10 mM)
showed protective roles in salt-sensitive cultivar
of rice (Oryza sativa L. cv. KDML105) when
subjected to salt stress (170 mM). Salinity mark-
edly reduced growth of this cultivar. Salinity also
resulted in oxidative stress as indicated by sig-
nificant increase of H,0,, lipid peroxidation, and
membrane electrolyte leakage. However, sorbitol
and Tre supplementation ameliorated those
adverse effects and improved the growth perfor-
mance (Theerakulpisut and Gunnula 2012).

4,52 Drought

Drought-induced accumulation of osmolytes has
been reported in different plant species. Research
findings proved that exogenous application of
osmoprotectants can enhance drought tolerance
(Table 4.2).

Different levels of drought stress (—0.15,
—0.49, —1.03, and -11.76 MPa) were applied on
cultivars (704 and 301) of Zea mays with poly-
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Table 4.2 Summary of the protective effects of different exogenously applied osmoprotectants under drought stress

Drought doses and | Doses of
Name of the plant duration protectant Protective effects References
Zea mays L. cv. Reduced irrigation | 30 mM Pro Increased seed sugar, oil, Ali et al. (2013)
Agaiti-2002 and cv. throughout the protein, moisture, fiber and
EV-1098 growing period ash, and oil oleic and linoleic
acid contents
Increased antioxidant contents
such as phenolics, carotenoids,
flavonoids, and tocopherols
Enhanced oil DPPH
(1,1-diphenyl-2-picryl-
hydrazyl) free radical
scavenging activity
Zea mays L. cv. Reduced water 30 and 60 mM | Increased growth Ali et al. (2007)
Agaiti-2002 and cv. content to 60 % Pro Increased photosynthetic rate,
EV-1098 field capacity, 15 Ci and gs, and photosynthetic
days pigment levels
Helianthus annuus L. | Reduced water at 100 mM GB Increased head diameter, Hussain et al.
vegetative and number of achene, (2008)
flowering stage 1000-achene weight, achene
yield, and oil yield
Zea mays L. Drought stress was | 50 ppm, Increased chl a and b contents, | Miri and Armin
created reducing 100 ppm, plant height, yield, and (2013)
irrigation interval 150 ppm GB 1000-seed weight
Triticum aestivum L. | Drought stress at 100 mM GB Improved rate of transpiration | Raza et al.
tillering, flower and photosynthesis and uptake | (2012)
initiation, and of P and Ca but reduced N, K,
milking stage and Na uptake
Triticum aestivum L. | Withholding 50,100, and Improved plant water potential, | Raza et al.
irrigation at milking | 150 mM GB plant height, spike length, (2014)
stage number of spikelets spike™,
number of grains spike™!, and
grain yield
Oryza sativa L. cv. Reduced (25 %) 100 mM GB Increased maximum quantum Cha-um et al.
Pathumthani 1 water content yield of PSIland photon yield | (2013)
of PSII, net photosynthetic
rate, plant height, and yield
traits such as panicle length
and weight, fertility
percentage, and weight of
one-hundred grain
Helianthus annuus L. | Reduced irrigation | 50 and Increased leaf water and turgor | Igbal et al.
frequency 100 mM GB potentials and yield (2008)
Lycopersicum Reduced irrigation | 5 and 10 mM | Increased shoot height, root Rezaei et al.
esculentum Mill. cv. frequency GB length, leaf number, leaf area, | (2012)

PS

shoot FW, total shoot DW,
RWC, and stress tolerance
index, number of flowers, fruit
number, and weight of fruit

(continued)
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Table 4.2 (continued)

Drought doses and | Doses of
Name of the plant duration protectant
Brassica napus, B. 15 % PEG, 2 days 5 mM Tre
campestris, and B.
Jjuncea
Zea mays L. Reduced irrigation | 30 mM Tre
Triticum aestivum Drought stress 50 mM Tre

L. Callus (50 % PEG), 5 and

10 days and
thereafter 5-day
recovery

ethylene glycol (PEG). Drought resulted in solute
accumulation. The cultivars 704 and 301 showed
increases in free Pro level 1.56-3.13 times higher
than the control treatment in response to drought
stress. The increase in 704 var. was higher than
301 var. Increased Pro played roles in minimiz-
ing the damage caused by dehydration
(Mohammadkhan and Heidari 2008). Fifty-six
days of water deficit exposure resulted in
increased foliar free Pro level by 2.4-fold and GB
level by 2.5-fold of drought-stressed oak com-
pared to control (Oufir et al. 2009).

Roles of exogenous Pro as a potential osmo-
protectant to ameliorate the adverse effects of
drought stress were studied on maize seed, seed
oil composition, and oil antioxidant activity.
Water stress reduced kernel sugar, oil, protein,
and moisture contents and seed macro- and
microelements, but it increased seed fiber and ash
contents. Water stress increased oil oleic acid
content and decreased linoleic acid content.
Exogenous foliar-applied Pro significantly
increased seed sugar, oil, protein, moisture, fiber,
and ash contents both under well-irrigated and
water deficit conditions. Exogenous Pro also
increased oleic and linoleic acid contents and
increased antioxidant concentrations: phenolics,
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References

Alam et al.
(2014)

Protective effects

Increased growth and
photosynthetic pigment
content

Improved antioxidant system
and reduced oxidative stress
Improved glyoxalase system
and reduced MG toxicity

Ali and
Ashraf(2011)

Increased biomass production,
photosynthetic attributes, and
plant-water relation parameters
Increased contents of
antioxidants such as
tocopherols and phenolics and
increased activities of POD
and CAT in antioxidant system

Increased cell viability and Maet al. (2013)

biomass
Increased content of AsA and
GSH and SOD and GR activity

carotenoids, flavonoids, and tocopherols posi-
tively correlated with the enhanced oil DPPH
(1,1-diphenyl-2-picryl-hydrazyl) free radical
scavenging activity (Ali et al. 2013). Another
experiment with exogenous Pro (30 and 60 mM
as foliar spray) showed that Pro significantly
improved drought (60 % field capacity, 15 days)
tolerance capacity of maize which is clearly evi-
dent from improved growth, photosynthetic rate,
sub-stomatal CO, (Ci), stomatal conductance
(gs), and photosynthetic pigment levels under
drought stress (compared to drought treatment
without exogenous Pro application) (Ali et al.
2007).

In sunflower, the effects of exogenous GB
were studied to investigate its roles in improving
plant performances under water deficit condition.
Three levels (0, 50, and 100 mM) of GB were
applied as seed treatments or as foliar application
at the vegetative or reproductive growth stage.
Water stress significantly decreased leaf water
contents and osmotic and turgor potentials. Seed
treatment of GB was not effective in alleviating
drought damage, whereas foliar application of
GB at the vegetative or reproductive growth stage
increased leaf water content and turgor potentials
under water stress, and between the doses, foliar
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spray with 100 mM GB was more effective (Igbal
et al. 2008). Corn plants were subjected to
drought stress by reducing irrigation intervals.
Drought stress significantly reduced growth,
yield components, and yield of corn. In the con-
trary, application of exogenous GB (50, 100, and
150 ppm) in drought-affected corn plants altered
the plant physiology so that its growth, yield
components, and yield were improved signifi-
cantly. Among different concentrations, 150 ppm
concentration while spraying before flowering
had great positive effects (Miri and Armin 2013).
Sunflower plant was exposed to water stress at
their vegetative and flowering stage. Water stress
significantly decreased the head diameter, num-
ber of achenes, 1000-achene weight, achene
yield, and oil yield. Drought stress increased the
free leaf Pro and achene oil contents. Exogenous
GB (100 mM) resulted in further increase of free
Pro level and significantly improved these yield
attributes by ameliorating the harmful effects of
water stress. However, GB showed more promi-
nent effects when it was applied on the flowering
stage (Hussain et al. 2008). Raza et al. (2012)
reported that application of GB effectively allevi-
ated adverse effects of drought stress in wheat
plant. Drought stress was imposed at the tillering,
flower initiation, and milking stages, and GB
supplementation improved the rate of transpira-
tion and photosynthesis and uptake of P and Ca,
whereas GB reduced N, K, and Na uptake. In
other findings, Raza et al. (2014) again reported
that different doses of GB (50, 100, and 150 mM)
were beneficial for improving drought tolerance
of wheat plant when the stress was imposed at the
milking stage. Application of GB significantly
improved plant water potential and increased
plant height, spike length, the number of spike-
lets spike~!, the number of grains spike™!, and
grain yield. Among different doses, 100 mM GB
contributed best results. Application of 100 mM
GB also rendered drought tolerance in rice plant
in terms of various physiological parameters; GB
improved maximum quantum yield of PSII and
total chl and photon yield of PSII, net photosyn-
thetic rate, plant height, and yield traits such as
panicle length and weight, fertility percentage,

and one-hundred-grain weight (Cha-um et al.
2013).

The ameliorative effects of foliar-applied Tre
on water stress-affected maize seedlings were
investigated. Water stress significantly reduced
the plant biomass production, photosynthetic
attributes, and water relation parameters. Water
stress generated oxidative stress and altered the
activities of antioxidant enzymes and levels of
nonenzymatic antioxidant components. Foliar-
applied Tre (30 mM) significantly increased plant
biomass production and improved photosynthetic
attributes and plant-water relation parameters
including leaf water potential, solute potential,
turgor potential, and RWC. Trehalose application
relieves plants from oxidative damage by enhanc-
ing the activities of some key antioxidant
enzymes (POD and CAT) and levels of nonenzy-
matic compounds (tocopherols and phenolics)
(Ali and Ashraf 2011). Different species of
Brassica such as B. napus, B. campestris, and B.
juncea were subjected to drought stress (15 %
PEG) for 48 h. Drought-affected Brassica seed-
lings showed growth reduction, reduced photo-
synthetic pigment, elevated Pro, oxidative stress,
and MG toxicity. But exogenous Tre (5 mM)
application significantly reduced oxidative stress
by improving antioxidant system. Methylglyoxal
toxicity generated from drought stress was also
reduced by exogenous Tre where Tre reduced
MG content by improving glyoxalase system
components. Trehalose also rendered increased
photosynthetic pigment level, regulated endoge-
nous Pro, increased leaf RWC, and improved
overall growth of plant (Alam et al. 2014). During
studying with wheat callus under drought stress,
Ma et al. (2013) observed severe oxidative dam-
age and reduced callus growth. Exogenous Tre
(50 mM) application in drought medium effi-
ciently altered oxidative stress. Trehalose was
efficient to increase the activity of SOD and GR;
Tre also increased the levels of AsA and GSH
which were involved in the reduction of ROS and
subsequent oxidative damage. The overall effect
of Tre was better callus development under
drought stress (Ma et al. 2013).
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4.6 Transgenic Approaches
of Osmolyte-Induced
Salinity and Drought Stress

Tolerance

The beneficial roles of osmolytes under salt and
drought stress have been proven in many studies.
However, all of the osmoprotectants do not occur
in plants. One of the most important features of
osmoprotectants is that their beneficial effects are
generally not species specific. This feature opens
a great scope so that alien osmoprotectants can
be engineered into plants to protect their new
host plant from the destructive damage effects
(Rhodes and Hanson 1993; Bohnert et al. 1995).
In Table 4.3, transgenic plants engineered to
osmolyte-synthesizing or metabolic genes and
their tolerance to stresses have been presented.
Transgenic plant lines of Petunia hybrida cv.
“Mitchell” were developed transformed by
D1-pyrroline-5-carboxylate  synthetase genes
(AtP5CS from Arabidopsis thaliana L. or
OsP5CS from Oryza sativa L.), and they accu-
mulated higher Pro, improved growth, and were
more tolerant to drought stress (Yamada et al.
2005). Wheat plants transformed with the Vigna
aconitifolia P5CS encoding enzyme involved in
Pro biosynthesis were subjected to 15 days of
water. A significant increase in accumulation of
Pro was noticed. The transgenic wheat plants
also showed enhanced tolerance to drought
stress, and the tolerance was due to protection
mechanisms against oxidative stress, rather than
by osmotic adjustment (Vendruscolo et al. 2007).
Molinari et al. (2007) also reported Pro as a com-
ponent of antioxidative defense system rather
than as an osmotic adjustment mediator. In their
study with transgenic sugarcane transformed
with a heterologous P5CS gene, they ascertained
a 2.5-fold higher Pro level after 9 days of water
stress. But no osmotic adjustment was noticed in
these Pro-overproducing plants. On the other
hand, the photochemical efficiency of PSII was
higher (65 %), and lipid peroxidation and chl
were lower which helped to increase biomass
production of transgenic line. The .P5CR was
overexpressed in Arabidopsis under different
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stress conditions including salt, PEG, ABA, and
heat stresses. Under salt stress, its expression
resulted in increased Pro accumulation and root
growth. This transgenic line decreased MDA
content under NaCl, PEG, and ABA stresses (Ma
et al. 2008). Overexpression of Pro P5CR
increased Pro accumulation and affected amino
acid metabolism of soybean (Glycine max
L. Merr. cv. Ibis) which also exhibited improved
drought tolerance (Simon-Sarkadi et al. 2006).
Glycinebetaine is synthesized either by the
oxidation/dehydrogenation of choline or by the
N-methylation of glycine (Chen and Murata
2002). So, genes that encode GB-biosynthetic
enzymes have been cloned from various microor-
ganisms and plants, and transgenic plants of vari-
ous species have been produced which
accumulate GB at a variety of levels and exhibit
enhanced tolerance to a variety of abiotic stresses.
Maize inbred line DH4866 which was trans-
formed with the betA gene encoding choline
dehydrogenase accumulated higher level of GB
and was more tolerant to drought stress than
wild-type plants. Transgenic line had enhanced
GB accumulation which conferred greater pro-
tection of the integrity of the cell membrane and
greater activity of enzymes. Transgenic line
showed better germination and growth at young
seedling stage. Grain yield of transgenic plants
was significantly higher, compared to that of
wild-type plants under drought stress (Quan et al.
2004). Drought tolerance capacity of homozy-
gous transgenic cotton (Gossypium hirsutum L.)
plants overexpressing betA was tested at its dif-
ferent growth stages. Compared to wild type,
transgenic cotton accumulated significantly
higher levels of GB either before or after drought
stress. Transgenic plants were more tolerant to
drought stress from young seedlings to flowering
plants. Increased RWC and photosynthesis, bet-
ter osmotic adjustment, reduced ion leakage, and
lipid membrane peroxidation under drought
stress were considered as vital indicators of
drought tolerance (Lv et al. 2007). Transgenic
cotton was developed by introducing CMO gene
(AhCMO) cloned from Atriplex hortensis.
Seedlings of the transgenic lines accumulated
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Table 4.3 Transgenic plants engineered to osmolyte-synthesizing or metabolic genes and their tolerance to stresses

Transgenic plant
Triticum
aestivum L. cv.
CD200126

Petunia hybrida
cv. Mitchell

Saccharum spp.
var. RB855156

Glycine max
L. Merr. cv. Ibis

Arabidopsis
thaliana L.

Triticum
aestivum L.

Zea mays L.

Gossypium
hirsutum L.

Gossypium
hirsutum L.

Nicotiana
tabacum L.

Oryza sativa

Solanum
tuberosum L.

Gene
P5CS

P5CS

P5CS

P5CR

P5CR

betA

betA

betA

AhCMO

BADH

otsA and otsB

TPS1

Gene sources

Vigna aconitifolia L.

Arabidopsis thaliana
L. and Oryza sativa
L.

Vigna aconitifolia L.

Arabidopsis thaliana
Triticum aestivum

Escherichia coli

Escherichia coli

Escherichia coli

Atriplex hortensis

Spinacia oleracea L.

Escherichia coli

Pichia angusta

Tolerance response in

transgenic plant

Drought tolerance through
reduced oxidative stress

Higher Pro content and better
growth performance under

drought stress

Drought tolerance by Pro
accumulation and improving
antioxidative defense

Improved drought stress

tolerance

Improved salt tolerance

Increased GB and chl, with
reduced Na*/K* ratios and
solute potential, reduced cell
membrane damage, higher
photosynthesis rates and
vigorous growth, and higher
yield under salt stress

Higher GB accumulation,
integrity of the cell
membrane, better seedling
growth, and higher yield
under drought stress
Increased RWC and
photosynthesis, better
osmotic adjustment, reduced
ion leakage, and lipid
membrane peroxidation
under drought stress

Higher GB synthesis, reduced
osmotic potential, electrolyte

leakage and MDA

accumulation, improved cell
membrane, and higher
photosynthetic capacity under

salt stress

Higher CO, assimilation and
seedling growth under salt

stress

Sustained higher Tre level,
better plant growth, less
photooxidative damage,
better mineral balance under
salt and drought, and
low-temperature stresses

Increased Pro, inositol, and

raffinose contents

Increased fructose, galactose,
and glucose contents
Enhanced drought tolerance

References

Vendruscolo
et al. (2007)

Yamada et al.
(2005)

Molinari et al.
(2007)

Simon-Sarkadi
et al. (2006)

Ma et al.
(2008)

He et al.
(2010)

Quan et al.
(2004)

Lv etal.
(2007)

Zhang et al.
(2009)

Yang et al.
(2008)

Garg et al.
(2002)

Kondrék et al.
(2012)

(continued)
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Table 4.3 (continued)

Tolerance response in
transgenic plant

Increased yield and longer
dormancy period under
drought stress

Increased metabolite
production including sugar,
proteins, osmolytes, and
hormones

Enhanced drought and salt
tolerance

Increased shoot FW, DW,
plant height, and flag leaf
length, compared to
non-transformed
Increased mannitol
accumulation and salt
tolerance
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References

Juhéasz et al.
(2014)

Abebe et al.
(2003)

Thomas et al.
(1995)

D-Ononitol accumulation and | Sheveleva

Transgenic plant | Gene Gene sources
Solanum TPS1 Pichia angusta
tuberosum L.
Triticum mtlD (gene for Escherichia coli
aestivum L. cv. mannitol-1-
Bobwhite phosphate

dehydrogenase)
Arabidopsis mtlD Escherichia coli
thaliana
Nicotiana imtl (gene for Carpobrotus edulis
tabacum myo-inositol

O-methyltransferase)
Nicotiana SacB (gene for Bacillus subtilis
tabacum levansucrase)

enhanced drought and salt
tolerance

Fructan accumulation and
enhanced drought tolerance

etal. (1997)

Pilon-Smits
et al. (1995)

26 % and 131 % higher GB than those of non-
transgenic plants both under normal and salt
stress (150 mM NaCl). Transgenic line showed
higher salt as it reduced osmotic potential, elec-
trolyte leakage, and MDA accumulation and
improved cell membrane and higher photosyn-
thetic capacity under salt stress condition (Zhang
et al. 2009). The betA gene encodes choline
dehydrogenase which catalyzes choline to pro-
duce betaine aldehyde and catalyze betaine alde-
hyde to GB. The berA gene was transformed in
wheat and its response was examined under salt
stress (200 mM NacCl). Transformed wheat plants
showed increased GB and chl, with reduced
Na*/K* ratios and solute potential. Reduced cell
membrane damage, higher photosynthesis rates,
and vigorous growth were also characteristic
beneficial effects in transformed wheat plants. In
field trial under salt stress, the transformed plants
showed higher germination rates, higher tiller
production, and higher grain yields in compari-
son to the wild-type plants. Thus, transgenic
plants showed their tolerance to salt stress (He
et al. 2010). Tobacco plants were introduced with
BADH gene for betaine aldehyde dehydrogenase
having the ability to synthesize GB in chloro-

plasts. Salt stress (75 and 150 mM NaCl) affects
different biochemical and growth parameters
which were assessed in transgenic and wild type.
The decrease in CO, assimilation was lower in
transgenic compared to wild-type plants.
Decreases in the activities of ribulose-1,5-
bisphosphate carboxylase/oxygenase, chloro-
plastic fructose-1,6-bisphosphatase,
fructose-1,6-bisphosphate aldolase, and phos-
phoribulokinase were higher in wild type com-
pared to transgenic plants. Transgenic plants also
showed significantly improved seedling growth,
compared to wild type (Yang et al. 2008).

In general, Tre does not accumulate in plants
in quantities high enough to act as compatible
solute which can give protection or prevention
under stress conditions. Evidences exist showing
that transgenic plants or engineered plants over-
expressing microbial Tre biosynthesis genes
accumulated low levels of Tre and became more
tolerant to abiotic stresses. Transgenic sugarcane
plant (Saccharum officinarum L.) enhanced its
Tre production, it was subjected to drought stress,
and it exhibited increased shoot and root biomass
production, compared with the non-transgenic
plant (Wang et al. 2005). Rice plants overex-
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pressing Tre synthesis genes (otsA and otsB)
accumulated higher Tre and showed higher pho-
tosynthetic capacity, decreased photooxidative
damage, and improved ion uptake and partition-
ing during salt stress. These physiological adap-
tations rendered enhanced salt, drought, and
low-temperature stress tolerances in rice plants
without any growth abnormalities (Garg et al.
2002). Responses of the drought-sensitive potato
cultivar White Lady and the drought-tolerant
TPSI transgenic variant were examined under
prolonged drought stress. Potato cultivar that
expresses the yeast TPSI gene exhibited
improved drought tolerance. Transgenic potato
plant showed increased fructose, galactose, and
glucose contents which contributed increased
accumulation of Pro, inositol, and raffinose. The
transgenic potato plant showed better drought
tolerance, compared to the wild type (Kondrdk
et al. 2012). Transgenic potato cultivar express-
ing TPSI and its wild type were exposed to peri-
odic drought stress which resulted in an average
30 % yield loss in TPSI plants and 50 % yield
loss in wild type. TPS! tubers showed longer dor-
mancy period than wild-type tubers and exhibited
alterations in the concentrations of different
metabolites. TSP1 tubers showed higher accumu-
lation of fructose, glucose, mannose, sucrose,
aspergine, phenylalanine, abscisic acid, jasmonic
acid, indoleacetic acid, and salicylic acid under
stress conditions either exposed in fresh or stor-
age period (Juhdsz et al. 2014). Tomato plants
overexpressing yeast Tre synthesis genes showed
enhanced tolerance to drought, salt, and oxidative
stresses (Cortina and Culianez-Macia 2005).
Rice OsTPPI and OsTPP2 were transiently
induced by cold, salt, and drought stress as well
as external ABA applications which enhanced
tolerance of rice plant (Pramanik and Imai 2005;
Shima et al. 2007). Transgenic Arabidopsis
plants overexpressing AtTPSI were more drought
tolerant and showed glucose- and ABA-
insensitive phenotypes (Avonce et al. 2004).
Tobacco and tomato transgened with yeast TPS]
gene proved to be drought tolerant (Romero et al.
1997; Cortina and Culianez-Macia 2005).
Despite of some existing reports regarding the
beneficial effects of Tre, some research results

with genetically engineered plants related to Tre
metabolism exhibited altered morphology due to
toxicity of high Tre concentrations (Schluepmann
et al. 2003; Cortina and Culianez-Macia 2005).
Transgenic plants with microbial Tre biosynthe-
sis were reported to show developmental aberra-
tions (L6pez-Gémez and Lluch 2012). These
research findings raise inquiry about Tre as a
compatible solute (Schluepmann et al. 2003;
Cortina and Culianez-Macia 2005).

Previous researches with model transgenic
plants have demonstrated that cellular accumula-
tion of mannitol can alleviate abiotic stress.
Ectopic expression of the mt#/D gene for the bio-
synthesis of mannitol in wheat ensured better tol-
erance to water stress and salinity. Wheat
(Triticum aestivum L. cv. Bobwhite) was
transformed with the msID gene of Escherichia
coli, and its calli were exposed to —1.0 MPa of
water stress and 100 mM NaCl. Compared to
non-transformed,  mitlD-transformed  wheat
showed less reduction in shoot FW and DW,
plant height, and flag leaf length under those
stress conditions (Abebe et al. 2003). Olea euro-
paea mannitol carrier OeMaT! is important for
regulation of polyol transporters either in sink or
in source tissues. Mannitol transport and com-
partmentation by OeMaT are significant to allo-
cate this source of carbon and energy which has
been proven vital in salt tolerance and olive rip-
ening. Addition of 100500 mM NaCl to cul-
tured cells enhanced the capacity of the polyol/
H* symport system and the amount of OeMaTl
transcripts and depression in mannitol dehydro-
genase activity. Mannitol-grown cells remained
viable for 24 h in 250 and 500 mM NaCl-
containing growing media. Moreover, OeMaTl
transcripts increased throughout maturation of
olive fruits, suggesting that an OeMaT is involved
in the accumulation of mannitol during ripening
of olive (Conde et al. 2007). Conde et al. (2011)
also reported that salt and drought significantly
increased mannitol transport activity and
OeMaT] expression and conferred olive trees to
cope with salinity and drought by coordinating
mannitol transport with intracellular metabolism.
Engineered Nicotiana tabacum and Populus
tomentosa synthesizing mannitol through intro-
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duction of an Escherichia coli mannitol-1-phos-
phate  dehydrogenase  (mltD, catalyzing
biosynthesis of mannitol from fructose) resulted
in more salt-tolerant plants (Tarczynski et al.
1993; Hu et al. 2005). Arabidopsis engineered by
mlitD gene enhanced seed germination under salt
stress (Thomas et al. 1995).

Sheveleva et al. (1997) reported that tobacco
plant transformed with im¢] accumulated signifi-
cantly higher D-ononitol and showed enhanced
drought and salt tolerance. Tobacco transformed
with sacB gene for levansucrase accumulated sig-
nificantly higher fructan. Levansucrase generates
fructan from fructose. The fructan-producing
plants performed significantly better. Compared to
wild type, plants had a 55 % more rapid growth
rate, 33 % greater FW, and 59 % greater DW under
drought conditions (Pilon-Smits et al. 1995).

Conclusion and Future
Perspectives

4.7

Since osmotic stress is one of the common phe-
nomena during salinity, drought, metal toxicity,
and other stresses, attempts to synthesize higher
amount of osmolytes would be an effective
mechanism of stress tolerance to plants. Although
considerable reports are available on the role of
osmolytes in abiotic stress tolerance, the exact
mechanisms of their protective mechanisms are
yet to be revealed. The biosynthesis mechanism
of some osmolytes, e.g., Tre, in higher plants is
still a mystery. Therefore, further research should
be focused on the exploration of those mecha-
nisms and identification of novel genes involved
in Tre biosynthesis in plants under stressful con-
dition. Research findings proved that transgenic
plants overexpressing genes for different osmo-
protectants showed enhanced tolerance to abiotic
stresses. But in some cases, abrasion, growth
reduction, and abnormal growth were noticed in
transgenic plants. To overcome these problems,
extensive research should be exploited.
Osmolytes, without acting as osmoprotectants,
can also enhance the activities of different
enzymes related to plant biochemical and
physiological process. The mechanisms by which
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osmoprotectants regulate activities of enzymes
are enhanced and are undoubtedly interesting and
demand insightful studies. The signaling behav-
ior of different osmolytes is still under dark and
should be explored. Notably, findings from
experimental field research studies are still
scarce. Field studies of the ability of exogenous
applications of osmolytes to mitigate abiotic
stress are likely to prop up its extended applica-
tion to crop plants practically.
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Abstract

World is facing serious threat in terms of global food requirement for the
eradication of hunger. The latest FAO estimates clearly indicate that about
805 million people are still chronically undernourished in the year 2012—
2014, and the area under cultivation is diminishing because of various
anthropogenic activities including contamination of soil by heavy metal,
industrial salts, etc. Therefore, it becomes the need of the hour that certain
crops will be designed that have the ability to withstand such harsh envi-
ronments and help in sustainable crop development. The research in this
area has already gone a step ahead, and scientist has developed crops
through genetic engineering that due to certain induced traits can tolerate
extreme environments. Recent advances in production of transgenic plants
with higher rate of GB accumulation help them in their survival against
abiotic stresses and are the promising tool for sustainable agriculture.
Transgenic Arabidopsis, cotton, etc. have already been reported to accu-
mulate higher levels of betaine and provide tolerance against abiotic
stresses. Further, recent developments indicate that phytohormones play
prominent role in the regulation of S-assimilation and also are crucial sig-
naling molecules involved in the control of plant responses under optimal
and limited environmental conditions. However, in this chapter, we try to
detail out the mechanism on which GB works to protect photosynthesis
and growth and its interactive effect with nutrients and phytohormones.

5.1 Introduction

Glycine betaine (GB) is a quaternary amine
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term “betaine” was coined after the name Beta
vulgaris, the plant from which it was first isolated
(Scheibler 1869). Glycine betaine also falls in the
category of compatible solutes which form a
group of small organic metabolites that are easily
soluble in water and are nontoxic at higher con-
centration. Accumulation of osmolytes is an
important plant response to ensure their own sur-
vival and continued existence of their offsprings
aligned with the changing environmental condi-
tions (Serraj and Sinclair 2002). Glycine betaine
as an osmolyte has been reported to accumulate
in response to various abiotic stresses in several
plants such as Beta vulgaris, Spinacia oleracea,
Triticum aestivum, Hordeum vulgare, and
Sorghum bicolor (Ashraf and Foolad 2007). The
site of its accumulation is mainly chloroplast
where it guards the thylakoid membrane and
maintains photochemical efficiency (Genard
et al. 1991). Normally, plant accumulates GB at
very low concentration, but on exposure to abi-
otic stress conditions, they accumulate large
amounts of GB (Storey et al. 1977). There are,
however, many species such as Oryza sativa,
Brassica spp., Arabidopsis thaliana, and
Nicotiana tabacum, which do not accumulate GB
both under normal and stress conditions (Rhodes
and Hanson 1993; Shirasawa et al. 2006). Now
various studies have consolidated the crystalline
role of GB in abiotic stress tolerance. Higher
accumulation of GB protects photosynthetic
machinery under stress conditions (Park et al.
2007). Glycine betaine has an important role in
antagonizing the inhibition of protein biosynthe-
sis and, therefore, enhances the photosystem II
(PSII) repair, which leads to increased stress tol-
erance (Chen and Murata 2008). Proteins and
enzymes are also protected from denaturation
and deactivation by GB, and it also maintains
membrane stability and cellular osmotic adjust-
ment and detoxifies reactive oxygen species
(ROS) under stress conditions (Ashraf and
Foolad 2007; Wang et al. 2007). Its accumulation
is generally correlated with the extent of stress
tolerance (Rhodes and Hanson 1993). It helps in
enhancing the antioxidant enzyme activity and
therefore provides tolerance to salt and heavy
metal (HM) stress (Hoque et al. 2008; Islam et al.
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2009; Hossain and Fujita 2010). In many plant
species, GB-induced antioxidant defense
responses have been reported, such as Triticum
aestivum (Raza et al. 2007), Oryza sativa (Farooq
et al. 2008), Camellia sinensis (Kumar and Yadav
2009), and Vigna radiata (Hossain and Fujita
2010). Studies of GB have focused on
GB-mediated tolerance to various kinds of
stresses and at various stages of the life cycle of
plants (Sulpice et al. 2003; Park et al. 2004).
There are two possible ways of biosynthesis of
GB either by the oxidation (or dehydrogenation)
of choline or by the N-methylation of glycine
(Chen and Murata 2002).

In non-GB-accumulating plant species, abi-
otic stress tolerance has been achieved either by
exogenous application of GB or increase in GB
biosynthesis and accumulation by adopting trans-
genic approaches (Chen and Murata 2008). In
many transgenic species, overproduction of GB
synthesizing genes exhibited increase in the pro-
duction of GB and helps in enhancing tolerance
capacity under salt saline, cold, drought, or high-
temperature stresses. The accumulated GB in
these species, however, was much lower than
what is naturally found in GB-accumulating
plant species under stress conditions (Rhodes and
Hanson 1993). Phytohormones synthesized in
plants in very minute quantity also regulate meta-
bolic activities involved in plant tolerance to vari-
ous abiotic stresses (Masood et al. 2012; Khan
et al. 2013, 2015; Khan and Khan 2014; Asgher
et al. 2015). Interaction of phytohormones with
GB biosynthesis and accumulation has been sug-
gested to play an important role in plant abiotic
stress tolerance (Khan et al. 2012; Khan et al.
2014). There are, however, very little reports
available about the role of phytohormones in GB
metabolism, which is remarkable in considering
the massive research, targeted to phytohormone
and GB functions in plants. Several lines of
GB-accumulating transgenic plants displaying
their properties suggest promising strategies for
the development of stress-tolerant crop plants.
Mainly in plants, the work on GB is concentrated
on its promising role in relation to osmotic and
drought stress (McCue and Hanson 1990). In
addition to its role in osmotic and drought stress,
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GB becomes visible in low-temperature stress
tolerance as well. It enhances growth of bacteria
at chilling temperatures (Ko et al. 1994). This
chapter deals with the biosynthesis of GB under
varying conditions, its role in maintenance of cell
osmotic balance under stress conditions, and
photosynthetic machinery protection. It also
involves some recent approaches to enhance GB
accumulation by transgenic approaches or phyto-
hormone application to overcome oxidative
stress-induced damage in plants.

5.2  GBBiosynthesis

and Accumulation

Biosynthesis of GB occurs either from choline or
glycine (Chen and Murata 2002). Majority of
organisms including most of the animals, plants,
and microorganisms synthesize GB by conver-
sion of choline to GB, involving two-step oxida-
tion reactions. In first step, choline is oxidized to
betaine aldehyde, and in second, the oxidation
reaction gives rise to GB. The first oxidation
reaction in animals and bacteria is catalyzed by
membrane-bound choline dehydrogenase (CDH),
and in plants, a novel Rieske-type iron-sulfur
enzyme choline monooxygenase (CMO) cata-
lyzes this step (Rathinasabapathi et al. 1997).
The second reaction is catalyzed by NAD*-
dependent betaine aldehyde dehydrogenase
(BADH) (Chen and Murata 2011). In contrast,
GB synthesis in the microorganisms Arthrobacter
globiformis and a closely related strain
Arthrobacter pascens requires only one enzyme
choline oxidase, which is encoded by the codA
gene (Chen and Murata 2002). Second biosyn-
thetic pathway of GB involves a three-step suc-
cessive methylation of glycine. This biosynthetic
pathway has only been detected in extreme halo-
philic bacteria Actinopolyspora halophila and
Ectothiorhodospira halochloris. The reactions
are catalyzed by two enzymes, namely, glycine
sarcosine methyltransferase (GSMT) and sarco-
sine dimethylglycine methyltransferase (SDMT),
with S-adenosylmethionine as the methyl group
donor (Chen and Murata 2002; Takabe et al.
2006). Firstly, methylation of glycine forms sar-

cosine; secondly, it yields dimethylglycine; and
finally, methylation step gives GB. The first and
third reactions are catalyzed by GSMT and
SDMT, respectively, and the second reaction is
catalyzed by both GSMT and SDMT. The two
enzymes have partially overlapping substrate
specificity: both glycine and sarcosine serve as
substrates for GSMT, while both sarcosine and N,
N-dimethylglycine serve as the substrates for
SDMT (Chen and Murata 2011).

Physiological studies have demonstrated that
the level of accumulation of GB is correlated
with the degree of tolerance (Saneoka et al.
1995). Since there are many plants which do not
have any GB biosynthetic mechanism, genetic
engineering of GB biosynthetic pathway has
been found to improve plant tolerance against
abiotic stress by inducing a gene for GB accumu-
lation in these plants. A gene for CMO from spin-
ach was the first such gene to be isolated from a
higher plant (Rathinasabapathi et al. 1997), and
expressed in tobacco, Arabidopsis, and rice, nei-
ther of which normally accumulates GB (Nuccio
et al. 1998; Hibino et al. 2002; Shirasawa et al.
2006). Enhanced tolerance to salt and/or cold
stress has also been achieved in transgenic rice
plant expressing the gene for choline oxidase
(COD) for GB accumulation (Sakamoto et al.
1998; Mohanty et al. 2002). Improved salt toler-
ance was also observed in COX-transgenic rice
plants, which accumulated even lower amounts
of GB than the CDH- and COD-transgenic rice
plants (Su et al. 2006). Similar results were
reported in chloroplast-targeted CMO-transgenic
rice plants (Shirasawa et al. 2006). COD-
transgenic rice plants exhibited increased toler-
ance to drought, cold, and high temperature
(Sawahel 2003; Alia et al. 1998). Similar results
were reported for COD-transgenic rice and
BADH-transgenic tobacco plants (Sakamoto
et al. 1998; Holmstrom et al. 2000). Salt-stress
tolerance was achieved in chloroplast-targeted
BADH-transgenic carrot, which grew in the pres-
ence of up to 400 mM NaCl, a concentration at
which only halophytes can survive, whereas the
control plants showed severe growth retardation
even at 200 mM NaCl (Kumar et al. 2004).
Waditee et al. (2005) demonstrated the
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co-expression of GSMT and DMT in
Synechococcus and Arabidopsis. The transgenic
Synechococcus and Arabidopsis accumulated
higher levels of betaine than previously reported
for choline-oxidizing enzymes. The transgenic
Synechococcus thrived under high salinity, up to
0.6 M NaCl. Transgenic maize plants with
chloroplast-targeted CDH transgene exhibited
drought tolerance and improved grain yield
(Quan et al. 2004). Tolerance to drought stress by
accumulation of GB was more in transgenic cot-
ton plants than their non-transformed counter-
parts (Lv et al. 2007). Park et al. (2004) showed
chilling stress tolerance in COD-transgenic
tomato plants. The degree of tolerance in plants is
also correlated to its accumulation in chloroplast
and cytosol. In cytosolic-targeted COD-
transgenic tomato plants, GB accumulation was
five- to sixfold more than chloroplast-targeted
COD-tomato plants. Despite low GB accumula-
tion, enhanced tolerance to chilling, salt, and oxi-
dative  stresses was observed in the
chloroplast-targeted COD-transgenic tomato
plants (Khan et al. 2009). In the chloroplast-
targeted COD-transgenic tomato leaves, most of
the GB accumulated in the chloroplast (Khan
et al. 2009). In chloroplast-targeted COD-
transgenic Arabidopsis, the extent of damage to
the PSII complex was much lower than that
observed in control plants under elevated salt
concentrations (Hayashi et al. 1997).

5.3 Transport and Translocation

of GB

Modest information is available about transport
of GB in plants. There is possibility of occurrence
of GB transporters in cell membrane, but to date,
no GB transporter has been reported. The infor-
mation regarding intracellular transport of GB is
also scanty. Under salt stress, the majority of GB
accumulates in chloroplast in spinach (Robinson
and Jones 1986). Expression of LeProTI gene
from tomato, which is homologous to Arabidopsis
proline transporters, in yeast mutant showed that
LeProTI transports GB with high affinity and
proline and y-amino butyric acid (GABA) with
low affinity (Schwacke et al. 1999). Glycine beta-
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ine also inhibited the ProT2-mediated transport
of GABA, in Arabidopsis thaliana, indicating
that GB had strong affinity for the transporter
(Breitkreuz et al. 1999). From these results, it can
be suggested that transporters of both proline and
GABA might function in the transport of
GB. However, all the transporters of proline and
GABA are not inhibited by GB. For instance, the
expression of proline transporter (HvProT),
cloned from salt-stressed barley roots, was not
inhibited by GB, suggesting that HvProT does
not act as a transporter of GB (Ueda et al. 2001).
Three betaine transporter genes were isolated
from betaine-accumulating Avicennia marina
(Waditee et al. 2004), and a homologous gene
BvBet/ProT1 was isolated from sugar beet (Yang
et al. 2009). The fusion protein GFP-BvBet/
ProT1 showed that BvBet/ProT1 was localized at
the plasma membrane. Levels of mRNA for
BvBet/ ProT1 were much higher in expanded
leaves than in young leaves under normal and
salt-stress conditions, since betaine is transported
from the expanded leaves to young leaves and the
accumulated levels of BvBet/ProT1 gene tran-
script were higher in young leaves than in
expanded leaves (Yamada et al. 2009). The for-
mation of mutant of methanogenic archaeon
Methanosarcina mazei Go1 with either of the two
gene clusters encoding for GB transporter ota or
otb being deleted revealed completely defective
GB transport in M. mazei. On the other hand,
mutation in orb led to increased transcription of
ota and thus increased transport and accumula-
tion of glycine betaine suggesting a cross talk
between the two transporters (Saum et al. 2009).
A novel gene, HvProT2, encoding Hordeum vul-
gare GB/proline transporter, was identified in
Hordeum vulgare. Heterologous expression in
Saccharomyces cerevisiae mutant demonstrated
its affinity highest for GB, intermediate for pro-
line, and lowest for GABA. Transient expression
of fusions of HvProT2 and green fluorescent pro-
tein in onion epidermal cells was found to be
localized at the plasma membrane. It was found
to be constitutively expressed in both leaves and
roots, and the expression level was higher in old
leaves than young leaves and roots. Moreover, it
was found to be expressed in the mestome sheath
and lateral root cap cells (Fujiwara et al. 2010).
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Translocation of GB occurs in plants via
phloem. The fact is supported by the experiment
conducted by Ladyman et al. (1980). They sup-
plied [methyl-"“C]betaine to well-watered,
stressed, and stressed-rewatered barley plants.
After three days of incubation period and recov-
ered it from various plant organs in the form of
betaine. Heat girdling of the leaf sheath prevented
export of ["“C]betaine from the blade. After sup-
plying tracer [*“C]betaine aldehyde, an immedi-
ate precursor of the betaine, the “C which was
translocated to the sheath was in the form of beta-
ine. Thus, it appears that GB is synthesized by
mature leaves during stress and behaves as an
inert end product, which upon rewatering is
translocated to the expanded leaves. Mikela et al.
(1996) also concluded similar results from his
study on tomato. Yamada et al. (2009) exoge-
nously applied GB to old leaves of Beta vulgaris
plants and found its translocation more into
young leaves and roots. A large fraction of GB
was found to be translocated to meristem-
containing tissues such as flower buds and shoot
apices in tomato plants after exogenous applica-
tion of GB to mature leaves (Park et al. 2006).
Different levels of GB accumulation in different
plant organs indicated the active and regulated
translocation of GB from the site of application
and accumulation. Glycine betaine was in highest
levels in actively growing tissues like flowers and
shoot apices in transgenic plants of Arabidopsis
(Sulpice et al. 2003) and tomato (Park et al. 2004,
2007) which is an indication that GB is efficiently
translocated from source to sink tissues via the
phloem.

5.4 Regulation of GB
Metabolism and Stress
Tolerance: Influence

of Phytohormones

and Mineral Nutrients

During the life-span of plant, they are threatened
by various types of abiotic stresses such as salin-
ity, drought, chilling, and HM, and to cope up
with such harsh conditions, plants tend to develop
primary and secondary metabolic functions.

Glycine betaine is one of the most important
osmoprotectant that helps stabilizing macromol-
ecules and certain valuable proteins and main-
tains cell membrane integrity in plants. High
concentration of GB present in cytoplasm stabi-
lizes folded protein structure under stress condi-
tions (Ashraf and Foolad 2007). Phytohormones
are the special chemicals synthesized by the
plants in very minute quantity and regulate vari-
ous metabolic activities and also play an impor-
tant role under abiotic stress tolerance (Masood
et al. 2012; Khan et al. 2013, 2015; Khan and
Khan 2014; Asgher et al. 2014, 2015). It has been
suggested that GB and phytohormones interac-
tion can be beneficial to plants in abiotic stress
tolerance (Khan et al. 2012, 2014). However,
very little is known about the role of phytohor-
mones in GB metabolism, which is remarkable
considering the massive research, targeted to
phytohormone and GB functions in plants. The
role of exogenous and/or endogenous GB has
been reported under stressful environments
extensively (Gadallah 1999; Khan et al. 2012;
Noreenetal. 2013; Khanetal.2014). Comparative
study has been reported by Noreen et al. (2013)
that foliar application of salicylic acid (SA)
proved its potential to a far greater extent com-
pared to GB. They showed that application of SA
was more effective in improving drought stress
than GB and also showed that SA may help in
sustaining cotton production under drought-
stressed regions. Applications of brassinosteroid
(epibrassinolide (EBL), a brassinosteroid) and
spermidine (a polyamine) significantly modulate
GB production and enhance the activity of anti-
oxidant enzymes in chromium (Cr)-stressed
Raphanus sativus plants. In the same study, they
also suggested that individual treatment
(Cr+EBL and Cr+spermidine) was not suffi-
cient for the production of GB as compared to
additive  application of both  hormones
(Cr+EBL +spermidine) (Choudhary et al. 2012).
Different roles of abscisic acid (ABA) have been
reported, but still, it is not clear how ABA coordi-
nately regulates GB metabolism in relation to GB
biosynthesis in plants (Zhang et al. 2006;
Hancock et al. 2011). The relationships between
ABA and betaine biosynthesis in plants under



74

environmental stresses have contradictory
reports. Some reports suggested that ABA is
involved in the betaine biosynthesis in plants
under environmental stresses (Jagendorf and
Takabe 2001; Saneoka et al. 2001). In contrast,
some reports suggested that ABA may not neces-
sarily be associated with betaine accumulation
(McCue and Hanson 1992; Maldonado et al.
1997) under stress conditions. Exogenous ABA
to Pyrus bretschneideri significantly increased
the betaine concentration in the drought-stressed
plants (Gao et al. 2004a). Physiological differ-
ences in salt-tolerant cultivar and salt-sensitive
cultivar of wheat were examined by Khan et al.
(2012) and suggested that salt-tolerant cultivar
exhibited greater GB content, which was found
correlative  with  phytohormone ethylene.
Recently, Khan et al. (2014) suggested that salt
tolerance was dependent on GB and ethylene for-
mation. They showed that SA application induces
GB accumulation in mung bean plants concomi-
tant with the suppression of ethylene formation
more conspicuously under salt stress than no
stress, which led to improved photosynthesis and
growth under salt stress. Hussain et al. (2008)
reported that application of SA maximally
induced GB accumulation under water stress at
the flowering stage as compared to vegetative
stage. Further, they showed that water-stressed
sunflower plants have reduced head diameter,
number of achene, 1000-achene weight, achene
yield, and oil yield; however, exogenous GB and
SA application significantly improved these attri-
butes under water stress. Jasmonic acid (JA)
application to Pyrus bretschneideri plants under
drought stress significantly increased the GB
concentration. The increased betaine content was
due to the increased BADH activity which shows
that JA is involved in the drought-induced GB
accumulation (Gao et al. 2004b).

Mineral nutrition study in relation to plant
metabolism is always an interesting and chal-
lenging research field for plant physiologist and
biochemist. However, the interactive role of GB
and mineral nutrition is still an unrevealed area.
Few studies suggested that interaction of mineral
nutrients and GB metabolism can be targeted to
develop the tolerant genotypes. Influence of high
and low nitrogen supply in wheat plants was
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studied by Carillo et al. (2008). They suggested
that GB protects plants from high-salinity stress
on treating them with nitrogen. They further state
that nitrate reductase and glutamate synthase
(GOGAT) are positively correlated with the com-
patible solutes GB and proline. Alikhani et al.
(2011) showed the importance of potassium and
GB in Aeluropus lagopoides plants under salinity
stress condition. They showed that in the absence
of potassium, GB content of the root and shoot
was not produced, but with the application of
potassium, GB accumulation increase in the root
and shoot resulted in protection of photosynthetic
pigments. Gobinathan et al. (2009) suggested
that application of calcium (Ca) under salt stress
increased GB content. Further, they concluded
that calcium appears to confer greater osmopro-
tection by GB accumulation in Pennisetum typoi-
dies. Glycine betaine can enhance heat tolerance
and accumulation of heat-shock proteins in
plants. Recently, Li et al. (2014a) elaborated the
mechanisms induced by GB in salt-stress toler-
ance. They suggested that Ca** and calmodulin
(CaM) increased heat-shock transcription factors
and heat-shock protein gene expression resulted
in regulatory interaction of Ca?*-CaM in the sig-
nal transduction pathway for induction of tran-
scription and translation of the active heat-shock
proteins. These results suggest a mechanism by
which GB acted as a cofactor in the NaCl induc-
tion of a Ca’*-permeable current.

5.5 Glycine Betaine
in Alleviation of Abiotic

Stresses in Plants

Glycine betaine is one of the organic compatible
solutes in plants and accumulates in cytosol and
chloroplast. It is dipolar in nature but electrically
neutral molecule and highly soluble in water.
Glycine betaine is widely distributed in higher
plants and is synthesized in many plant species at
elevated rates and is one of the major organic
osmolytes produced in response to various types
of environmental stresses such as drought, cold,
temperature, salinity, and HMs (Yang et al. 2005;
Ashraf and Foolad 2007; Pasquali et al. 2008;
Hoque et al. 2008; Duman et al. 2011; Bharwana
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et al. 2014; Rasheed et al. 2014). Exogenously
applied betaine increased the activity of enzymes
of ascorbate-glutathione cycle in cultured
Nicotiana tabacum BY-2 cells exposed to Cd
stress and thereby helped in reducing the ill
effects produced by Cd (Islam et al. 2009).
Genetic engineering of biosynthesis of betaine
from choline is a potential strategy for conferring
stress tolerance in stress-sensitive plants that are
incapable of synthesizing these compatible sol-
utes, through the expression of genes responsible
for the formation of BADH, CHO, COD, and
CDH in plants (Sakamoto and Murata 2000). As
already said, some plants are incapable to accu-
mulate GB under stress or nonstress conditions,
and this might be due to lack of functional gene
involved in its biosynthesis (Rhodes and Hanson
1993; Shirasawa et al. 2006). Exogenous applica-
tion of GB at 2 mM concentration significantly
alleviated the metal-induced toxicity by inducing
antioxidant enzyme activities, reducing oxidative
stress, and enhancing growth, biomass, and pho-
tosynthesis (Bharwana et al. 2014). Arabidopsis
plants expressing N-methyltransferase genes
accumulated betaine to a high level under stress
conditions. Betaine levels were higher than those
produced by choline-oxidizing enzymes; from
the research, it was assumed that the expres-
sion of genes responsible for glycine
N-methyltransferase provide abiotic stress toler-
ance in crop plants (Waditee et al. 2005). Hoque
et al. (2008) while studying in Nicotiana taba-
cum showed that 20 mM GB provides a protec-
tive action against NaCl-induced oxidative
damage by enhancing antioxidant defense.
Glycine betaine increased antioxidants’ activity
by decreasing Cd-induced oxidative stress in
Lemna gibba and protects photosynthetic activity
of plants (Duman et al. 2011). It has also been
well established that application of GB induces
antioxidants’ machinery against salinity in
Nicotiana tabacum and Vigna radiata (Hoque
et al. 2008; Hossain and Fujita 2010); HMs in
Nicotiana tabacum, Lemna gibba, and Gossypium
(Islam et al. 2009; Duman et al. 2011; Bharwana
et al. 2014); cold in Camellia sinensis (Kumar
and Yadav 2009); and drought stress in Triticum
aestivum and Triticum durum (Ma et al. 2006;
Gupta and Thind 2015).

In addition to other roles, GB is involved in
inhibiting ROS, protection of photosynthetic
machinery, activation of some stress-related
genes, and membrane protection (Chen and
Murata 2008). Production of betaine in plants
enhanced tolerance and improved the capacity of
PSII to recover from photoinhibition caused by
salt and low-temperature stress by protecting
protein complexes involved in the photosynthetic
process (Holmstréom et al. 2000). Exogenous
application of GB reverses adverse effect of salt
stress and upregulated photosynthetic capacity
by increasing endogenous level of GB, as it has a
role in stomatal and non-stomatal factors (Nawaz
and Ashraf 2010). The results indicate that over-
expression of AhCMO in Gossypium hirsutum
enhanced salt-stress tolerance, which is of great
value in cotton production in the saline fields, due
to elevated accumulation of GB, which provided
greater protection of the cell membrane and pho-
tosynthetic capacity than in non-transgenic plant
(Zhang et al. 2009). Accumulation of GB in
transgenic apple expressing stress regulator gene,
Osmyb4, was linked to enhanced drought and
cold tolerance, due to the ability of this gene to
activate several pathways usually induced in
response to stress conditions by accumulating
osmolyte (Pasquali et al. 2008). Glycine betaine
is in particular effective in protecting highly
complex proteins, such as the PSII complex,
against Cd stress in Arabidopsis (Yang and Lu
2005). Bharwana et al. (2014) studied in
Gossypium that exogenous application of GB
significantly alleviates lead toxicity by improv-
ing the growth, biomass, and photosynthetic
capacity and increased antioxidant enzyme activ-
ities and lowering oxidative stress. Drought toler-
ance of Sesbania aculeate was found to be
associated with a high activity of nitrate reduc-
tase in leaves and nodules and high accumulation
of GB content in nodules by avoiding drought
stress without interfering protein synthesis
(Ashraf and Iram 2005). Accumulating GB by
overexpression of BADH in Ipomoea batatas
improves abiotic stress tolerance providing a
feasible approach to improve stable yield produc-
tion (Fan et al. 2012). Increased in GB as osmotic
adjustment resulted in higher photosynthetic
capacity in salt-tolerant genotype maintained at a
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higher level than those in the salt-sensitive geno-
type of rice resulted in higher growth perfor-
mance when supplemented to extreme pH and
salt stress (Cha-um et al. 2009). Rasheed et al.
(2014) while studying in Triticum aestivum culti-
vars, namely, Millat-2011 and Punjab-2011,
found that Millat-2011 exhibited better tolerance
to Cd toxicity in terms of lesser damage to photo-
synthetic pigments (Chlorophyll (Chl) a, Chl b)
under the application of GB, and reduced oxida-
tive stress was observed. Increased Chl contents
in Cd-stressed plants might be due to accumula-
tion of GB. In a study by Li et al. (2014b), a
BADH gene from spinach was introduced into
tomato through Agrobacterium-mediated trans-
formation, and transgenic tomato lines express-
ing BADH gene exhibited higher abilities for GB
accumulation resulted in increased tolerance to
heat-enhanced photoinhibition and improve D1
protein content, which accelerated the repair of
PSII. It has been well established that application
of GB improves photosynthesis and growth
against drought stress in Triticum durum (Gupta
and Thind 2015), salt stress in Brassica napus
(Athar et al. 2015), and HMs stress Gossypium
(Islam et al. 2009; Bharwana et al. 2014). The
codA gene for choline oxidase allows
Synechococcus cells to accumulate GB, and this
accumulation alleviates adverse effect of heat
stress on the repair of PSII by accelerating the
synthesis of the D1 protein resulting in improved
photosynthesis and growth (Allakhverdiev et al.
2007). Introduction of BADH gene for BADH
into Nicotiana tabacum from Spinacia oleracea
resulted in enhanced tolerance of growth and
photosynthesis to high temperatures in transgenic
plants (Yang et al. 2005).

Recent Advances

in GB-Induced
Photosynthetic Protection
under Stressful Environment

5.6

As discussed above, GB is one of the major
organic osmolytes and widely distributed in
higher plants and is synthesized in many plant
species in response to various types of environ-
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mental stresses (Rhodes and Hanson 1993).
Glycine betaine accumulates in many plants
under stress and positively affects photosynthetic
apparatus. Long ago, PSII has been considered
the most important component of the photosyn-
thetic apparatus. However, it appears that
PSII damage indirectly affected CO, fixation
(Weis 1981) and that CO, fixation was most
responsive to environmental stresses via a direct
effect on Rubisco activase and caused the inhibi-
tion of activation of Rubisco (Feller et al. 1998,;
Salvucci and Crafts-Brandner 2004). In particu-
lar, GB was effective in protecting highly com-
plex proteins, such as the PSII complex
inactivation. Several studies on the different dis-
ciplines as physiology, biochemistry, biophysics,
and genetics of plants have suggested that GB
plays an important role in plants under various
types of environmental stresses. Glycine betaine
maintained photosynthetic capacity by increas-
ing stomatal conductance and maintaining
Rubisco activity and chloroplast ultrastructure
under drought stress (Nomura et al. 1998). The
transformation of a GB synthesis gene into plants
led to overaccumulation of glycine betaine and
protected the photosynthetic apparatus from
stress-induced damage (Sakamoto and Murata
2002). Glycine betaine increased the various
types of stress tolerance such as salt tolerance
(Holmstrom et al. 2000; Park et al. 2004), cold
tolerance (Alia et al. 1998; Chen et al. 2000), and
freezing tolerance of plants (Sakamoto and
Murata 2000). Glycine betaine improved the
nonphotochemical quenching (NPQ) by protect-
ing violaxanthin de-epoxidase (VDE) from pho-
todamage, ever since VDE was a key enzyme in
the xanthophyll cycle and was localized in the
thylakoid membrane (Havaux et al. 2000). The
application of GB in salt-stressed wheat plants
suggested that the increase in photosynthesis due
to increase in stomatal conductance caused
higher CO, diffusion inside the leaf, thus sup-
porting higher photosynthetic rate (Taiz and
Zeiger 2002). Chen and Murata (2002) have
showed that GB involved in inhibiting ROS accu-
mulation and protecting photosynthetic machin-
ery leads to the activation of some stress-related
genes for the membrane protection. Moreover, in
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the study by Yang et al. (2005), they observed the
role of GB in vivo in protecting photosynthesis
from high-temperature stress using transgenic
tobacco. They suggested that the accumulation of
GB in vivo by introducing the BADH gene for
betaine aldehyde dehydrogenase into tobacco
resulted in the enhanced tolerance of growth and
photosynthesis to high temperatures in transgenic
plants. Glycine betaine induced increase in pho-
tosynthetic capacity in plants due to stomatal or
non-stomatal limitations for major controlling
factors of photosynthetic rate (Athar and Ashraf
2005; Dubey 2005). Glycine betaine also stabi-
lized the activity of repair proteins under high
concentrations of salt and hence protected the
photosynthetic machinery (Bartels and Sunkar
2005). The study of Raza et al. (2006) showed
that the exogenous application of GB mitigated
the adverse effects of salinity on photosynthetic
capacity of wheat, as moderate GB accumulator.
They suggested that GB improved the net CO,
assimilation rate in wheat cultivars. The study of
Allakhverdiev et al. (2007) reported that GB alle-
viated the inhibitory effect of moderate heat
stress on the repair of PSII during photoinhibi-
tion. Wang et al. (2008) reported that GB
improved the efficiency of PSII photochemistry
and alleviated photoinhibition under stress state.
However, pretreatment of GB having concentra-
tion of 100-150 mM had been reported to main-
tain the CO, assimilation rate and net
photosynthetic rate in rice plants under drought
stress (Farooq et al. 2008). Similarly, GB leads to
improved water-use efficiency and pigment stabi-
lization, as well as to increased water oxidation in
PSII (represented by Fv/Fm and ®PSII) and
improved net photosynthetic rate (Cha-um and
Kirdmanee 2010). In contrast, the findings of
Wang et al. (2010) showed that the overaccumu-
lation by GB in plants increased NPQ and sug-
gested that xanthophyll cycle is involved in the
improvement of protective mechanisms against
photoinhibition. Glycine betaine has been
reported to protect photosynthetic machinery,
stabilize the structure of Rubisco, and act as oxy-
gen radical scavenger under drought stress
(Cha-um et al. 2013). Exogenous application of
GB increased the tolerance of barley leaves to the

supplied thermal stress at 45 °C by exerting a
protective effect on the oxygen evolving complex
and by increasing connectivity between PSII
antennae for making a greater stability of the sys-
tem PSII (Oukarroum et al. 2012) A significant
decline in photosynthetic pigments of water-
stressed plant directly affected the light harvest-
ing capacity and electron transport system in
PSII, indicated by chlorophyll fluorescence
parameters as reported by Cha-um et al. (2013).
The report of Bharwana et al. (2014) showed that
the GB increased lead tolerance by enhancing the
Chl synthesis, photosynthetic activities, and anti-
oxidant enzyme activities and by lowering the
electrolytic leakage, malondialdehyde content,
and H,0O, levels. The findings of Khan et al.
(2014) showed that the effects of SA on GB syn-
thesis and ethylene formation induced antioxi-
dant system that protected photosynthetic
machinery from oxidative stress induced by salt
stress and alleviated the adverse effects of salt
stress on photosynthesis and growth of mung
bean. Gupta and Thind (2015) observed that the
photosynthesis performance in wheat was
improved by the application of GB under field
drought stress and suggested the role of nonenzy-
matic antioxidants in sustaining photosynthetic
efficiency and yield stability.

Conclusion and Future
Perspectives

5.7

Based on the above literature, a hypothetical
scheme (Fig. 5.1) is designed to explain the pos-
sible mechanism in which GB participates and
plays an important role in inducing stress resis-
tance in plants. The figure also proposed the
interactive effect of GB in relation to nutrients or
phytohormones, working together in conferring
abiotic stress tolerance. Recent advances in pro-
duction of transgenic plants with higher rate of
GB accumulation helps them in their survival
against abiotic stresses are the promising tool for
sustainable agriculture. The role of GB biosyn-
thesis and accumulation at various physiological
and metabolic levels has been explored, but it
is yet to be completely comprehended and
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Fig.5.1 Showing possible mechanism in which GB par-
ticipates and plays an important role in inducing stress
resistance in tolerant/transgenic and sensitive plant spe-

exploited. Transgenic studies are instrumental in
investigating molecular mechanisms of the pro-
tective action of GB against abiotic stress, its pro-
tection of photosynthetic machinery particularly
PSII. Although GB accumulation is reported to
be influenced by various phytohormones, there is
still a large part which needs to be explored about
the interactive role of GB and nutrient and their
cross talk with different phytohormones. The

Recovered growth and
Photosynthesis

cies. The research on interaction between GB and nutri-
ents in relation to phytohormones still needed to be
explored

protective action of GB can be implied on agri-
cultural crops to enhance tolerance to abiotic
stress. This is another field which needs further
study, and this will provide another alternative
besides transgenics to improve tolerance to abi-
otic stress by GB accumulation. There is also
possibility to enhance induction of genes by GB
so as to produce ROS-scavenging enzymes and
dip the ROS levels in cells.
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Abstract

It is estimated that by 2050 the world population will reach 9.1 billion, but
the production of agricultural products is the same. In order to feed the
whole population, global agricultural production should be increased by
60-110 %, and to feed the additional 2.3 billion population, 70 % more
food should be grown to fulfill the demand. Due to abiotic stresses, agri-
cultural production is lowered, so now abiotic stresses are a foremost area
of concern to fulfill the required food demand. The major abiotic stresses
which threaten the food security worldwide are high salinity, drought, sub-
merge tolerance, and cold. To produce stress-tolerant crops, genetic engi-
neering of stress-signaling pathway is one of the main goals of agricultural
research. In recent years, biotechnologist is trying to develop a new abiotic
stress-tolerant variety by engineering a trehalose metabolism in crops
which can have a substantial impact on worldwide food production.
Trehalose, a nonreducing disaccharide, has tremendous effects in abiotic
stress tolerance and metabolic regulation in a wide range of organisms.
Trehalose-6-phosphate synthase (TPS and trehalose-6-phosphate phos-
phatase (TPP are two key enzymes which help in the biosynthesis of
plants. Trehalose is an uncommon sugar present in bacteria, fungi, and
desiccation-tolerant higher plants and has exceptional capacities to protect
biomolecules by stabilizing dry biological membrane and proteins from
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environmental stress. It has a multiple function and some of them are spe-
cies specific. Many research groups showed that there is a linkage between
trehalose and abiotic stress by conducting different experiments. They
introduced trehalose biosynthetic genes to develop stress tolerance line in
important crops like rice, tomato, and potato. Here, in this review, we dis-
cuss occurrence, characters, chemical and biological characteristics, uses,
pathways, and successful examples in crop plants.

6.1 Introduction

The worldwide human population is growing tre-
mendously but agricultural production is same.
Therefore, to fulfill the demands of food supply,
crop production should be doubled especially
major crops like wheat, maize, and rice.
Subsequently, the pressure to increase crop pro-
duction area is continuously increasing, and due
to this pressure, water uses in irrigation lead to
intensify water pollution, shortage of waters,
exhaustion of aquifers, saltwater infiltration, and
competition with other household usages. Water
is one of the foremost limiting factors for crop
production. Due to this reason, plant researchers
are more focused on developing drought-tolerant
crops. Water stress in response to plants at differ-
ent levels has been studied by many researchers.
According to Almeida et al. (2007), desiccation
stress is an extremely intricate process in response
to molecular levels in studying the molecular
mechanisms and is a difficult process because it
involves many genes for cellular, biochemical,
and molecular mechanisms. There are three cat-
egories in studying stress-related genes: first,
mainly genes involved in signaling cascades and
transcriptional controls as, for example, tran-
scription factors, phospholipase, and MAP
kinase; second, genes involved in the protection
of membranes and proteins like osmoprotectants,
heat-shock proteins and chaperones, late embryo-
genesis abundant, and free radical scavengers;
and third, genes responsible in water and ion
uptake and transport, for example, aquaporins
(Almeida et al. 2007). Abiotic stresses like cold,
heat, and drought cause cellular damage and sec-
ondary stresses as in osmotic and oxidative
stresses. Preliminary stress signals prompt tran-

scription factors and downstream signaling pro-
cesses that further activate stress-responsive
mechanisms to regenerate homeostasis by restor-
ing and protecting membrane proteins. Stress tol-
erance is achieved due to these cellular events.
Desiccation tolerance implicates a chain of
molecular mechanisms. Among them, genetic
engineering is the leading technology in develop-
ing water stress tolerance. Using osmoprotectant
(i.e., glycine betaine, proline, ectoine, mannitol,
sorbitol, fructan, trehalose, etc.) accumulation to
develop stress tolerance is one of the major
approaches of genetic engineering techniques
(Almeida et al. 2007; Cushman and Bohnert
2000). Nonreducing disaccharides (i.e., trehalose
and sucrose) provide a soluble energy source as
stable molecules, and in stress conditions, they
work as a protectant compound in all organisms
excluding vertebrates. Trehalose is formed
through 1-1 alpha bond linkage between two glu-
cose moieties, i.e., a-D-glucopyranosyl-1 and
1-a-p-glucopyranoside, which is considered to be
better than nonreducing disaccharides such as
proline (Garcia et al. 1997). Trehalose is a nonre-
ducing disaccharide of glucose found in many
organisms like bacteria, fungi, nematodes, and
crustaceans (Elbein 1974). According to Wingler
(2002), trehalose prevents proteins from denatur-
ation and fusion of membranes during stresses
like desiccation and heat stress by stabilizing
membrane proteins, and its accumulation has
been reported in renaissance plants like
Selaginella lepidophylla under extreme desicca-
tion conditions (Scott 2000). To develop salt and
drought tolerance of crop plants, genetic engi-
neering of trehalose is one of the most important
approaches; trehalose also shows a chief role in
plant carbohydrate metabolism (Penna 2003;
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Eastmond and Graham 2003). Despite of being
found in very minute amount in plants, it has a
tremendous role in plant cell metabolism for abi-
otic stress tolerance. In most of the plants treha-
lose acts as signaling molecule rather than
directly involved in the mitigation of abiotic
stress.

There are many roles which have been antic-
ipated by different research for both trehalose
and trehalose-6-phosphate synthase (TPS). For
example, it helps to regulate embryo matura-
tion, plant growth and development, vegetative
growth and effect on flowering for development
of seedlings, carbohydrate metabolism, glu-
cose, abscisic acid, and stress signaling.
Microarray analysis revealed that it also affects
expression level of genes during abiotic stress
(Schluepmann et al. 2004; Bae et al. 2005;
Almeida et al. 2007).

6.2  Trehalose Synthesis Pathway

In living organism, there are five reported path-
ways of trehalose biosynthesis, among them
some possess more than one pathway; however,
others use more than one pathway depending

TPS

UDP-glucose + Glucose-6-P

6.2.2 TreY-TreZ Pathway

This pathway was first discovered in
Arthrobacter sp. (Maruta et al. 1995). Basically
maltodextrins are converted into trehalose by
two-step pathway. In the beginning, by intra-
molecular transglycosylation, maltooligosyl-
trehalose synthase (TreY) catalyzes the
conversion of maltopentaose into maltooligosyl
trehalose; after that, maltooligosyltrehalose tre-

upon the type of stress (Barraza et al. 2013; Paul
et al. 2008).

TPS-TPP (OtsA—OtsB) pathway
TreY-TreZ pathway

TreP pathway

TreS pathway

TreT pathway

hAEE ol .

6.2.1 TPS-TPP (OtsA-OtsB)

Pathway

It is the most common pathway for trehalose bio-
synthesis and it has two steps, mainly present in
both prokaryotes and eukaryotes. In plants, treha-
lose synthesis is different than both prokaryotes
and eukaryotes. In this trehalose is synthesized
by catalyzing trehalose 6-phosphate synthase
(TPS) which provides the intermediate products,
i.e., Trehalose-6-Phosphate from glucose-6-
phosphate and uridine diphosphate glucose, and
after that, trehalose-6-phosphate phosphatase
(TPP) catalyzes the dephosphorylation of
trehalose-6-phosphate to trehalose (Iordachescu
and Imai 2011; Paul et al. 2008).

TPP

T6P Trehalose +Pi

halohydrolase (TreZ) hydrolyses the maltooli-
gosyl trehalose and releasing free trehalose
(Maruta et al. 1995). Various researchers
showed that TreY pathway is common in many
bacterial species like Rhizobium,
Bradyrhizobium Jjaponicum, and
Corynebacterium whereas this pathway is
absent in main bacterial species like Bacillus
subtilis and Escherichia (Maruta et al. 1996;
Sugawara et al. 2010; Tzvetkov et al. 2003).
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6.2.3 TreP Pathway

TreP is the second trehalose synthesis pathway
found in both prokaryotes and eukaryotes. It is a
potential reversible reaction that converts glucose-
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1-phosphate and glucose to trehalose, catalyzed by
trehalose phosphorylase (TreP). This pathway was
first discovered in Euglena gracilis (Belocopitow
and Marechal 1970) and later it was found in
mushrooms and bacteria (Paul et al. 2008).

TreP

6.2.4 TreS Pathway

In this pathway, trehalose is synthesized by con-
version of maltose to trehalose by trehalose syn-
thase. This pathway is called reversible
transglycosylation; TreS pathway helps during
osmotic stress in Pseudomonas syringae

Glucose-1-P I Trehalose + Pi

(Freeman et al. 2010), while TreS functions in
trehalose catabolism in B. japonicum (Sugawara
et al. 2010). Till now, trehalose synthase has been
found in bacteria only (Paul et al. 2008). First of
all, trehalose synthase was cloned from
Pimelobacter sp. R48 by Nishimoto and his
coworkers in 1995.

TreS

Maltose

Trehalose

6.2.5 TreT Pathway

In this pathway, trehalose is synthesize by
reversible formation of ADP-glucose and glu-
cose by catalyzing trehalose glycosyltransferase

6.3  Discovery and Manifestation
of Trehalose in Diverse
Organisms and Plants

Wiggers (1832) discovered it first in rye ergot and
later in 1858 Mitscherlich isolated trehalose from
mushroom and named it as mycose, whereas
Berthelot isolated novel sugar called trehalique
from trehala-manna. Trehalose is combined with
glycolipids and act like main structural parts in
mycobacteria. According to Elbein (1974), during
flight insects used trehalose from blood in the

ADP-glucose + Glucose |————»| Trehalose +ADP

v

and first of all it was reported in hyperthermo-
philic archaea (Thermococcus litoralis) (Qu
et al. 2004). Trehalose glycosyltransferase is
also found in bacteria and archea (Paul et al.
2008).

form of energy source. According to Drennan
et al. 1993, trehalose was known to be accumu-
lated in high concentrations for survival under
complete dehydration in anhydrobiotic organ-
isms, and during drought conditions, trehalose
preserves the membranes (Crowe et al. 1984).
Likewise, in yeast it acts as osmotic, heat and des-
iccation tolerant, whereas in E. coli, by stabilizing
cell membranes and preventing protein denatur-
ation, it protects against cold stress and it also
may act like free radical scavenger (Hottiger et al.
1987; Hounsa et al. 1998; Benaroudj et al. 2001.
In the very beginning, trehalose was only extracted
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from trehala manna that is why it used to be called
as rare sugar which was extracted from a resurrec-
tion plant. After that, in 2002, Richards and his
coworkers developed a technique to isolate treha-
lose from yeast. In early period of time, trehalose
was only extracted from some limited plants like
Selaginella species and Myrothamnus flabellifolia
(Bianchi et al. 1993); after that, it was found that
it is also present in manna-like exudates on flow-
ers. Veluthambib et al. (1982) reported that treha-
lose has toxic effect on feeding cell wall and
sucrose and starch metabolism.

Till 1996, due to lack of detection tools, it was
assumed that trehalose has minimal relevance
and it has limited functions and majority of the
function has been replaced with sucrose. After
1997, trehalose became popular when Goddijn
and his coworkers in 1997, by using E. coli genes,
engineered the trehalose pathways into plants
which produced phenotypes consistent with com-
munication. Shortly after, Blazquez et al. and
Vogel et al. (1998) reported functional genes
encoding TPS and TPP in Arabidopsis thaliana,
and in 2001, Leyman and his coworkers pub-
lished full genomic sequence database for
Arabidopsis thaliana which established the
authenticity of many genes for trehalose synthe-
sis. After that many more research were con-
ducted on trehalose and found very interesting
features of trehalose. Schluepmann et al. (2003)
reported trehalose and T6P in A. thaliana, and in
2002, Eastmond et al. demonstrated the essential
trehalose pathway gene (AfTPS1) encoding T6P
for a plant. After that, trehalose become a method
of choice for researcher and lots of work have
been conducted to alter the pathway, metabolism,
and development of trehalose (Ramon et al.
2007) which further leads to embryo develop-
ment, structure of inflorescence, leaf structure,
process of cell division and mechanism of cell
wall synthesis, seedling development, carbon uti-
lization and metabolism, as well as photosynthe-
sis process. Many work has also been conducted
on abiotic stresses specially drought. (Eastmond
et al. 2002; Pellny et al. 2004; Gomez et al. 2006;
Satoh-Nagasawa et al. 2006; Schluepmann et al.
2003; Kolbe et al. 2005; Garg et al. 2002;
Almeida et al. 2005, 2007; Karim et al. 2007;
Miranda et al. 2007; Pilon-Smits et al. 1998).

Role of Trehalose
during Oxidative Stress

6.4

Any nonliving factors that affect negatively liv-
ing organisms are reunited under the general term
“abiotic stress” and its effects can be and are
mitigated by a variety of defense mechanisms
developed by the different biological systems in
existence. Examples of abiotic stress are desicca-
tion, salinity, and high and low temperature.
There are two general mechanisms used to coun-
teract abiotic stress: avoidance and adaptation. In
the case of avoidance, organisms migrate to
deeper soil layers where temperatures are within
tolerable range. Adaptation to stress is based on
activation of stress defense gene pathways, which
results in the production of heat-shock proteins,
LEA proteins, redox regulating proteins, differ-
ent compatible solutes, and cytochrome P450s
(Roelofs et al. 2008).

6.4.1 Desiccation Stress

During drought conditions, most of the anhydro-
biotic organisms collected high concentrations of
trehalose. In drought conditions, many disaccha-
rides accumulated to protect the membranes. In
dehydration conditions, membrane must be stabi-
lized because of lipid phase transitions and vehi-
cle fusion; for this scenario, trehalose is one of
the best effective methods to stabilize dry mem-
branes (Crowe and Crowe 1990; Crowe et al.
1992). According to Strom and Kaasen (1993), in
desiccation conditions, the chance of water loss
is 99 %. In this type of situation, trehalose has
some beneficial aspects. In the absence of water,
trehalose repressed vesicle fusion completely and
depressed the phase transition temperature of dry
lipids which maintained them in liquid crystal-
line phase, and in this case, the biological struc-
ture which are associated with bound water will
be replaced by freezing trehalose molecules
(Donnamaria et al. 1994). Kawai and his cowork-
ers (1992) reported the mode of action of treha-
lose, and according to them, trehalose might
stabilize dry biological membranes and proteins
due to hydrogen bonding and polar groups of
phosphate groups. On the other hand, trehalose
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protects phosphate groups of membranes and it
also helps to protect from desiccation stress by
virtue of vitrification.

Trehalose is a nonreducing sugar and hygro-
scopic in nature; because of this, it is more stable
than other disaccharides and it has a low reactiv-
ity that is why it forms a protective glass-like
structure. Trehalose glass has great stability
because trehalose dihydrate on the outer surface
of the glass with a little amount of water may give
a structure which encloses the inner glass. It is
also stable in both high temperature and during
complete desiccations. So, it hold biomolecules
in natural conditions from an unhealthy environ-
ment; for example, it hold biomolecules in a form
that allow them to return to their native condi-
tions and functions following rehydrations
(Crowe and Crowe 2000; Richards et al. 2002).

6.4.2 Salt Stress

Due to salt stress, generally organisms are
affected in two ways. Firstly, organisms lose
water and turgor pressure due to low water poten-
tial, and secondly in the living cells, this creates a
continuous flux of inorganic ions due to high
ionic strength of their contiguous environment,
basically, osmolytes, compatible solutes which
help in living organisms to maintain their turgor
pressure and cell volumes. Generally, there are
two methods to improve the salt stress by com-
patible solutes: first, by maintaining the normal
turgor pressure of the cells which can be achieved
by lowering the osmotic potential of the cyto-
plasm (Kempf and Bremer 1998) and second by
stabilizing proteins and cell components (Hincha
and Hagemann 2004). There are many types of
compatible solutes like sugars, trehalose, poly-
ols, free amino acids, etc. Among them, trehalose
is the best for prokaryotes as well as eukaryotes
and it is acting like a stress protectant.

6.4.3 Temperature Stress

Due to low temperature stress, biological mem-
branes are affected while decreasing their fluid-
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ity. Both low and high temperature stresses cause
protein denaturation and aggregation. Trehalose
protects protein from degradation and aggrega-
tion, and it also helps to stabilize biological
membranes due to hydrogen bond and phosphate
group formation.

Uses of Trehalose in Relation
to Abiotic Stresses

6.5

Abiotic stresses are major environmental con-
straint which limits crop production. The devel-
opment of stress-tolerant crops through
bioengineering of stress-signaling pathways is
one of the major goals of agricultural research.
Osmotic adjustment is an effective component of
such manipulations which results in osmoprotec-
tant (compatible solutes) accumulation in plant
systems (Blum 1988). Compatible solutes protect
plants from stress: (a) detoxifying radical oxygen
species and (b) stabilizing the quaternary struc-
tures of proteins to maintain their function.
Trehalose which acts as a storage carbohydrate
possesses the unique feature of reversible water-
absorption capacity to protect biological mole-
cules from stress induced by desiccation and
appears to be superior to other sugars conferring
protection (Rontein et al. 2002). Abiotic stresses
such as heat, cold, or water stress were found to
be possessing high concentrations of trehalose
accumulation in yeast (Goddijn and van Dun
1999). In the plant kingdom, most species do not
accumulate detectable levels of trehalose, except
for the highly desiccation-tolerant “resurrection”
plants. Low or undetectable levels of trehalose in
transgenic plants could be attributed to specific
trehalase activity. Trehalase activity results in tre-
halose degradation, while the presence of a treha-
lase inhibitor (validamycin A) causes severalfold
accumulation of trehalose. Hence, it should be
possible to increase trehalose accumulation by
downregulating plant trehalase activity or by
expressing the trehalose biosynthetic genes under
tissue- or stress-specific regulation.

Several reports are there which suggest the
presence of trehalose in higher plants and a few
desiccation-tolerant plants (Bianchi et al. 1993;
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Drennan et al. 1993; Albini et al. 1994). The
Arabidopsis genome was found to contain eleven
putative TPS and ten putative TPP genes through
whole genome sequencing approach, whereas
rice genome has nine TPSs and nine TPPs.
Transgenic Arabidopsis plants overexpressing
AtTPS1 (Avonce et al. 2004) resulted in glucose
and ABA-insensitive and drought stress-tolerant
phenotypes. The alteration of gene regulation
involved in ABA and glucose signaling during
seedling vegetative growth may account for the
insensitivity,  suggesting  AtTPS1  and/or
trehalose-6-phosphate as a major player in gene
regulation and signaling during seedling develop-
ment. Arabidopsis csp-1 mutant, with a point
mutation in the synthase domain of another
Arabidopsis TPS, AtTPS6, was also drought tol-
erant (Chary et al. 2008).

The accumulation of low trehalose levels in
transgenic plants engineered for overexpressing
the microbial trehalose biosynthesis genes shows
tolerance to abiotic stresses, especially to drought
stress. Holmstrom et al. (1996) first demonstrated
the Agrobacterium-mediated transformation of
tobacco using TPS gene (TPSI) from S. cerevi-
siae under the control of the ats/A gene (Rubisco
small unit) promoter from Arabidopsis. The
transgenic leaves were detached and air-dried;
they were found to be having higher trehalose
content and less water loss than the leaves from
wild-type plants and remained fresh even after
24 h. Similarly when plantlets were air-dried, the
transgenic lines were able to withstand desicca-
tion better than wild-type plants. But trehalose
accumulation was insufficient for osmotic adjust-
ment, and desiccation tolerance could be achieved
by stabilization of cellular structures and macro-
molecules by accumulation of trehalose. This
experiment first demonstrated the association of
water-deficit tolerance of intact plants and
detached leaves with trehalose-6-phosphate syn-
thase gene transformation.

Goddijn et al. (1997) did the genetic transfor-
mation of tobacco and potato plants with ofsA
and otsB genes from E. coli under the control of
CaMV35S promoter. Low trehalose accumula-
tion was obtained in transgenic tobacco, whereas
in potato no traces of trehalose were detected.

But the accumulation of trehalose in transgenic
tobacco plants showed negative effects on plant
growth such as aberrant roots, lancet-shaped
leaves, and stunted growth. A potent trehalase
inhibitor was incorporated to culture medium and
to hydroponically growing transgenic lines of
tobacco and potato to improve trehalose accumu-
lation in both species. High levels of trehalose
accumulation were recorded in both species. This
was the first report which demonstrated that tre-
halose accumulation is dependent on trehalase
activity in higher plants.

Dai et al. (2001) reported the Agrobacterium-
mediated transformation of tobacco using otsA
gene from E. coli under the control of the
CaMV35S promoter. The transgenic plants so
produced were water-deficit tolerant, but they
also showed altered phenotypes like stunted
growth. Pellny et al. (2004) developed the trans-
genic tobacco plants with ofsA and ofsB genes
which showed higher photosynthetic capacities
per unit leaf area and per leaf dry weight. This
alteration in photosynthetic activity was found to
be associated with trehalose-6-phosphate accu-
mulation rather than trehalose.

Drought tolerance was also exhibited by
tobacco and tomato plants which were trans-
formed with yeast TPS1 gene under the control
of 35S promoter (Romero et al. 1997; Cortina
and Culianez-Macia 2005). The transgenic plants
produced from these studies lead to growth aber-
rations like stunted growth in tobacco plants and
abnormal root development in tomato plants.
These growth abnormalities were most probably
due to trehalose-6-phosphate accumulation,
which has been proved to be an essential player
in plant development (Eastmond et al. 2002) and
act as an inhibitor of SnRK1 (a hexokinase
involved in transcriptional regulation of metabo-
lism, growth, and development in plants) (Zhang
et al. 2009; Paul et al. 2010). The transgenic
tobacco plants possessing drought tolerance
without any growth abnormalities were obtained
by targeting the TPS1 gene expression in chloro-
plast or by using bifunctional fusion yeast treha-
lose synthesis genes (Karim et al. 2007).

In tomato, the overexpression of yeast TPS/
gene resulted in an increased chlorophyll and
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starch levels in normal conditions which lead to a
significant advantage under salt, drought, and
oxidative stress (Cortina and Culiariez-Macia
2005). Similarly, when ScTPSI was overex-
pressed in tobacco, an advantage under drought
stress conditions was reported instead of an
abnormal leaf phenotype (Romero et al. 1997). A
slightly improved drought response was reported
in potato using a drought-inducible promoter
fused to ScTPS1 which leads to longer water
retention potential, maintenance of stomatal con-
ductance, and net photosynthesis (Stiller et al.
2008).

Garcia et al. (1997) reported low level of tre-
halose accumulation in rice roots following three
days of salt stress. External applications of treha-
lose (up to 5 mM) reduced Na+accumulation
and growth inhibition, and higher concentrations
(10 mM) prevented chlorophyll loss in leaf blades
and preserved root integrity. Similarly, expres-
sion level of trehalose was found to be too low to
account for an osmoprotectant role in roots and
bacteroids of Alfalfa (Medicago sativa L.) plants
under salt stress (Fougere et al. 1991). The treha-
lase activity was reported to be downregulated in
nodules of Medicago truncatula under salt stress
which allowed low quantities of trehalose accu-
mulation for efficient contribution to osmopro-
tection (Lopez et al. 2008). Overexpression of
yeast trehalose synthesis genes in tomato leads to
the production of plants which were also tolerant
to salt and oxidative stresses in addition to
drought stress (Cortina and Culianez-Macia
2005). Salt, drought, and low temperature stress-
tolerant rice plants without any growth abnormal-
ity were developed by overexpressing bacterial
fused trehalose synthesis genes under the control
of tissue-specific or stress-dependent promoters
(Garg et al. 2002).

Trehalose was also transiently induced with
chilling stress, and its accumulation was coin-
cided with the phase change of glucose and fruc-
tose levels (Pramanik and Imai 2005). In
Arabidopsis, AtTPS5 has a role in thermotoler-
ance. AtTPSS interacted with a transcriptional
activator, viz.,, MBFlc, a key regulator of thermo-
tolerance (Suzuki et al. 2008).
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The symbiotic relationship between rhizobia
and legumes has an important impact on legume
yields. In addition, it helps in nitrogen fixation
that remained in the soil for future crops.
Therefore, application of rhizobia to legume
seeds prior to planting in the field is important to
encourage the legume rhizobia symbiosis forma-
tion. However, survival percentage of rhizobia is
very low (>5 %), because of rapid desiccation
(Roughley et al. 1993). The increase in trehalose
concentration in the bacterial cells with the appli-
cation of external trehalose (3 mmol I-1) to
Bradyrhizobium japonicum strain USDA 110,
the survival rate of bacteria under desiccation
increased by twofold to fourfold (Streeter 2003).

The availability of trehalose encoding genes
from plants such as SITPS1 from S. lepidophylia
(Zentella et al. 1999) and the AtTPS1 from A.
thaliana (Blazquez et al. 1998; Leyman et al.
2001) provides the possibility of generating the
transgenic plants with better public acceptance as
compared to plants with transgene from microor-
ganisms. The AtTPS1 gene has been used for
transformation of Arabidopsis to increase the
accumulation of TPS and to study its physiologi-
cal role (Schluepmann et al. 2004; Van Dijken
et al. 2004; Avonce et al. 2004, 2005). The trans-
genic Arabidopsis plants showed higher treha-
lose level and obtained desiccation tolerance.
This gene has been proposed as a selection
marker for plant transformation (Leyman et al.
2004).

Debast et al. (2011) developed the transgenic
potato plants with altered TOP levels to investi-
gate the role of T6P signaling in their tubers.
Transgenic potato lines with increased TOP levels
displayed reduced starch content, decreased ATP
contents, and increased respiration rate diagnos-
tic for high metabolic activity. However, potato
lines with lower T6P showed the accumulation of
soluble carbohydrates, hexose phosphates, and
ATP, but there was no change in starch content
and a strongly reduced tuber yield was also
observed. Further, the carbon partitioning
between starch and soluble carbohydrates did not
get altered when transgenic tubers were given the
glucose feeding. Transcriptional profiling of
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transgenic lines in B33-TPP tubers revealed that
target genes of SnRK1 which were involved in
the promotion of cell proliferation and growth
were downregulated while those involved in
inhibiting cell cycle progression were upregu-
lated. It also revealed that T6P-accumulation in
tubers strongly delayed sprouting, while those
with reduced T6P sprouted earlier than the wild
type. Early sprouting of B33-TPP tubers corre-
lated with a reduced abscisic acid content.

Martins et al. (2013) investigated the role of
trehalose-6-phosphate as a sugar-signaling
metabolite in Arabidopsis leaves which regulates
the accumulation and turnover of transitory
starch. The Tre6P levels increase up to 11-fold
during daytime by ethanol-induced overexpres-
sion of trehalose-6-phosphate synthase. A tran-
sient increase in the rate of starch accumulation
occurs in the middle of the day, but it was not
linked to reductive activation of ADP-glucose
pyrophosphorylase. A twofold to threefold
increase in Tre6P led to significant inhibition of
starch degradation during the night. The absence
of maltose and maltotriose accumulation indi-
cated that Tre6P affects an early step in the path-
way of starch degradation in the chloroplasts. A
higher orthophosphate content was found in
starch granules isolated from induced plants than
granules from noninduced control plants, consis-
tent either with disruption of the phosphorylation-
dephosphorylation cycle that is essential for
efficient starch breakdown or with inhibition of
starch hydrolysis by b-amylase. Nonaqueous
fractionation of leaves showed that Tre6P is pre-
dominantly located in the cytosol, with estimated
in vivo Tre6P concentrations of 4-7 mM in the
cytosol, 0.2-0.5 mM in the chloroplasts, and
0.05 mM in the vacuole. It is proposed that Tre6P
is a component in a signaling pathway that medi-
ates the feedback regulation of starch breakdown
by sucrose, potentially linking starch turnover to
demand for sucrose by growing sink organs at
night.

Henry et al. (2014) elucidated the impacts of
the diurnal cycle and disruption of the day/night
cycle on trehalose pathway gene expression and
sugar metabolism in maize as characterized by
the maize trehalose pathway genes. The maize

genome encodes 14 trehalose-6-phosphate syn-
thase (TPS) genes, 11 trehalose-6-phosphate
phosphatase (TPP) genes, and one trehalase gene.
Transcript abundance of most of these genes was
affected by the day/night cycle and extended dark
stress, as were sucrose, hexose sugars, starch, and
trehalose-6-phosphate  (T6P) levels.  After
extended darkness, TOP levels inversely followed
the class II TPS and sucrose non-fermenting-
related protein kinase 1 (SnRK1) target gene
expression. Most significantly, T6P no longer
tracked the sucrose levels after extended
darkness.

A summarized view of stress-tolerant trans-
genic plants with trehalose biosynthetic gene
expression has been shown below (Table 6.1).

Conclusion and Future
Perspectives

6.6

Trehalose is a very important osmoprotectant
found in minute amounts in plants, though it has
a major role in plant cell metabolism associated
with abiotic stress tolerance by using genetic
engineering tools in crop plants where genes that
have been used were isolated from yeast and bac-
terial species. An alternative strategy exists for
trehalose accumulation through blocking of tre-
halase. In this strategy trehalose accumulation
becomes higher while using trehalase inhibitors.
Till date, field trial of genetically engineered
trehalose-accumulating plants has not been per-
formed, but the cloning of trehalase genes from
several plants has already been achieved; there-
fore, in the future, transgenic research evaluating
this strategy will be expected. By the help of
genetically engineered plants for trehalose accu-
mulation, different and new variety of ornamen-
tals can be developed by changing size and
flower. One of the important characters of treha-
lose accumulation is carbohydrate metabolism.
In the context of sugar metabolism, only few
things have been identified for, so attention
should be focus to get more promise research on
this area. Some research showed genetic engi-
neering of overexpression genes, sometime, may
lead to downstream pathways; therefore, as a pre-
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Table 6.1 Trehalose biosynthetic gene expression in transgenic plants

Trehalose

Species biosynthetic Changes in

transformed | Promoter genes Tolerance Trehalose level | phenotype Reference

Tobacco Rubisco TPS1 Drought 800-3200 pg/g | No changes Holmstrom

DW et al. (1996)

Tobacco 35S otsA Drought 0-110 pg/g FW | Aberrant root Goddijn et al.
growth, (1997)
lancet-shaped
leaves, stunted
plants

- - otsA—otsB - 0-60 pg/g FW | Same as above, | Pilon-Smits
but not as et al. (1998)
pronounced,
bleached
interveinal tissue

Potato Patatin otsA NA 3-20 pg/g FW No changes Goddijn et al.

(1997)

- - otsA—otsB NA NA - -

Tobacco 35S TPS1 Drought <170 pg/g FW | Loss of apical Romero et al.
dominance, (1997)
inhibited growth,
change in leave
shape like lancet
structure, partial
sterility

Tobacco 16SrRNA TPS1 Drought 360-440 pg/g No changes Lee et al.

FW (2003)

Tobacco 35S TP Drought 6.3 pmol/g FW | No changes Han et al.

(2005)
Tobacco Rubisco TPS1 Drought ~8 ng/g FW No changes Karim et al.
(2007)

- - TPS1-TPS2 |- ~16 pg/g FW No changes -

— AtRABI8 TPS1 Drought 1-2 pg/g FW No changes -

- - TPS1-TPS2 |- 4 pg/g FW No changes -

Arabidopsis | Rubisco TPS1 Drought NA No changes -

Rice ABRCl-rice |otsA—otsB Drought, ~48 png/g FW No changes Garg et al.

actinl salt, cold (2002)
(ABA-
inducible)
— Rice rbcS - — ~55 pg/g FW No changes -
Rice Ubiquitin otsA—otsB Drought, 310-1 036 pg/g | No changes Jang et al.
salt, cold (2003)
Tomato 35S TPS1 Drought, 150 pg/g FW Short internodes | Cortina and
salt and thick shoots, | Culianez-
the color of Macia (2005)
leaves are rigid
dark green,
aberrant root
development
Arabidopsis | rd29A PS1-TPS2 Drought, 8.2-16.7 png/g No changes Miranda et al.
(stress cold, salt, FwW (2007)
inducible) heat

(continued)
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Table 6.1 (continued)

Species
transformed

Rice

Potato

Tobacco

Tobacco

Tobacco

Tobacco

Tobacco

Promoter

35S

35S

35S

358

358
35S
rd29A

35S

358

Trehalose
biosynthetic
genes

OsTPS1

TPS1

OtsA

otsA—otsB
TRE
(trehalase

gene)

TPS1

TPS1

Modified from Almeida et al. (2007)

Tolerance

Cold, high
salinity,
and
drought

Drought

requisite, specific promoter is required to switch
off and switch on. So, produced transgenic plants
can be beneficial for identifying unknown path-
ways. It can be used as primary research material
in near future to identify those unknown

pathways.

Trehalose level

8.5-38.4 pg/g
FW

References

Changes in
phenotype

The color of
leaves are green
and smaller in
size, partial
sterility, glucose
insensitive

No changes

Dwarfism

Altered
phenotype
(stunted
growth); while
detaching leaf
transgenic plants
showed less
water

Altered
photosynthesis

In transgenic
plants, trehalose
activity is
lowered
Tolerance to
osmotic stress;
wild-type plants
are bigger than
transgenic;
lancet-shaped
leaves are not
present

Plants grow in
media
supplemented
with glucose
(glucose-
insensitive
phenotypes)
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Abstract

Environmental stress is one of the major threats affecting the living world.
The most crucial function of plant is to induce different regulatory self-
defence pathways in response to stress. Abiotic stresses such as drought,
high temperature and salinity cause rapid depletion of cellular water leading
to loss of crops and agricultural productivity worldwide. On exposure to
these prevalent stresses, plant accumulates several polyhydroxylic com-
pounds and zwitterionic alkylamines commonly known as osmolytes or
compatible solutes. These are low molecular weight water soluble com-
pounds providing stress tolerance when accumulated without hindering cel-
lular mechanisms. Genes involved in the biosynthetic pathways of different
osmolytes have been identified from various sources. Genetic engineering
utilising these endogenous genes has resulted in development of transgenic
varieties with better adaptability towards stress. Polyamines are ubiquitous
biogenic amines that have been implicated in diverse cellular functions. The
protective role of plant polyamines as osmolytes is still controversial and
needs further investigation. However, there are some reports that suggest
functional similarities between polyamines and other osmolytes commonly
found in plant defence mechanism. Functions include protection of macro-
molecules, cellular pH maintenance, ROS scavenging, stabilisation of native
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protein structure, etc. Apart from these direct functions, exogenous applica-
tion of polyamines results in the elevation of endogenous level of different
osmolytes. Thus, polyamines play an indirect role in plant abiotic stress tol-
erance by participating in osmolyte synthesis in response to stress. In this
review, we have dissected the role of polyamines as osmoprotectants.

7.1 Introduction

Distribution and productivity of crop plants are
severely restricted by environmental stresses, and
these have become an issue of growing concern
worldwide. During the period of stress for contin-
ued growth and survival, plants have evolved sev-
eral protective measures for acclimatisation. These
mechanisms comprise a wide range of responses
at the molecular, cellular and whole plant level
(Gupta and Huang 2014). A plant regularly faces
adverse growth conditions such as drought, salin-
ity, chilling, freezing and high temperature which
results into delayed growth and development and
reduced productivity and in some cases might also
lead to plant death. In order to ensure their surviv-
ability, plants have implemented several strategies
which enable them to grow and prosper even dur-
ing the most disastrous climatic phases. One such
mechanism which helps plant to sustain them dur-
ing the period of stress is by accumulating com-
patible solutes or osmolytes. Osmolytes are low
molecular weight, highly soluble compounds that
are non-toxic even in high concentrations, and
their accumulation enables individuals to survive
under severe extremities. Osmolytes belong to dif-
ferent classes of chemically diverse molecules.
These comprise sugars, polyols, methylamines,
amino acids and their derivatives. They are electri-
cally neutral molecules, do not inhibit enzyme
activity and increase the cell’s ability to preserve
osmotic balance during stress condition, thus
maintaining cellular structure and function.
Osmolytes are also potent protein stabilisers, pro-
tecting the membrane from deleterious effect of
stress. They are widely distributed throughout var-
ied taxonomic groups ranging from algae to higher
plants (Geeta 2014).

Apart from these neutrally charged molecules
that are well-known osmoprotectants and are
widely distributed in different plants belonging
to different taxa, there is another group of

nitrogenous compounds, which have been found
to accumulate in response to stress in a variety of
plants and are designated as polyamines. Three
polyamines, namely, putrescine (diamine), sper-
midine (triamine) and spermine (tetramine) are
found to be involved in various physiological
functions in all organisms from bacteria to plants.
They are characterised as low molecular weight
polycationic aliphatic nitrogenous compounds.
Leeuwenhoek (1678), a Dutch microbiologist,
first reported the presence of polyamine in human
spermatozoa more than three centuries ago. The
role of polyamines as compatible solute is well
supported by their peculiar functions in regulating
cellular processes such as cell division and elon-
gation, root and shoot growth, flower and fruit
development, replication, transcription, transla-
tion, membrane and cell wall stabilisation, chro-
matin  organisation, ribosome biogenesis,
adaptation against biotic and abiotic stresses, and
programmed cell death (Evans and Malmberg
1989; Galston et al. 1997; Igarashi and Kashiwagi
2000; Thomas and Thomas 2001; Bais and
Ravishankar 2002; Paschalidis and Roubelakis-
Angelakis 2005a, b; Liu et al. 2006; Kusano et al.
2007a, b; Zhao and Yang 2008). Intricate role of
polyamines in abiotic stress alleviation has also
been well documented (Bouchereau et al. 1999;
Groppa et al. 2003; Kasukabe et al. 2004; Imai
et al. 2004; Nayyar et al. 2005; Liu et al. 2007;
Yamaguchi et al. 2007; Yang et al. 2007; Rider
et al. 2007; Wang et al. 2007; Groppa and
Benavides 2008; Duan et al. 2008; Cuevas et al.
2008; Kuznetsov and Shevyakova 2010;
Shevyakova et al. 2011; Gupta et al. 2013; Dey
et al. 2013). However, the specific functions
played by polyamines in stress alleviation remain
un-elucidated. The focus of this chapter is to dis-
cuss the role of polyamines as osmoprotectants
and as modulators of other standard osmolytes
synthesised within the cell in response to abiotic
stress.
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7.2  Plant Response to Abiotic

Stresses

Abiotic stresses such as salinity, high tempera-
ture, chemical toxicity, drought and oxidative
stress cause serious damage to the biotic health
throughout the world. They are responsible for
the loss of 50 % crop worldwide (Boyer 1982;
Bray et al. 2000). Abiotic stress induces a series
of biochemical, physiological and morphological
alteration that in turn affects the growth and pro-
ductivity of the plant. The effects of these abiotic
stresses are often interconnected and produce
somewhat similar results. As a consequence,
these diverse stresses activate similar signalling
cascades and cellular response such as produc-
tion of stress-responsive proteins, upregulation of
antioxidant enzyme system, accumulation of
osmoprotectants and many more (Shinozaki and
Yamaguchi-Shinozaki 2000; Cushman and
Bohnert 2000; Zhu 2001) which eventually
enables the plant to survive the stressful
condition.

7.2.1 Physiological and Biochemical

Mechanism

The complexities of plant response when exposed
to diverse abiotic stresses involve modulations of
expression of several genes, alteration of differ-
ent biochemical pathways, epigenetic regulations
and post-translational modifications of various
stress regulatory enzymes and proteins. Plants
primarily exhibit four major lines of defence: (i)
production of enzymatic and non-enzymatic anti-
oxidants, (ii) regulation of transcription factors,
(iii)) membrane transport, and (iv) accumulation
and synthesis of osmolytes. Primary stresses such
as drought, cold, heat, salinity and heavy metal
pollution often produce a similar after-effect
leading to secondary stress conditions, the oxida-
tive and osmotic stress. Main feature of oxidative
stress is generation of reactive oxygen species
(ROS) by reduction of molecular oxygen. ROS is
normally generated during different cellular
activities; however, their level rises when the
plant is exposed to stressful condition. In order to

protect themselves from the deleterious effect of
ROS, plants adopt several defence mechanisms
to combat and scavenge ROS (Greenway and
Munns 1980; Asada 1994; Mittler 2002). These
include production of various antioxidant enzyme
systems such as superoxide dismutase (SOD),
catalase (CAT), guaiacol peroxidase (GPX),
ascorbate peroxidase (APX), monodehydro-
ascorbate reductase (MDHAR), dehydroascor-
bate reductase (DHAR) and glutathione reductase
(GR) that function in scavenging ROS. Apart
from these enzymes, there are several other non-
enzymatic compounds that function similarly and
serve as a potent antioxidant, thus protecting the
plant from oxidative damage. These include
ascorbate (AsA), glutathione (GSH), carotenoids,
tocopherol and phenolics (Kamal-Eldin and
Appelqvist 1996; Ahmad et al. 2010; Srivastava
and Dubey 2011; Rawia Eid et al. 2011) (Fig.
7.1). The second line of defence mechanism
adopted by plant involves regulation of different
transcription factors as they are the major modu-
lators that control gene expression during stress.
Among different transcription factors, bZIP,
WRKY, AP2, NAC and C2H2 zinc finger fami-
lies are the major stress-responsive members
(Sun et al. 2010; Mizoi et al. 2011; Song et al.
2011; Hu et al. 2013). Several transcription fac-
tors have been identified in Arabidopsis, rice and
wheat that have been demonstrated to play sig-
nificant role in abiotic stress responses and are
capable of controlling the expression of target
gene by binding to the cis-acting element in the
promoter of that specific gene. The third line of
defence is provided by different membrane-
bound carrier proteins, channel proteins, anti-
porters and symporters that efficiently keep the
ion concentration within cytosol low during the
period of stress, thereby regulating ion uptake
and transport within the cell (Sairam and Tyagi
2004). The fourth and the final line of defence,
which we shall also be discussing about more
elaborately, is synthesis and accumulation of
compatible solutes or osmolytes in response to
diverse abiotic stresses. These are small group of
organic compounds whose concentration is main-
tained within the cell either by irreversible syn-
thesis of the compound or by combination of
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Fig.7.1 Plant defence mechanism induced in response to
abiotic stress [catalase (CAT), ascorbate peroxidase
(APX), glutathione reductase (GR), guaiacol peroxidise

synthesis and degradation. They mainly include
proline (Hoque et al. 2007; Nounjan et al. 2012),
glycine betaine (GB) (Ashraf and Foolad 2007),
sugar (Kerepesi and Galiba 2000), polyols
(Ashraf and Foolad 2007; Ford 1984) and poly-
amines (Kuznetsov and Shevyakova 2007; Gill
and Tuteja 2010; Hussain et al. 2011; Shu et al.
2012; Alet et al. 2012; Gupta et al. 2014; Saha
et al. 2015).

7.3  Osmolytes: Biochemical
and Molecular Basis of Their

Accumulation

Theconceptof compatible solute was first intro-
duced by Brown (1976). They are characterised
as low molecular weight water soluble com-
pounds, mostly uncharged and polar in nature,
which do not interfere with the cellular function-
ing even at high concentration. Accumulation of
osmolytes favours acclimation of organisms to

(GPX), superoxide dismutase (SOD), abscisic acid
(ABA), gibberellic acid (GA), jasmonic acid (JA), sali-
cylic acid (SA), brassinosteroids (BR)]

adverse environmental conditions. Genes
involved in the biosynthesis of compatible sol-
utes and their biochemical pathways have been
thoroughly studied and identified from varied
organisms (Kldhn and Hagemann 2011). Some of
them have been cited in Table 7.1. Precise role of
compatible solutes is still un-elucidated.
However, as their accumulation is proportional to
the external osmolarity, the two major functions
of these osmolytes are to protect the structure and
to maintain osmotic balance within the cell via
continuous water influx (Hasegawa et al. 2000).

7.3.1 Proline

Proline is an imino acid characterised by an
exceptional conformational rigidity and is an
essential compound functioning efficiently in pri-
mary metabolism. It protects the cell from dam-
age by acting either as an osmotic agent or radical
scavenger. In plants glutamate is the main source
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Table 7.1 Expression analysis of different genes involved in osmolyte metabolic pathway during abiotic stress in dif-

ferent species

Gene Functions

P5CS

Species
1. Codes for enzyme
pyrolline-5-carboxylate
synthetase

2. Rate-limiting enzyme;
catalyses the first step of
proline biosynthetic pathway

Arabidopsis,
Medicago and
tobacco

PDH 1. Codes for enzyme proline
dehydrogenase

2. Catalyses the first step
involved in proline catabolism
converting proline into

pyrroline-5-carboxylate

Arabidopsis

TPS Rice and

Arabidopsis

1. Codes for enzyme
trehalose-6-phosphate
synthase

2. Catalyses the first step in
trehalose biosynthetic
pathway

TPP Rice and

Arabidopsis

1. Codes for trehalose-6-
phosphate phosphatase

2. Enzyme responsible for
conversion of trehalose-6-
phosphate to trehalose

TRE] 1. Codes for enzyme trehalase
which catalyses conversion of

trehalose back to glucose

Arabidopsis

GolS 1. Codes for galactinol
synthase
2. Catalyses the first step in

RFO biosynthesis

Arabidopsis

of proline biosynthesis (Fig. 7.2). Plant species
mostly have two genes that code for pyrroline-5-
carboxylate synthetase (P5CS) and one gene that
codes for P5C reductase (PSCR). The enzymes
involved in glutamate-proline biosynthetic path-
ways are localised in the cytoplasm and the chlo-
roplast. In majority of plants proline is synthesised
from glutamate; however, an alternative pathway
exists where proline is synthesised from orni-
thine initially in the mitochondria (Fig. 7.2).
Another striking feature of proline metabolism is
repression of proline catabolism during stress,
which is reactivated with the withdrawal of the
stress. In this process proline is sequentially oxi-
dised to P5C and then to glutamate by the action
of enzymes proline dehydrogenase (PDH)
and  pyrroline-5-carboxylate  dehydrogenase
(P5SCDH), respectively (Armengaud 2004;

Abiotic stress Expression level | References

Drought, Upregulated Funck et al.

salinity and low (2008),

temperature Armengaud et al.
(2004), Ribarits
et al. (2007)

Drought, Downregulated | Funck et al.

salinity and low (2008)

temperature

Salinity Upregulated Leyman et al.
(2001, 2006),
Avonce et al.
(2006)

Salinity Upregulated Leyman et al.
(2006), Avonce
et al. (2006)

Drought Upregulated Van-Houtte et al.
(2013)

High Upregulated Panikulangara

temperature, et al. (2004)

salinity and

drought

Lehmann et al. 2010; Szabados and Savoure
2010). Proline accumulation is triggered by des-
iccation, either naturally or during abiotic stress,
and is degraded when rehydrated.

Accumulation of proline is directly propor-
tional with the activity of the enzyme P5CS,
which is a rate-limiting enzyme (Delauney and
Verma 1993; Szekely et al. 2008) and is encoded
by two homologous genes P5CSI and P5CS2.
Studies have revealed upregulated expression of
P5CS| transcript in root and shoot in response to
abiotic stress compared to its homologous coun-
terpart P5CS2 mostly found to be upregulated in
dividing cells (Strizhov et al. 1997; Szekely et al.
2008). Transcription of the gene P5CSI in the
vegetative tissues of the plants is inducible by
imposition of abiotic stresses such as drought,
salinity or low temperature as well as exogenous
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Fig. 7.2 Proline metabolic pathway during the period of
abiotic stress in various plant species. [Pyrroline-5-
carboxylate synthetase (P5CS), pyrroline-5-carboxylate

application of ABA (Strizhov et al. 1997
Ginzberg et al. 1998; Abraham et al. 2003).
Genetic basis for natural variation in proline con-
centration in Arabidopsis thaliana can be
accounted for the differential pattern of alternate
splicing of the gene P5SCS1 (Kesari et al. 2012).
Accumulation of proline is also controlled epige-
netically. Zhang et al. (2013) revealed the inter-
connection between DNA methylation and proline
accumulation in rice during osmotic stress.

7.3.2 Glycine Betaine

The most abundant form of betaine available in
the environment is glycine betaine. Betaines are
quaternary ammonium compounds containing
fully methylated nitrogen atoms. Other than gly-
cine betaines there are several other betaine
derivatives that are also prevalent in plants which
include proline betaine, alanine betaine, choline-
o-sulfate and 3-dimethylsulfoniopropionate. In
higher plants, the level of glycine betaines was
found to increase in response to various types of
environmental stresses (Rhodes and Hanson

reductase  (PSCR), ornithine-delta-aminotransferase
(OAT), proline dehydrogenase (PDH), pyrolline-5-
carboxylate dehydrogenase (PSCDH)]

1993). The protective role of betaine was first
studied in an experiment in which they are sup-
plied to bacteria whose growth was inhibited by
high salt concentration and was found that beta-
ines play a protective role during salt stress (Le
Rudulier et al. 1984). Glycine betaine is widely
distributed in marine algae and at least ten flow-
ering plant families, including Chenopodiaceae,
Amaranthaceae, Compositae and Malvaceae
(Blunden and Gordon 1986; Rhodes and Hanson
1993; Gage and Rathinasabapathi 1999). In bio-
logical systems, glycine betaine is synthesised
either from choline or from glycine following
two distinct biochemical pathways (Fig. 7.3).
The plants such as spinach, maize and barley that
are capable of producing glycine betaine (GB)
are referred as GB accumulators, and they accu-
mulate GB in their leaves when subjected to
drought, salinity and cold stress, thereby protect-
ing the plant from harmful effects of stress
(Storey et al. 1977; Nyyssola et al. 2000). Genes
that code for the enzymes involved in the glycine
betaine biosynthetic pathway have been identi-
fied and cloned. Overexpression of these genes in
plants confers tolerance to abiotic stresses. These
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Fig. 7.3 Glycine betaine biosynthetic pathways.
[Ferredoxin-dependant choline monooxygenase (CMO),
NAD+-dependant  betaine aldehyde dehydrogenase

genes are also transferred to plants that do not
accumulate GB such as Arabidopsis thaliana,
Brassica napus, Nicotiana tabacum and Oryza
sativa, thereby rendering them stress tolerant
(McCue and Hanson 1990).

7.3.3 Sugars

Besides causing accumulation of specialised com-
pounds, plants also accumulate specific sugar mol-
ecule to combat abiotic stress which includes
trehalose, fructans and raffinose family of oligo-
saccharides (Drennan et al. 1993; Nakayama et al.
2007; Dos Santos et al. 2013). These sugar mole-
cules are reported to be upregulated when the
plants are subjected to abiotic stress.

7.3.3.1 Trehalose

Trehalose is non-reducing disaccharide composed
of two glucose molecules bound together by an
alpha-alpha linkage. It was discovered from rye in
the year 1832; later it has been detected in a wide
range of organism including bacteria, fungi, inver-
tebrates and plants and is often designated as a
stress alleviator (Elbein 1974; Richards et al.
2002). Initially, it was thought that trehalose was
restricted to the resurrection plants such as
Selaginella lepidophylla or Myrothamnus flabelli-
folius, where it was identified in a detectable
amount (10 mg per gm fresh weight) (Goddijn and

)

DIMETHYL
GLYCINE

(BADH), glycine sarcosine methyltransferase (GSMT)
and sarcosine  dimethylglycine  methyltransferase
(SDMT)]

van Dun 1999). However, later experiments prove
their existence in other plants such as Arabidopsis,
tobacco and rice as well. Among the disaccharides
available in the nature, trehalose exhibits a specific
property. Both reducing ends of trehalose mole-
cules are involved in glycosidic bond; as a result it
is resistant to acidic hydrolysis; thus, these com-
pounds are stable in high acidic solution even
under high temperature (Richards et al. 2002).
Trehalose biosynthetic pathway is a two-step pro-
cess (Fig. 7.4a), and genes coding for enzymes
trehalose-6-phosphate synthase [TPS (A:TPSI)]
and trehalose-6-phosphate phosphatase [TPP
(AfTPPA and ArTPPB)] were first characterised in
A. thaliana in the late 1990s. Further in silico anal-
ysis led to the identification of ten homologues of
AtTPS1, which can roughly be divided into two
classes. Class I genes (AfTPS1-AtTPS4) encode
for protein that has a TPS domain closely related
to yeast, while, on other hand, class II genes
encode protein with a TPP domain that exhibits a
strong homology with AsTPPA and AtTPPB. Oryza
sativa was reported to have nine homologues of
OsTPS and OsTPP (Leyman et al. 2001, 2006;
Blazquez et al. 1998; Avonce et al. 2006).

7.3.3.2 Raffinose Family
Oligosaccharides

Raffinose family oligosaccharides or RFOs such

as raffinose, stachyose and galactinol are

ubiquitous in plants. They have been found to
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Fig. 7.4 Metabolic pathway of (a) trehalose and biosyn-
thesis of (b) raffinose family of oligosaccharides.
[Treahalose-6-phosphate synthase (TPS), treahalose-6-

accumulate under drought stress and function as
an osmolytes, thereby maintaining cell turgor
thus stabilising cell. It also depicts antioxidative
property against the ROS which is generated
within the cell in response to different abiotic
stresses (Nishizawa et al. 2008; Van den Ende
and Valluru 2009; Bolouri-Moghaddam et al.
2010; Peshev et al. 2013). The enzyme that is
involved in the first step of RFO biosynthesis is
galactinol synthase, which is located in the cyto-
sol, and it catalyses the conversion of myo-inosi-
tol and UDP-galactose into galactinol. The
galactinol thus produced is further converted into
raffinose and stachyose by the action of enzyme
raffinose and stachyose synthase, respectively
(Fig. 7.4b). In spite of the presence of other
enzymes, galactinol synthase (GolS) is still con-
sidered as the key regulator of RFO biosynthetic
pathway because the activity of this particular
enzyme will determine the accumulation level of
certain RFOs (Keller and Pharr 1996; Schneider

STACHYOSE

phosphate phosphatase (TPP), trehalase (TRE), galactinol
synthase (GolS), raffinose synthase (RafS) and stachyose
synthase (STS)]

and Keller 2009). The expression of GolS genes
can be regulated by three different transcription
factors. In a study with Arabidopsis, it was
observed that during high temperature, salinity
and water-deficit stress, the expression of
AtGolSI and AtGolS2 genes was regulated by
heat shock factors (HSF), whereas when the plant
is exposed to low temperature stress, the expres-
sion of the gene ArGolS3 is regulated by
dehydration-responsive element-binding factor
1A/cold-responsive  element-binding  factor
(DREB1A/CBF) transcription factor. And the
third transcription factor that regulates the
expression of the GolS and RafS$ genes is WRKY
(Panikulangara et al. 2004; Wang et al. 2009).

7.3.4 Polyols

In halophytic plants, algae and some insects,
polyols such as glycerol, mannitol, sorbitol, ono-
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nitol and pinitols have been found to accumulate
in response to freezing stress functioning as
osmoprotectants (Yancey et al. 1982). Glucose-6-
phosphate serves as the precursor for synthesis of
a number of metabolites that provides stress pro-
tection. Bacterial NADPH-dependant mannitol
1-phosphate dehydrogenase, enzyme that plays a
key role in mannitol synthesis when overex-
pressed in tobacco and Arabidopsis, shows toler-
ance against salinity stress (Tarczynski et al.
1992; Thomas et al. 1995). It was observed that
mannitol contributes to 30-40 % of the change in
the osmotic potential during the period of stress
(Karakas et al. 1997). Dual functioning of poly-
ols in stress protection as well as in maintenance
of redox control has been reported (Shen et al.
1999). Plants tolerant to abiotic stress are found
to accumulate several different polyols such as
cyclitols other than mannitol and sorbitol.
Genetic engineering of the genes involved in the
synthesis of these cyclitols and modulation of
their regulation can be an important aspect of
developing abiotic stress-tolerant crops. Myo-
inositol is important cellular metabolites with
diverse cellular functions including stress
responses and the regulation of cell death. It has
been observed that myo-inositol is converted into
osmoprotectants D-ononitol and D-pinitol by a
two-step pathway which is primarily regulated by
abiotic stresses (Vernon and Bohnert 1992;
Adams et al. 1992; Rammesmayer et al. 1995;
Nelson et al. 1998).

7.3.5 Polyamines

Polyamines are nitrogenous compound that are
ubiquitous in all living cells and have been
reported to participate in different cellular pro-
cesses (Evans and Malmberg 1989; Galston et al.
1997; Walden et al. 1997; Igarashi and Kashiwagi
2000; Thomas and Thomas 2001; Bais and
Ravishankar 2002; Paschalidis and Roubelakis-
Angelakis 2005a, b; Liu et al. 2006; Kusano et al.
2007a, b; Zhao and Yang 2008). Among the vari-
ous classes of compatible solutes, polyamines
play an important role in mitigating extreme
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environmental stresses. Diamine putrescine, tri-
amine spermidine and tetramine spermine are the
three major types of polyamines abundant in dif-
ferent plant species. Apart from these three major
polyamines, some other types of polyamine such
as homospermine and cadaverine are also found
in some plants. Accumulation of polyamines in
different plant tissues during normal develop-
mental phases as well as during abiotic stress has
been well documented. Their biological activities
have been attributed to their cationic nature
which enables them to interact with all the nega-
tively charged cellular components such as DNA,
RNA, proteins and phospholipids (Kaur-Sawhney
et al. 2003; Liu et al. 2006; Pang et al. 2007;
Groppa and Benavides 2008; Kusano et al. 2008).
Changes in the endogenous level of polyamines
have been widely studied when plant is exposed
to a single stress or combination of multiple
stresses. Increase in the concentration of poly-
amines within the cell can be due to de novo syn-
thesis of polyamines or due to reduction in
polyamine degradation pathways although the
exact mechanisms still remain un-elucidated.

7.3.6 Osmolytes and Their Role
in Plant Abiotic Stress
Response

Adjustment of the metabolic profile in response
to adverse environmental condition involves
dynamic and multifaceted responses (Gong et al.
2005; Hannah et al. 2006; Zuther et al. 2007;
Janz et al. 2010). Synthesis of these metabolites,
commonly known as osmolytes, is generally trig-
gered by primary osmotic stresses; however, in
certain cases it may also result due to secondary
stress signals such as reactive oxygen species,
phytohormones and intracellular second messen-
gers. Accumulation of osmolytes causes a rise in
cellular osmolarity that increases water influx
and decreases the efflux, which in turn provides
the turgor required for cell expansion. Another
striking feature of these compatible solutes is its
ability to provide structural stability to proteins,
thus preventing protein misfolding or aggrega-
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tion during the period of abiotic stresses (Lamitina
et al. 2006). The metabolic alteration that occurs
as a result of prolonged exposure to abiotic
stresses varies from species to species. Some
plants were found to accumulate amino acids,
amines, sugars and sugar alcohols in high con-
centration when exposed to either salinity,
drought or low temperature for several days.
Proline, a well-known compatible solute, has
been found to accumulate when plants are sub-
jected to drought or salinity or temperature
stresses (Kaplan et al. 2004; Gong et al. 2005;
Cramer et al. 2007; Gagneul et al. 2007; Kempa
et al. 2008; Sanchez et al. 2008; Usadel et al.
2008; Urano et al. 2009; Lugan et al. 2010). It has
been reported that proline plays an integral role
in protecting and preserving functional and struc-
tural integrity of the enzyme M4 lactate dehydro-
genase. The activity of photosynthetic enzyme
RuBisCO is severely hampered in plants sub-
jected to salt stress, as salt inhibits the carboxyl-
ase activity of RuBisCO enhancing the oxygenase
activity. The presence of high concentration of
proline has been observed to suppress the oxy-
genase activity, thus playing a crucial role in pro-
tecting photosynthetic activity during stress
(Bohnert et al. 1992; Chadalavada et al. 1994;
Sivakumar et al. 2000; Hamilton and Heckathorn
2001). Apart from this, proline biosynthesis is
also involved in regulation of cytosolic acidity by
maintaining NAD*/NADH ratio. It serves as a
source for carbon, nitrogen and energy during the
period of stress recovery. The NADP which is
regenerated during proline biosynthetic pathway
is later utilised in the pentose phosphate pathway
during the period of stress (Alia et al. 1991;
Fahrendorf et al. 1995). Therefore, proline accu-
mulated during the period of stress preserves the
photosynthetic and the respiratory activity of the
plant, thereby enabling the plant to survive even
the most stressful conditions. Along with proline
accumulation, another compound that has been
widely studied in different plant species is gly-
cine betaine. The functional property of glycine
betaine resembles that of proline. It plays a piv-
otal role in providing effective protection against
salt, drought and extreme temperature stresses.

A.Sengupta et al.

Accumulation of glycine betaine is restricted
amongst specific taxonomical classes which gen-
erally contain low amount of glycine betaine, but
the level drastically rises when the plant is sub-
jected to abiotic stress. Plants that can accumu-
late glycine betaine naturally show an adept
quality of stress tolerance. However, there are
several economically important plants such as
rice, tomato, arabidopsis and potato which can-
not accumulate glycine betaine both in normal
and stress condition (Yang et al. 2005). These
species are the potential target for bioengineering
of betaine synthesising genes. Exogenous appli-
cation of glycine betaine is another potent way to
increase the stress withstanding capacity in
plants. Soya bean which is a low accumulator of
glycine betaine can accumulate up to 5 pmol/g
dry weight of glycine betaine during normal con-
dition. During drought stress, foliar application
of glycine betaine increases its content up to 60
pmol/g dry weights, thus improving its photosyn-
thetic activity, rate of nitrogen fixation, leaf area
development and seed yield in soya bean plant
(Makela et al. 1996a, b; Agboma et al. 1997a, b).
There are several other reports that indicate the
role of exogenous glycine betaine in diminishing
the harmful effect of drought stress in plants such
as tobacco, barley, sorghum and wheat. Rice,
which is normally designated as a non-accumula-
tor of glycine betaine, was found to accumulate
very low amount of glycine betaine in some of its
cultivar  including KMDL105, Homjan,
Annapurna and Dongjin when exposed to salt
stress (Oh et al. 2003; Cha-um et al. 2004, 2007).
These evidences gathered by different workers
successfully establish the role of glycine betaine
in abiotic stress tolerance in plants. A consider-
able percentage of assimilated CO, comprises of
polyols and sugars that functions either as com-
patible solutes or low molecular weight chaper-
ones or reactive oxygen scavenger in plants when
it is exposed to stress. Like the other major com-
patible solutes, their functions also involve
osmotic  adjustment and osmoprotection.
Freezing and desiccation cause destabilisation of
cellular membranes. The main aim of the cells is
to keep all its membrane and protein in proper
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functional state. Soluble sugar here plays a cru-
cial part in keeping the membranes in their proper
state which is essential for survival under adverse
condition.

During drought stress, sugar can replace
water, thereby keeping the membrane surface
hydrated, and also protect the membrane from
fusion by maintaining space between phospho-
lipid molecule (Uemura and Steponkus 1997;
Mundree et al. 2002; Van den Ende and Valluru
2009; Ma et al. 2009; Djilianov et al. 2011).
This process is known as ‘sugar vitrification’
which includes formation of amorphous glass
that prevents membrane fusion. Some plants
accumulate sucrose under drought stress.
Sucrose, being an easily metabolisable sugar,
generally serves as a source of immediate
energy source. Apart from sucrose many other
sucrose-derived sugar arise during cold accli-
matisation in different plant species (Mundree
et al. 2002). Accumulation of trehalose, another
disaccharide, was first observed in resurrection
plants; however, their presence is not restricted
only in the resurrection plants. In Arabidopsis,
trehalose content increases doubly when
exposed to high temperature for 4 h, and there is
an eightfold increase when exposed to low tem-
perature for 4 days (Kaplan et al. 2004). Rice
plants when exposed to low temperature show
an increase in the trehalose content (Pramanik
and Imai 2005). Under salt stress trehalose was
found to accumulate in the nodule of Medicago
truncatula (Lopez et al. 2008). The above find-
ings clearly indicate that trehalose plays an
active role in abiotic stress responses in plants.
The common feature of all these compatible sol-
utes discussed above is that these compounds
accumulate in high concentrations without ham-
pering the metabolism (Bohnert and Jensen
1996). They have negligible effect on the cyto-
solic pH. Syntheses of these compounds are
mostly achieved by stress-triggered diversion in
the regular metabolite biosynthetic pathways
(Rhodes and Hanson 1993). Overexpression of
these osmolyte biosynthetic genes in different
target crops successfully yields stress-resistant
variety. Some of them are cited in Table 7.2.
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7.4  Polyamines: A Mega-
Modulator in Plant Abiotic

Stress Signalling

As discussed earlier, polyamines are low molecu-
lar weight ubiquitous aliphatic amines involved
in the regulation of plant growth and develop-
ment. They are involved in various fundamental
processes in plants such as root growth, flower
and fruit development, central dogma, cell wall
and membrane stabilisation, ribosome biogene-
sis, chromatin reorganisation, enzyme activity
modulation and programmed cell death (Evans
and Malmberg 1989; Galston et al. 1997; Walden
et al. 1997; Igarashi and Kashiwagi 2000;
Thomas and Thomas 2001; Bais and Ravishankar
2002; Paschalidis and Roubelakis-Angelakis
2005a, b; Liu et al. 2006; Kusano et al. 2007a, b;
Zhao and Yang 2008; Gupta et al. 2013).
Polyamines have also been implicated in a wide
range of environmental stress tolerance in plants
which includes drought (Yamaguchi et al. 2007,
Yang et al. 2007), salinity (Duan et al. 2008;
Kuznetsov and Shevyakova 2010), oxidative
stress (Rider et al. 2007), heavy metal toxicity
(Groppa et al. 2003; Groppa and Benavides
2008), low temperature stress (Imai et al. 2004;
Nayyar 2005; Cuevas et al. 2008) and ROS
homeostasis (Saha et al. 2015). Detailed studies
have revealed that abiotic stress plays a key role
in modulating polyamine metabolic pathways. To
understand their specific role, study on effect of
exogenous application of polyamines to plants
before and during abiotic stress has been con-
ducted. It has been observed that exogenous
polyamines increase their endogenous level, thus
conferring tolerance in plants exposed to abiotic
stresses establishing the role of polyamines as a
potent stress alleviator in plants (Velikova et al.
2000; Navakouidis et al. 2003; Wang et al. 2007).

7.4.1 Polyamine Metabolic

Pathways in Plant

Polyamine biosynthetic pathway (Fig. 7.5) begins
with decarboxylation of ornithine and arginine by
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Table 7.2 Overexpression of osmolytes biosynthetic genes in transgenic plants showing stress tolerance

Transgenic plant | Gene and gene source

Gene product

Osmolytes References

Tobacco CDH and BADH from Choline Glycine betaine | Lilius et al. (1996),
E. coli dehydrogenase and Holmstrom et al. (2000)
betaine aldehyde
dehydrogenase
BvCMO from Beta Choline Glycine betaine | Zhang et al. (2008)
vulgaris monooxygenase
BADH from Spinacia Betaine aldehyde Glycine betaine | Yang et al. (2008),
oleracea and Oryza dehydrogenase Hasthanasombut et al.
sativa (2010)
P5CSfrom Vigna Pyrroline-5- Proline Kishor et al. (1995)
aconitifolia carboxylate
synthetase
MtID from E. coli Mannitol-1-phosphate | Mannitol Thomas et al. (1995)
dehydrogenase
TPP and TPS1 from Trehalose-6- Trehalose Holmstrom et al. (1996),
Saccharomyces phosphate Karim et al. (2007)
cerevisiae phosphatise and
treahalose-6-
phosphate synthase
Rice Cod A from spinach and | Choline oxidase Glycine betaine | Su et al. (2006),
Arthrobacter Kathuria et al. (2009)
Arabidopsis P5CS1 from Pyrroline-5- Proline Mattioli et al. (2008)
Arabidopsis thaliana carboxylate
synthetase
TPSI-TPS2 from Treahalose-6- Trehalose Yeo et al.
Saccharomyces phosphate synthase (2000), Miranda et al.
cerevisiae (2007)
Wheat MtlD from E. coli Mannitol-1-phosphate | Mannitol Abebe et al. (2003)
dehydrogenase
Tomato TPS1 from Treahalose-6- Trehalose Cortina and Culidfiez-
Saccharomyces phosphate synthase Macia (2005)
cerevisiae

ornithine or arginine decarboxylase (ODC and
ADC) to yield diamine putrescine. Conversion of
arginine to putrescine involves three enzymatic
steps catalysed by ADC, agmatine iminohydro-
lase (AIH) and N-carbamoylputrescine amidohy-
drolase (CPA) sequentially. While in the case of
ODC pathway, conversion of ornithine into
putrescine involves only one enzymatic reaction
and is catalysed by ornithine decarboxylase or
ODC (ODC - EC 4.1.1.17). Putrescine thus
formed is then sequentially converted into higher
polyamine spermidine and spermidine into
spermine by addition of aminopropyl group.
These two reactions are carried out by the action
of enzyme spermidine synthase and spermine
synthase. The aminopropyl group that is added
to the polyamines is generated from
S-adenosylmethionine (SAM), and the reaction is

catalysed by SAM decarboxylase. Genes of the
enzymes involved in these biosynthetic pathways
have been cloned and characterised in different
plant species and arabidopsis. In arabidopsis,
gene that codes for ornithine decarboxylase is
absent; thus, in the case of arabidopsis, only ADC
pathway is active. There are six enzymes respon-
sible for polyamine biosynthesis and are encoded
by ten different genes: two genes that code for
arginine decarboxylase (ADC — EC 4.1.1.19)
(ADC1 and ADC?2), a single gene for agmatine
iminohydrolase (AIH — EC 3.5.3.12) (AIH) and
N-carbamoylputrescine amidohydrolase (CPA —
EC 3.5.1.53) (CPA), two genes that code for sper-
midine synthase (SPDS — EC 2.5.1.16) (SPDSI
and SPDS?2) and spermine synthase (SPMS — EC
2.1.5.22) (SPMS and ACLS5) each and four copies
of SAM decarboxylase-coding genes (SAMDC —
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EC 4.1.1.50) (SAMDC 1-4) (Watson and
Malmberg 1996; Watson et al. 1997; Hashimoto
et al. 1998; Hanzawa et al. 2000; Franceschetti
et al. 2001; Hanzawa et al. 2002; Panicot et al.
2002; Piotrowski et al. 2003; Janowitz et al. 2003;
Urano et al. 2003, 2004; Knott et al. 2007). Apart
from these above-mentioned names, gene that
codes for thermospermine synthase is also present
in a single copy. Studies have shown that ADC1 is
constitutively expressed in all plant tissue while
ADC?2 functions when plant is exposed to abiotic
stress such as drought and wounding (Soyka and
Heyer 1999; Peréz-Amador et al. 2002). The lev-
els of polyamines within the cells are regulated by
its sequential degradation. The cellular polyamine
catabolic pathways (Fig. 7.5) involve activity of
two major amine oxidases, diamine oxidase
(DAO) and polyamine oxidase (PAO) (Bagni and
Tassoni 2001; Cona et al. 2006). In numerous
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study, putrescine concentrations have been a tar-
get for successful genetic manipulation, and in
several cases, the level of putrescine increases
several folds (Bhatnagar et al. 2002). The rise in
putrescine level increases the rate of polyamine
catabolism (Bhatnagar et al. 2002). Putrescine is
converted by DAO (DAO - EC 1.4.3.6) into pyr-
roline, ammonia and H,O,, while spermidine and
spermine are oxidised by PAO (PAO - EC
1.5.3.14) which converts spermidine into pyrro-
line, 1,3-diamine propane (DAP) and H,0O, and
spermine into aminopropylpyrroline, DAP and
H,O0, (Martin-Tanguy 2001; Sebela et al.
2001;Cona et al. 2003, 2006). It was found that
rice produces high amount of spermidine and
spermine when exposed to drought stress for 3
days; however, the content decreases sharply after
6 days exposure which may be due to the action of
PAO (Capell et al. 2004).
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Fig. 7.5 Polyamine anabolic and catabolic pathways.
[Ornithine or arginine decarboxylase (ODC and ADC),
agmatine iminohydrolase (AIH), N-carbamoylputrescine

amidohydrolase (CPA), spermidine synthase (SPDS),
spermine synthase (SPMS), S-adenosylmethionine (SAM),
diamine oxidase (DAO), polyamine oxidase (PAO)]
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7.4.2 Polyamine and Plant
Response to Abiotic Stress

The role of polyamine in abiotic stress tolerance
was first observed when putrescine level increases
due to K* ions deficiency in plants exposed to
single or multiple stresses (Watson and Malmberg
1996). Several studies were carried out subse-
quently which established the role of polyamines
in conferring stress tolerance. Cuevas et al.
(2008) reported an increase in putrescine level
during chilling stress in Arabidopsis. A similar
kind of result was observed by Nadeau et al.
(1987) in wheat during cold hardening. Roy et al.
(2005) showed that exogenous spermidine treat-
ment helps in the recovery of salinity stress-
induced plasma membrane damage in
salt-sensitive and salt-tolerant rice cultivar. In a
study with Vitis vinifera, an increase in putrescine
level was observed within 1 day of salinity and
osmotic stress exposure; however, an increase in
spermidine and spermine level occurs much later,
almost 3—4 days (approx.) after stress exposure
(Liu et al. 2011). Substantial increase in free and
conjugated polyamines was recorded in heat-
tolerant rice and cotton plants along with the
increase in polyamine oxidising and biosynthetic
enzymes during heat stress (Evans and Malmberg
1989; Cona et al. 2006). Abiotic stress causes
variations in thylakoid-associated polyamines in
many plants which establish its role in protecting
photosynthetic apparatus during external adverse
conditions (Kaumar et al. 1997; Jantaro et al.
2003; Sfichi et al. 2004; Alcazar et al. 2006).
Exogenous application of putrescine prevents
chlorophyll loss and also preserves the mem-
brane structure of thylakoid. Moreover, applica-
tion of putrescine was found to enhance
photochemical efficiency of PSII (Popovic et al.
1979; Cohen et al. 1979; Zhang et al. 2009a).
Differential role of putrescine, spermidine and
spermine was demonstrated by Sung et al. (2011)
in mitigating oxidative stress induced by salinity
in marine green macroalgae, Ulva fasciata, by
modulating antioxidative enzyme activity. There
are enough evidences that establish the role of
polyamine as an antioxidant, free radical scaven-
ger and membrane stabilisers (Velikova et al.
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2000; Roy et al. 2005; Groppa and Benavides
2008). In salt-stressed leaf tissue of brassica,
putrescine increases the activity of antioxidative
enzymes and carotenoid, thus protecting it from
oxidative damage by reducing H,O, content and
decreasing the level of lipid peroxidation (Verma
and Mishra 2005). A similar kind of result was
observed when exogenous polyamine was
applied on a 14-day-old chickpea plant exposed
to cold and drought stress (Nayyar and Chander
2004). In Mesembryanthemum crystallinum,
spermine inhibits DNA oxidative degradation
carried out by hydroxyl radical, thus proving the
role of polyamine as a potent ROS scavenger
(Kuznetsov and Shevyakova 2007). Literature
survey reveals that polyamines function as ‘anti-
oxidant’ in both free and conjugated forms.
Genes involved in polyamine biosynthetic path-
ways are under strict regulation and show differ-
ential expression in different plant species when
exposed to abiotic stress. Adverse environmental
conditions such as drought, high salinity,
mechanical injury and potassium deficiency
strongly induce expression of ADC2in
Arabidopsis (Peréz-Amador et al. 2002; Urano
et al. 2003; Armengaud et al. 2004; Hummel
et al. 2004; Alcdzar et al. 2006). Similarly,
expression of SPMS also increases during drought
or salinity stress, thus causing accumulation of
polyamines in plant tissues (Urano et al. 2003;
Alcdzar et al. 2006). No significant change in
CPA and AIH level was observed during any
stress. Constitutive expression of SPDS2 was
observed during all the stresses; however, in con-
trast SPDSI exhibited an increased expression
when the plants were exposed to dehydration.
Cold stress positively induces the expression pat-
tern of SAMDCI, whereas expression of
SAMDC?2 increases both in cold and slight expo-
sure to salinity. ACL5 do not show any corre-
sponding change in their expression profile when
treated with a wide range of stress elements
(Vergnolle et al. 2005; Alcdzar et al. 2006).
Increase in the expression and activity of these
genes results in the accumulation of polyamine
within the plant cell, and many a time their ability
to withstand stress is correlated with their ability
to synthesise and accumulate polyamines



7 Polyamines: Osmoprotectants in Plant Abiotic Stress Adaptation m

(Kasinathan and Wingler 2004; Liu et al. 2007).
Moschou et al. (2008b) suggested that the ratio of
polyamine anabolism and catabolism is a crucial
factor in polyamine-mediated stress tolerance.
Transcriptomic analysis of transgenic plants
overexpressing polyamine biosynthetic enzymes
reveals changes in expression of several stress-
related genes suggesting that polyamines might
play a role as signalling molecules in stress
responses. However, the exact role of polyamines
and their mode of action still remain to be eluci-
dated (Hussain et al. 2011; Saha et al. 2015).

7.4.3 Polyamines: Potential
Compatible Solutes in Plants

Changes in the endogenous polyamine level in
response to stress provide us with clue regarding
their possible implications. However, the exact
mechanism involved in stress tolerance remains
to be elucidated. Exogenous applications of poly-
amines during the period of stress represent an
excellent model for answering all the basic fun-
damental questions regarding their biological
activity (Bhatnagar et al. 2002; Alcdzar et al.
2006; Liu et al. 2007). It has been widely estab-
lished that exogenous application of polyamines
can in varying degree preserve the integrity of
cell membrane, reverse growth or minimise
growth inhibition by stress, modulate expression
of osmotically induced genes, function as an
ROS scavenger, reduce accumulation Na* and
CI ions in different organs and also increase the
activity of antioxidative enzymes (Ali 2000;
Igbal and Ashraf 2005; Tang and Newton 2005;
Ndayiragiji and Lutts 2006; Afzal et al. 2009; Yiu
et al. 2009; Zhang et al. 2009b). Polyamine plays
a pivotal role in modulating the endogenous
osmolyte level in plants when subjected to abi-
otic stress. The concept of polyamine as a ‘com-
patible solute’ is still controversial in plants and
needs detailed investigation. However, in numer-
ous cases, stress-induced polyamines are consid-
ered as better stabilisers than the other protecting
biomolecules, thus preventing membrane degra-
dation and denaturation under stress conditions
(Liu et al. 2007). Polyamines share several prop-

erties such as hydrophobicity, protection of mac-
romolecules, active oxygen scavengers and
maintenance of cellular pH which bears similar-
ity with that of a standard compatible solutes
such as proline, glycine betaine, etc. (Wi et al.
2006; Liu et al. 2007). However, the concentra-
tion of stress-induced polyamines within the cells
is much lower than the standard compatible sol-
utes supporting the idea that polyamines are not
‘compatible solutes’. But then p-alanine betaine,
produced from B-alanine which is a product of
polyamine catabolism, is required for osmoregu-
lation in some halophytes (Duhazé et al. 2002).
Moreover, proline is one of the most common
compatible solutes, and its accumulation during
adverse condition is closely associated with poly-
amine catabolism (Delauney and Verma 1993;
Aziz et al. 1998; Bouchereau et al. 1999; Sharma
and Dietz 2006; Bartels and Hussain 2008; Urano
et al. 2009). Exogenous application of putrescine
in low concentration shows alleviated level of
proline accumulation in a study carried out by
Bouchereau et al. (1999). They found that DFMA
(difluoromethylarginine), which blocks putres-
cine synthesis from arginine in tomato explants
under both control and stress conditions, also
inhibits proline accumulation. A similar kind of
observation was reported by Jimenez-Bremont
et al. (2006). As proline and polyamine biosyn-
thetic pathways use the same precursor gluta-
mate, ornithine and arginine, their pathways
might be finely coordinated (Simon-Sarkadi et al.
2005, 2006; Sharma and Dietz 2006; Seki et al.
2007). However, there are no such evidences
regarding this coordinated accumulation
(Radukina et al. 2007). It can be predicted that
there are some signalling molecules that regulate
all these pathways in a synchronised manner.
Ornithine which is the key regulator of both
polyamine and proline biosynthetic pathways
may play the role of coordinator (Mohapatra
et al. 2010). There is no strong evidence to
validate this concept. Nevertheless, the probabil-
ity of polyamine functioning as a compatible
solutes or osmolytes can never be ruled out
because of the functional similarity they share
and requires much detailed study to establish
this concept.
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7.5 Role of Polyamines

in Maintaining Homeostasis

Plants, when exposed to abiotic stress, shows a
wide range of responses at cellular, molecular
and whole plant level. The responses are mainly
of three kinds, that is, maintenance of homeosta-
sis, detoxification of harmful elements and recov-
ery of growth. In this part we will discuss about
both the direct and indirect role of polyamine in
maintaining homeostasis in plants during the
period of abiotic stress.

7.5.1 Macromolecule Homeostasis

The hydration spheres of macromolecules are
often affected due to the rise in the concentration
of charged element in the cytoplasm, thus alter-
ing their conformations or charge interactions.
Compatible solutes play a significant role in
maintaining the conformation of these macro-
molecules. The major functions of osmolytes are
to maintain osmotic balance within the cell
(Yancey et al. 1982). However, common osmo-
lytes such as sugar, polyols, amino acids and their
derivatives that are most prevalent in the cell do
not show any significant involvement in the func-
tioning of macromolecules even at much higher
concentration. One osmolyte that has received
most attention is proline. Accumulation of pro-
line has been reported in various plants subjected
to abiotic stress, and their protective role was
confirmed with the help of transgenic study,
which demonstrates that proline increases the tol-
erance of plants when exposed to adverse condi-
tion (Xin and Browse 2000; Nanjo et al. 1999;
Hong et al. 2000). In transgenic studies it appears
that the degree of proline or any other osmolyte
accumulation in response to stress is not suffi-
cient for overall osmotic adjustments; however,
the possibilities of high level of accumulation in
specific organelles or subcellular compartment
cannot be ruled out, thus establishing its role in
maintaining macromolecule conformation (Zhu
2001). Although polyamines have yet not been
shown to play any direct role in maintaining mac-
romolecule conformation, however, there are
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reports which indicate its role in increasing pro-
line level within the cell, which in turn helps in
macromolecule homeostasis (Kumar 2009; Khan
et al. 2010). However, this is a hypothesis which
requires further validation.

7.5.2 lon Homeostasis

The process by which cell maintains their ionic
balance in response to the external environment
is referred as ion homeostasis, and it plays a
major role in adaptation when exposed to stress.
Cellular uptake, sequestration, export and long-
distance transports are the processes involved in
ion homeostasis. Studies have shown differential
regulation of a number of ATPases, water chan-
nel proteins and ion transporters during salinity
and osmotic stress. The role of various ion trans-
porters in combating salinity stress has been a
focus for a long time. Salinity stress, most com-
monly mediated by high NaCl concentration in
the environment, hindered the steady ionic state
not only for the Na* and CI- but also for K* and
Ca?* (Niu et al. 1995). The ion levels act as key
regulators during stress alleviations. External Na*
acts antagonistically preventing intracellular K*
influx, reducing acquisition of this essential
nutrient by cells. High NaCl causes cytosolic
accretion of Ca?* and adaptive responses during
both biotic and abiotic stress. These intracellular
Na* ions are eliminated from the cell and seques-
tered within the vacuole predominantly by Na*/
H* antiporters. There are a number of genes that
code for Na*/H* antiporter in arabidopsis genome.
Overexpression of AtNHX1 in transgenic arabi-
dopsis confers salt tolerance. Barragdn et al.
(2012) demonstrated that tonoplast-localised
NHX proteins (NHX1 and NHX2, the two major
tonoplast-localised NHX isoforms) are essential
for active K* uptake in the tonoplast, for turgor
regulation and for stomatal function.

Numerous genes and proteins, such as HKT
and HAK, encoding K* transporters and channels
have been identified and cloned in various plant
species. They play an essential role in salt toler-
ance by regulating Na* and K* transport. In
Arabidopsis leaf, class 1 type of HKT transporters



7 Polyamines: Osmoprotectants in Plant Abiotic Stress Adaptation 113

has been identified that protect the plant from
salinity stress by preventing excess accumulation
of salt in the cytoplasm. Similar kind of result
was obtained in a study with rice where class 1
type of HKT transporters removes Na* ion from
the xylem, thus protecting the photosynthetic tis-
sue from saline environment. The aim of our
work is to identify the role of polyamines in regu-
lating ion homeostasis. Polyamines have been
reported to modulate ion transport by altering the
activity of the plasma membrane and tonoplast-
localised cation channels (Demidchik and
Maathuis 2007; Zepeda-Jazo et al. 2008; Bose
et al. 2011; Zepeda-Jazo et al. 2011). It was pro-
posed that polyamines interact with membrane
phospholipids, thereby increasing membrane sta-
bility which in turns helps to alter ion transports
across the membrane. This phenomenon
increases the activity of the ROS-induced con-
ductance (ROSIC) and Ca®*/ATPase and H*/
ATPase transporters during salinity stress (Roy
et al. 2005; Pottosin et al. 2014). Ion channel
regulations are essential for kinase signalling and
maintaining K*/Na* ratio within the cell (Essah
et al. 2003; Pottosin et al. 2014). Polyamines
function in limiting Na* influx and salt-induced
K* efflux by blocking KIRC (inward rectifying
potassium channel) and NSCCs (non-selective
cation channels) in leaves and roots (Liu et al.
2000; Shabala et al. 2007; Zhao et al. 2007).
Inward flow of Ca?* and Na* was directed by
voltage-independent non-selective cation chan-
nel (VI-NSCC). Apoplastic polyamines and Ca*
have been reported to inhibit Na* influx.
Moreover, transgenic plant overexpressing cat-
ion/H* exchanger (CAX), deficient in spermine
synthesis, hinders vacuolar sequestration of Na*.
This view has been strengthened by Yamaguchi
et al. (2006) in an experiment with arabidopsis.
He demonstrated that a double-knockout arabi-
dopsis which fails to synthesise spermine shows
reduced growth in calcium-depleted MS media
suggesting possible role of polyamines in Ca*
homeostasis. Additional information was pro-
vided by Roy et al. (2005) and Roychoudhury
et al. (2011) regarding protective role of exoge-
nously applied spermidine and spermine in main-
taining K*/Na* balance in rice seedling treated

with salt. Thus, all the evidences establish the
role of polyamines in ion homeostasis.

7.6  Osmolytes and Polyamines

as ROS Scavengers

Production of ROS is an unavoidable conse-
quence of aerobic metabolism. Major sites for
ROS generations in plants are mitochondria,
chloroplast, peroxisomes and plasma mem-
branes. Reduction of molecular oxygen by high
energy exposure or electron transfer reactions
leads to the production of ROS. They include free
radicals such as superoxide anion (O2), hydroxyl
radical (OH™) as well as non-radical molecules
like hydrogen peroxide (H,O,) and singlet oxy-
gen (10,). Amongst these ROS species, hydroxyl
radical is considered as one dangerous of them
all, attacking almost all the molecules in its vicin-
ity (Foyer and Harbinson 1994; Foyer 1997; Del
Rio et al. 2006; Blokhina and Fagerstedt 2010;
Heyno et al. 2011). Unfavourable environmental
conditions such as drought, salinity, chilling,
heat, metal toxicity and UV radiation which
cause disruption in cellular homeostasis ulti-
mately lead to the enhanced generation of ROS
(Mittler 2002; Sharma and Dubey 2005; Sharma
and Dubey 2007; Hu et al. 2008; Han et al. 2009;
Maheshwari and Dubey 2009; Tanou et al. 2009;
Mishra et al. 2011; Srivastava and Dubey 2011;
Saha et al. 2015). Increase in the cellular ROS
level also simultaneously increases the level of
lipid peroxidation and protein oxidation, causes
damage to nucleic acid, inhibits enzyme func-
tionality and also activates programmed cell
death in plants. But in spite of their destructive
activity, they are also considered as one of the
major signalling molecules within the living cell.
So it is important to maintain equilibrium
between ROS production and scavenging in order
to protect the cell from oxidative damage cause
due to excess level of ROS generation when
exposed to abiotic stress. In plants, two vital
pathways for ROS scavenging exist, enzymatic
and non-enzymatic. Enzymatic antioxidants
include superoxide dismutase (SOD), catalase
(CAT), ascorbate peroxidase (APX), guaiacol
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peroxidase = (GPX), monodehydroascorbate
reductase (MDHAR), dehydroascorbate (DHAR)
and glutathione reductase (GR), while non-enzy-
matic compounds include ascorbate (AsA), glu-
tathione (GSH), carotenoids, tocopherols and
phenolics (Noctor and Foyer 1998; Neill et al.
2002; Yan et al. 2007). All these above-mentioned
compounds have well established themselves as a
potent ‘antioxidant’. However, our aim is to study
the role of osmolytes, which lacks the tag of
‘antioxidant’ in maintaining cellular redox
homeostasis. Proline a well-known osmolyte also
functions as a singlet oxygen quencher, thus per-
forming its role in ROS scavenging.

Several studies have revealed that exogenous
proline treatment can diminish ROS level in fungi
and yeast, thus preventing programmed -cell
death; it can also reduce the level of lipid peroxi-
dation in algal cell exposed to heavy metal stress
(Smirnoff and Cumbes 1989; Chen and Dickman
2005). Rice plants pretreated with proline show
tolerance towards mercuric toxicity through ROS
scavenging. Alia and Mohanty (1997) observed
that the damaging effect induced by the singlet
oxygen and hydroxyl radical on the photosystem
Il in an isolated thylakoid membrane can be
reduced by exogenous proline application. Apart
from its direct ROS scavenging features, proline
can stabilise and protect the enzymes involved in
ROS scavenging and also can turn on alternative
ROS-detoxifying pathways. In tobacco plants
exposed to salinity stress, activities of ROS scav-
enging enzymes such as peroxidase, superoxide
dismutase and catalase are found to be increased
by proline (Hoque et al. 2008; Islam et al. 2009).
Proline plays a distinctive protective function in
mitochondria. Oxidation of proline serves as a
source of electron for the respiratory chain, thus
contributing energy required for growth resump-
tion. Thus, it can be said that proline metabolism
is therefore an important regulator of cellular
ROS balance and is also crucial in regulating
numerous additional biochemical pathways
(Hamilton and Heckathorn 2001). Recent studies
have proposed the role of plant oligosaccharides
as ‘antioxidant’ (Nishizawa et al. 2008; Sinkevich
et al. 2010; Foyer and Shigeoka 2011; Stoyanova
et al. 2011). Nishizawa et al. (2008) compared
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hydroxyl radical scavenging capacity of galacti-
nol and raffinose with typical antioxidants such
as ascorbate and glutathione in an in vitro test in
arabidopsis, and it was found to be more superior.
He also demonstrated the role of intracellular
level of galactinol and stachyose in protecting the
cellular component from oxidative damage.
Furthermore, concentration of raffinose in chloro-
plast of stressed plants was found to be more or
less similar with the level of glutathione and ascor-
bate suggesting the role of raffinose as a direct
scavenger of hydroxyl radical in chloroplasts
(Stoyanova et al. 2011; Foyer and Shigeoka 2011).

ROS scavenging properties have also been
reported in sugar alcohol such as mannitol, sorbi-
tol, inositol, etc. Genetically engineered tobacco
with increased mannitol concentration showed
stress tolerance by increasing the scavenging
capacity, thus protecting cell from oxidative dam-
age. Moreover, mannitol accumulations do not
show any harmful effect on plants, thus proving
that sugar does not show any negative feedback
(Bolouri-Moghaddam et al. 2010). Trehalose
another potent osmolytes also can act as a ROS
scavenger. In a study with yeast, it was observed
that the exogenous hydrogen peroxide applica-
tion increases the intracellular trehalose concen-
tration, thus protecting the cell from oxidative
damage and thereby reducing the level of lipid
peroxidation (Stoyanova et al. 2011).

Transgenic rice plant that accumulates high
amount of trehalose shows tolerance towards
salinity, drought and low temperature stresses
(Garg et al. 2002). There are several studies that
demonstrate the role of polyamine as an antioxi-
dant (Larher et al. 2003; Velikova et al. 2000;
Saha et al. 2015). Work on Brassica juncea
treated with putrescine revealed a reduction in
H,0, and lipid peroxidation level during salinity
stress (Verma and Mishra 2005). In another
experiment it was observed that putrescine
increases the activity of antioxidant enzymes and
carotenoid in leaf of Brassica juncea exposed to
saline environment. On the basis of this result,
they concluded that polyamines might function
as antioxidant under certain conditions.
Saleethong et al. (2011) demonstrated the effect
of 1 mM exogenous spermidine on rice plant dur-
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ing salinity stress in both salt-sensitive (KMDL
105) and salt-tolerant (pokkali) cultivar and
observed that the exogenous spermidine success-
fully enhances the tolerance towards stress by
scavenging free radical and membrane stabilisa-
tion. Application of exogenous spermidine
increases the antioxidant enzyme activities in the
root of salt-sensitive cucumber cultivar when
exposed to salinity (Duan et al. 2008). So it can
be concluded that polyamines either function as
antioxidant itself or can efficiently modulate or
alter the activity of antioxidative enzymes as well
as the non-enzymatic antioxidants, thus playing
a substantial role in ROS scavenging.

7.7 Bioengineering for Abiotic
Stress Tolerance in Plant:
An Attempt to Develop
Stress-Resistant Transgenic

Plants

Genetic engineering of polyamine biosynthetic
and metabolic genes has paved a pathway for
detailed investigation regarding the role of poly-
amines during stress responses (Table 7.3)
(Groppa and Benavides 2008). It has already
been well established that environmental stresses
such as salinity, drought, temperature, heavy
metal and other abiotic stresses differentially
increase the polyamine content within the cell
(Song et al. 2002; Capell et al. 2004; Kasukabe
et al. 2004; Hummel et al. 2004; Imai et al. 2004;
Roy et al. 2005; Liu et al. 2006). In order to gain
proper insight about the role of polyamines,
genes involved in polyamine biosynthetic path-
ways have been either upregulated or downregu-
lated in different plant species (Minocha and Sun
1997; Kakkar and Sawhney 2002; Thu-Hang
et al. 2002). Overexpression of genes involved in
polyamine biosynthetic pathways shows an ele-
vated level of tolerance towards abiotic stresses
in plants like Oryza sativa, Nicotiana tabacum
and Arabidopsis thaliana.

In a study with transgenic rice which harbours
Datura stramonium, ADC gene accumulates
higher amount of putrescine during drought
stress than its wild counterpart. The putrescine
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thus produced is then converted to spermidine
and spermine which further enhances its ability
to withstand stress (Capell et al. 2004; Peremarti
et al. 2009). A similar kind of work was carried
out by Peremarti et al. (2009) where transgenic
rice plants were generated which constitutively
expresses SAMDC gene from Datura stramo-
nium to dissect the role of lower polyamine
putrescine from higher polyamine spermidine
and spermine. Both transgenic and wild type
show similar kind of features during the period of
drought stress. However, transgenic plants
recover more quickly on rewatering than its wild-
type counterpart. Roy and Wu (2002) in their
experiment observed a rise in the level of spermi-
dine and spermine almost by three- to fourfold
when SAMDC gene of tritordeum was introduced
in rice plants, thus conferring salt tolerance (Roy
and Wu 2002). In another instance, Franceschetti
et al. (2004) overexpressed SAMDC gene of ara-
bidopsis in tobacco plants which shows an
increase in the level of decarboxylated SAM
which in turn regulate polyamine accumulation
exhibiting tolerance towards multiple stress.
ADC gene when overexpressed in transgenic rice
exhibits tolerance towards drought stress. Further
in-depth analyses depicted the role of putrescine
in growth recovery, while spermidine and sperm-
ine function as a ROS detoxifier (Larher et al.
2003). This result confirmed the role of individ-
ual polyamines in stress alleviation. Ectopic
expression of SPDSI gene from Malus sylvestris
in Lycopersicon esculentum had resulted up to
1.5-1.6-fold increase in spermidine level and
showed an elevated expression of SIApx gene,
whereas in wild-type plants, the expression
declined after one-month treatment of 150 mM
NaCl (Neily et al. 2011). Overexpression of
SPDS (spermidine synthase) from Cucurbita fici-
folia in sweet potato, tobacco and arabidopsis
manifested a wide spectrum of tolerance towards
drought, chilling, freezing, salinity and oxidative
stress (Kasukabe et al. 2004; Wi et al. 2006).
Detailed study with transgenic arabidopsis
harbouring SPDS gene cloned from Cucurbita
ficifolia plant demonstrated higher accumulation
of spermidine that was correlated with the abun-
dantly expressed transcripts of DREB and
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Table 7.3 Bioengineering of polyamine biosynthetic genes conferring abiotic stress tolerance

Transgenic plant | Gene overexpressed| Molecular functions

Rice

Tobacco

Arabidopsis

European pear

Tomato

ADC from oat

ADC and SAMDC
from Datura

SAMDC from
tritordeum

ODC from mouse

SAMDC from
human

SAMDC from
carnation

ADC and
SAMDCI from
arabidopsis

SPDS1 and
SAMDC?2 from

apple

SAMDC from
yeast

stress-protective proteins like

showing long-time viability of seedling during
salt stress in transgenic plants over the wild-type

plant (Kasukabe et al. 2004).

A rapid increase in free polyamines (by 4—7 %)
and higher photosynthetic rate and biomass

Arginine decarboxylase

Arginine decarboxylase
and S-
adenosylmethionine
decarboxylase

S- adenosylmethionine
decarboxylase

Ornithine decarboxylase

S- adenosylmethionine
decarboxylase

S- adenosylmethionine
decarboxylase

Arginine decarboxylase
and S-
adenosylmethionine
decarboxylase

Spermidine synthase and
S- adenosylmethionine
decarboxylase

S- adenosylmethionine
decarboxylase

RD29A, thus

Observation

1. Accumulation of high
amount of putrescine

2. Increase in ADC activity
3. Confers salt tolerance

1. Drought tolerance

2. Transgenic plant shows
rapid recovery from drought
stress on rewatering

1. Salt tolerant

2. Transgenic plant shows
normal growth with increased
biomass

1. Enhanced polyamine
metabolism with higher
putrescine level

2. Salt tolerant

1. Increased putrescineand
spermidine level

2. Drought, salt and biotic
stress tolerant

1. Increase in photosynthetic
rate and seed rate

2. Tolerance to multiple
abiotic stresses

1. Overproduction of
spermine

2. Reduce stomatal
conductance and transpiration
rate

3. Tolerance towards wide
variety of abiotic stress
specially drought and freezing

1. Elevated accumulation of
polyamines

2. Multiple abiotic stress
tolerance

1. Enhanced antioxidant
activity and protection from
lipid peroxidation

2. Tolerance towards high
temperature
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by 10-26 % and 4-21 %, respectively, were
observed when full-length S-adenosylmethionine
synthetase (SsSAMS2) gene from Suaeda salsa

was introduced in tobacco plant (Qi et al. 2010).

Wen et al. (2008) demonstrated that overexpres-
sion of apple MdSPDS1 gene in European pear
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(Pyrus communis L.) increases tolerance to
multiple stresses by altering polyamine level.
Similarly, transgenic eggplants exhibited an
increase in tolerance towards drought, salinity,
low and high temperature and heavy metal stress,
when oat ADC gene is over expressed in it
(Prabhavathi and Rajam 2007). Thus, to meet the
ever-increasing demand of food crop across the
world, transgenic approach involving polyamine
biosynthetic genes is considered as a proficient
strategy to improve crop tolerance.

7.8 Conclusion and Future

Perspective

The menace of abiotic stress is essentially a mat-
ter of great concern. In order to survive such hos-
tile condition, sessile plants have implemented
several defence mechanisms, many of which
have not yet been identified at molecular level.
Synthesis of osmolytes is considered as one of
the various major strategies, employed by plants
to avoid stress. The role of almost all the osmo-
lytes has been thoroughly studied till date.
However, our main focus is to analyse the role of
polyamine as an ‘osmolyte’ and to draw an inter-
relationship between the major compatible sol-
utes and polyamines. There are enough evidences
available which demonstrate the role of poly-
amine as a potent stress alleviator. But those evi-
dences are not sufficient for establishing the role
of polyamine as a compatible solute or modulator
of endogenous compatible solute level. Genetic
engineering of polyamine biosynthetic genes in
different crop plants has been a success in gener-
ating stress-tolerant variety. But still there exist
lacunae in deciphering the exact mechanism by
which polyamine helps to withstand stress.
Understanding the function of this unique mole-
cule will improve our understanding regarding
the complexities of plant defence mechanisms.
With  advancement of  biotechnological
approaches, our future focus should include in-
depth analysis of the functional mechanisms of
polyamines and their exact role in plant protec-
tion against abiotic stresses.
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Abstract

Cadmium (Cd) stress is one of the most challenging environmental prob-
lems that adversely affects growth and development of plants. Plants adopt
various strategies to overcome the adverse effects of Cd stress. Among
these, recently phytohormones and osmolytes have been involved in over-
coming the adverse effects of Cd stress. Proline is an important osmolyte
that maintains cellular homeostasis through osmotic regulation and regu-
lates physiological processes under Cd stress. The role of phytohormones
under Cd stress is critical in modulating physiological responses that even-
tually leads to adaptation of plants to an unfavorable environment. The
individual role of both proline and phytohormones has been extensively
studied, but a comprehensive study on the interaction of phytohormones
with proline under Cd is lacking. The present study focuses on enhancing
our understanding on the mechanism of Cd tolerance via proline and phy-
tohormones with emphasis on phytohormones’ interaction with proline

under Cd stress.

8.1 Introduction

Metal accumulation is among the most harmful
environmental hazards arising in the late nine-
teenth and early twentieth centuries. Cadmium
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(Cd) is a persistent and bioaccumulative element
and is potentially toxic to living organisms. It
may be introduced into the environment by many
anthropogenic activities, such as mining, fertil-
izer use, metal-based pesticides, and a wide range
of industrial activities, which release metals into
the environment (Zawoznik et al. 2007). In the
case of plants, metals in the soil can enter the
roots through symplastic or apoplastic pathways
before entering the xylem and being translocated
to the shoot (Lux et al. 2011), although transport
through the phloem may also play a key role in
delivering metals (Mendoza-Cézatl et al. 2011).
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Cadmium is one of the most toxic heavy metal
for plants, animals and humans and enters
the environment through phosphate fertilizers
and waste disposal (Yilmaz et al. 2006; Mahmood
et al. 2009).

The adverse effects of Cd cause various bio-
chemical, physiological, or molecular changes in
plants. Cadmium toxicity leads to leaf chlorosis,
stunted growth, and unspecific necrosis which
causes death of plants (Kapoor and Bhardwaj
2014). It has been reported to inhibit photosyn-
thesis and impair growth in plants (Nazar et al.
2012; Asgher et al. 2013). At the molecular level,
Cd toxicity is associated with the formation and
disruption of sulfhydryl and metal thiolate bonds,
alterations in protein secondary structure,
changes in the redox status of the cell, and inter-
ference with essential metal uptake, transport,
and metabolism (Ouariti et al. 1997; Nies 1999;
Sandalio et al. 2001). Cadmium may cause Chl
destruction as a consequence of magnesium (Mg)
substitution in both Chl a and b pigments (Parmar
et al. 2013). It leads to the production of reactive
oxygen species (ROS) that causes oxidative stress
in plants (Anjum et al. 2014; Asgher et al. 2014).
These ROS cause lipid peroxidation, enzyme
inactivation, and DNA damage, resulting in dra-
matic reduction of growth and productivity,
finally causing plant death (Sun et al. 2007).
Cadmium is reported to disturb the uptake, trans-
port, and use of several essential mineral ele-
ments, such as calcium (Ca), Mg, phosphorus
(P), potassium (K), and iron (Fe) by inducing
deficiency in plants (Metwally et al. 2005;
Nedjimi and Daoud 2009; Nazar et al. 2012).
Plant nutrients and Cd compete for the same
transporters, and, therefore, the presence of Cd
results in mineral nutrient deficiency (Nazar et al.
2012). Sun and Shen (2007) reported that in cab-
bage the key reason for decrease in leaf photo-
synthesis under Cd stress was the decrease in Mn,
Fe, Mg, S, and P concentrations in leaves. The
study of Nazar et al. (2012) extensively focuses
on the role of Cd in mineral deficiency and the
role of nutrients in its alleviation.

The role of phytohormones in the reduction of
Cd-induced oxidative stress has also been
reported. Cross talk of oxidative stress signaling
cascades and endogenous factors, like ethylene,
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jasmonate, auxin, or abscisic acid (ABA), is piv-
otal for plant acclimation to stress and develop-
ment (Potters et al. 2007), where antioxidants
modulate ROS production (Considine and Foyer
2014). NahG plants with lower salicylic acid (SA)
accumulation level showed more sensitivity to Cd
toxicity. Exogenously applied SA prevented the
Cd-induced photochemical efficiency decrease
and mitigated Cd toxicity. SA pretreatment could
alleviate Cd-induced ROS overproduction (Zhang
and Chen 2011). Ethylene and gibberellic acid are
involved in reducing Cd toxicity (Masood and
Khan 2013). Basalah et al. (2013) reported that
the application of both nitric oxide (NO) and SA
together improved the plant growth and develop-
ment by reducing the formation of ROS by
improving antioxidant enzymes and CA activity
and balancing supply of nutrients

In this study, we will focus on the importance
of proline in Cd tolerance and its regulation
directly or indirectly by phytohormones.
Indirectly phytohormones may influence nutrient
availability which affects proline content and Cd
tolerance. Calcium has been reported to influence
proline accumulation (Igbal et al. 2014).
Cadmium entry through the Ca channel in the
leaves disturbs the plant—water relationship
(Perfus-Barbeoch et al. 2002), causing stomatal
closure in many plants, leading to lower transpi-
ration rate and inhibition of photosynthesis
through an adverse effect on chlorophyll metabo-
lism. Pankovic et al. (2000) have shown that opti-
mal N (7.5 mM) supply decreased the inhibitory
effects of Cd on photosynthesis of sunflower
plants by increasing ribulose 1,5-bisphosphate
carboxylase (Rubisco) activity or by the increase
in soluble protein content. Upon exposure to Cd,
plants often synthesize a set of N-containing
metabolites through N metabolism, such as pro-
line, GSH, and phytochelatins, which play a sig-
nificant role in Cd tolerance of plants (Sharma
and Dietz 2006). Supplementation of S has also
been reported to reduce Cd stress (Khan et al.
2014) through increase in GSH content or proline
accumulation. Anjum et al. (2014) recently
reported that proline and GSH are involved in
metal tolerance and both are related to each other.
Both GSH and proline, with molecular formula
C0H17N306S and CsHoNO,, respectively, belong
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to the “glutamate or a-ketoglutarate” family and
originate from a common precursor L-glutamate
(Moat et al. 2003).

Proline in Cadmium
Tolerance

8.2

Cadmium disturbs various biochemical and phys-
iological processes, leading to cell death and
inhibition of growth (Sandalio et al. 2001; Popova
et al. 2009). One of the main adaptive mecha-
nisms to Cd stress in plants is the accumulation of
compatible solutes (Ashraf and Foolad 2007;
Mehta and Gaur 1999; Shah and Dubey 1998;
Sharma and Dietz 2006). The deleterious effect
of Cd on plant growth can be mitigated through
proline. Proline accumulates in response to heavy
metal exposure among plants (Chen et al. 2001;
Radic et al. 2010; Zengin and Munzuroglu 2005).
Islam et al. (2009a) reported that exogenous
application of proline and betaine restored the
membrane integrity and increased the enzymes of
ASH-GSH cycle under Cd stress in tobacco cells.
They also reported that proline was more effec-
tive in protecting Cd-stressed plants as compared
to betaine. Proline synthesis in plants occurs
mainly from glutamate, which is reduced to
L-glutamate y-semialdehyde (GSA) by the PSCS
enzyme and spontaneously converted to pyrro-
line-5-carboxylate (P5C). P5C reductase (PSCR)
reduces the P5C intermediate to proline. The
catabolism of proline occurs in mitochondria via
the sequential action of proline dehydrogenase or
proline oxidase (PDH or POX) producing P5C
from proline and P5SC dehydrogenase (PSCDH),
which regenerates glutamate from 5C. Glutamate
plays a central role in overall nitrogen (N) homeo-
stasis. Alternatively, proline can also be synthe-
sized from ornithine, which is transaminated first
by ornithine-delta-aminotransferase (OAT) pro-
ducing GSA and P5C and then converted to pro-
line (Igbal et al. 2014).

Proline may also protect Cd-stressed plants
through increase in antioxidant enzyme activity.
An efficient antioxidant defense system provided
by proline and betaine might play an important
role in tolerance of plants to Cd stress. Proline
and betaine enhance antioxidant defense systems

in plant responses to various oxidative stresses
(Demiral and Tiirkan 2004; Okuma et al. 2004;
Molinari et al. 2007). The antioxidant protection
role of proline has also been described in fungal
pathogenesis during various oxidative stresses
(Chen and Dickman 2005). Proline alleviates Cd
toxicity by detoxifying ROS and increasing the
activity of superoxide dismutase (SOD) and cata-
lase (CAT) and glutathione content (Xu et al. 2009).
Besides, osmolytes like proline and glycine
betaine play key role in cellular compatibility and
osmotic adjustment to maintain normal metabo-
lism of plants during stress. Khan et al. (2014)
reported that Cd-induced oxidative stress was
alleviated by ethylene through increase in proline
and GSH content. Wen et al. (2011) reported that
proline accumulation is positively correlated
with putrescine (Put), spermidine (Spd), and
titers of total polyamines in Cd-treated pear
shoots. Proline accumulation was also closely
linked with polyamines catabolism in plants
exposed to abiotic stresses (Bouchereau et al.
1999), owing to the reason that proline and Put
share a common substrate, glutamate (Seki et al.
2007; Sharma and Dietz 2006). The application
of Zn alleviated Put and proline accumulation
and thus helped in the adaptation of L. minor to
Cd-induced stress (Qiao et al. 2015). The free
proline has been found to chelate Cd ion in plants
and form a nontoxic Cd-—proline complex
(Sharma et al. 1998). Proline increased signifi-
cantly under all applied Cd concentrations (Aly
2012). The accumulation of proline may be due
to increased synthesis from glutamate, lower rate
of protein oxidation, and slowed incorporation of
proline into protein (Bohnert et al. 1995). Hayat
et al. (2013) suggested that the application of
proline increases endogenous proline content
under heavy metal stress conditions. This helps to
protect enzymes (Islam et al. 2009), 3-D structure
of proteins (Paleg et al. 1981), and organelle and
cell membranes by reducing the lipid peroxidation
(Okuma et al. 2004). Besides this, it also supplies
energy for growth and survival, thereby helping
the plant to tolerate stress (Hoque et al. 2007).
Supplementation of proline scavenges ROS
and enhances activity of antioxidative enzymes
(Islam et al. 2009; Hayat et al. 2013), i.e., CAT,
POX, and SOD, by acting at the level of
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transcription and/or translation and the endoge-
nous level of proline (Hayat et al. 2012). Proline
protects plants from Cd-induced membrane deg-
radation and electrolyte leakage (Hasan et al.
2009) and enhances leaf water potential by pro-
tecting the membranes from metal-induced oxi-
dative damage (Okuma et al. 2004).

The involvement of proline in Cd tolerance
also influences the GSH-mediated Cd tolerance.
Siripornadulsil et al. (2002) studied the expres-
sion of a moth bean pyrroline-5-carboxylate syn-
thetase (P5CS) gene in the green microalga
Chlamydomonas reinhardtii and its influence on
Cd tolerance. They reported that transgenic algae
with P5CS gene produced more proline that sub-
sequently increased GSH content and phytochel-
atin to sequester Cd and provide tolerance
compared to wild-type algae. The increase in
GSH/0.5 GSSG ratios (fourfold) in P5CS cells
relative to wild-type cells was identical to the
relative increase in bound Cd per cell (fourfold).
Thus, proline is involved in Cd tolerance either
by maintaining the cell water balance, increasing
antioxidants that scavenge ROS, or by influenc-
ing the polyamines and GSH content.

Nutrients in Proline
Accumulation and Cadmium
Tolerance

8.3

Among the various nutrients, N and Ca have been
reported to be involved in the regulation of pro-
line metabolism (Igbal et al. 2014). In the present
study, we will discuss the role of N and Ca
together with S in regulating proline and Cd tol-
erance. Nitrogen-induced alleviation of Cd toxic-
ity has been suggested as the increased biomass
production by increasing the photosynthetic rate
with N application. The increased biomass pro-
duction sequesters more Cd in vegetative parts
and very little moves into the grain. Recently,
Zhu et al. (2011) have shown that N fertilizer in
the form of 16 mM (NH,),SO, was effective in
Cd alleviation in Sedum. The effect of N in alle-
viating Cd stress is dose dependent and occurs
through its promoting effect on chlorophyll syn-
thesis as well as on the activities of antioxidant
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enzymes, such as SOD, CAT, and POX, which
partially alleviate the accumulation of ROS (Lin
etal. 2011).

Tarighaleslami et al. (2012) reported that leaf
proline increased with the application of N fertil-
izer. Rais et al. (2013) have shown that both indi-
vidual and combined applications of N and sulfur
(S) resulted in increased nitrate reductase activity
(NRA), N content, and proline accumulation and
alleviated salt stress effects on photosynthetic
efficiency and growth of Brassica juncea. In con-
trast, Lee et al. (2009) reported that the increase
in proline concentrations in phloem exudates was
closely related to reduction in NRA in the roots,
N uptake, and the assimilation of newly absorbed
N, suggesting a link of N assimilation with pro-
line. Zakery-Asl et al. (2014) reported that the
application of high N in Phaseolus vulgaris
increased proline in root and foliar organs, and
proline biosynthesizing enzymes (P5CS and
ornithine-delta-aminotransferase) varied with the
N status. Sanchez et al. (2007) found that N defi-
ciency resulted in decreased proline accumula-
tion both in the pods and seeds of Phaseolus
vulgaris due to the stimulation of the enzyme
proline dehydrogenase (PDH). In their study on
Triticum aestivum, Khan et al. (2013) have shown
that increased N assimilation by SA induced
enzymes of proline biosynthesis and proline
accumulation for increased tolerance to heat
stress. In another study, Khan et al. (2014)
reported that increased proline content was
responsible for Cd tolerance in Triticum aesti-
vum. Upon exposure to Cd, plants often synthe-
size a set of N-containing metabolites through N
metabolism, such as proline, GSH, and phyto-
chelatins, which play a significant role in Cd tol-
erance of plants (Sharma and Dietz 2006).
Balestrasse et al. (2005) reported that in the nod-
ules of soybean plants under 200 pM Cd, where
the GS/GOGAT cycle is severely inhibited,
ammonia increased greatly and the same occurred
with proline. Sakakibara (2003) reported that Cd
supply caused an increased partitioning of nitrate
in roots of Arabidopsis, as a result of the induc-
tion of NRT1.8 expression and repression of
NRT1.5, specific transporters which are respon-
sible for loading/unloading of nitrate into/from
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the xylem sap, respectively. Retention of nitrate
in the roots serves as a signal to enhance nitrate
assimilation in these organs. Since glutathione
and phytochelatins are N-containing molecules,
this could lead to increased synthesis of these
chelators to detoxify Cd ions (Gojon and
Gaymard 2010). The same can also be true for
proline as it is also a N-containing compound.
Combined N and S application resulted in
greater proline accumulation and alleviated salt
stress effects on photosynthetic efficiency and
growth. The effects of one element are positively
influenced by the other. It is, therefore, assumed
that the effects of N in inducing proline synthesis
will be greater in the presence of S, and the ade-
quate supply of S and N may result in reducing
the negative effects of salinity stress (Rais et al.
2013). When there is limitation in S-dependent
stress tolerance mechanism(s), plant opted to
strengthen alternate mechanism of defense by
accumulating proline, for the biosynthesis of
which glutamate serves as precursor (Nikiforova
et al. 2005). Khan et al. (2014) reported that Se
and S both reversed Cd-induced oxidative stress
by regulating ethylene formation and proline and
GSH metabolism. Abdelhamid et al. (2013) stud-
ied that S improved proline content by about 20.4
% and 11.2 % relative to the control treatments
under 100 % and 120 % irrigation treatments,
respectively. Zafar et al. (2014) reported that
foliar Zn and S application increased total chlo-
rophyll, proline content, and SOD enzyme activ-
ity but decreased membrane stability. Sulfur
dioxide has also been shown to affect glutamic
acid and glutamine content of pea seedlings
(Jager and Pahlich 1972) and asparagine, gluta-
mine, glutamic acid, serine, glycine, alanine,
arginine, ornithine, and proline content of spruce
needles (Jager and Grill 1975). Sulfur may also
regulate the formation of osmolytes by its influ-
ence on NRA and N assimilation (Marschner
1995). Khan et al. (2005) have reported that S
supply improved photosynthesis and growth
through regulating N assimilation. The availabil-
ity of S regulates the NRA and the accumulation
of N (Pal et al. 1976). Anjum et al. (2012) and
Fismes et al. (2000) have shown using field-
grown oilseed rape that S deficiency can reduce
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N use efficiency and that N deficiency can also
reduce S use efficiency. Thus, it may be said that
S supplementation could increase N assimilation
and this in turn could increase proline accumula-
tion to combat Cd stress.

Calcium is an important nutrient required for
Cd tolerance. Ahmad et al. (2015) reported that
the application of Ca enables mustard plant to
withstand the deleterious effect of Cd, resulting
in improved growth and seed quality of mustard
plants. Proline was significantly increased in
mustard plants under Cd stress, and exogenously
sprayed Ca was found to have a positive impact
on proline content in Cd-stressed plants.
Supplemental Ca also enhances the accumulation
of proline in saline conditions (Shah et al. 1990).
Separate NaCl and CaCl, treatments increased
the free amino acid and proline content in cotton
plants compared to the control (Amuthavalli
et al. 2012). The involvement of Ca in the allevia-
tion of Cd toxicity by reducing the uptake, accu-
mulation, and toxic effects of Cd was reported in
Arabidopsisand common bean (Suzuki 2005;
Ismail 2008). Since plasma membrane surfaces
are usually negatively charged, high level of Ca**
would reduce cell-surface negativity and allevi-
ate the harmfulness of Cd toxicity. There is a
report that the uptake of Cd is inhibited by the
Ca?* channel blockers (Ismail 2008). Cadmium
decreases Ca content because of the competition
between Cd and Ca at both Ca channels (Nelson
1986) and intracellular Ca-binding proteins
(Rivetta et al. 1997). The alleviation of Cd toxic-
ity by Ca supplementation occurs either by
decreasing Cd uptake or by reducing Cd toxicity.
In Arabidopsis seedlings, the content of Cd per
gram fresh weight was reduced from 46.7 to 17.4
pg in the presence of 30 mM Ca (Suzuki 2005)
by reducing Cd uptake. Wang and Song (2009)
reported that 5 mM CaCl, application reversed
the Cd effects on the activity of SOD, CAT, glu-
tathione peroxidase, and APX and reversed the
Cd-induced decrease in fresh mass as well as the
changes in lipid peroxidation in Trifolium repens.
The enhanced Cd tolerance in Lactuca sativa by
4 mM CaCl, was the result of increased expres-
sion of phytochelatin synthase gene under 0.05
mM Cd treated in Lactuca sativa plants (Zhenyan
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et al. 2005). Xu et al. (2013a) found that the
availability of foliar CaCl, could modulate
endogenous proline accumulation under water
stress, because the leaves of stressed plants that
were pretreated with CaCl, accumulated less pro-
line than did the nontreated plants. Increased pro-
line accumulation in CaCl,-treated seedling is due
to decreased level of proline oxidase (degrading
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enzyme) and increased levels of the activities of
P5C reductase and y-glutamyl kinase (synthesizing
enzyme) (Misra and Gupta 2006). Figure 8.1
shows that Cd stress leads to the production of
ROS, which signals for phytohormones’ produc-
tion. These phytohormones regulate the level of
N, S, and Ca to increase proline content and Cd
tolerance.

Cadmium stress

Ethylene Ni
Gibberellin itric

oxide

Abscisic
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V

Salicylic
acid

Brassinosteroids
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Fig. 8.1 Diagrammatic representation of indirect influence of phytohormones on proline content via regulating the
nutrients N, S, and Ca
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8.4 Phytohormones
in Regulating Proline
Content and Cadmium

Tolerance

Reports about the regulation of Cd tolerance by
phytohormones are sufficient; however, the liter-
ature lacks data regarding the regulation of pro-
line by phytohormones for Cd tolerance. In the
present study, we have discussed the role of some
major phytohormones in regulating proline con-
tent either directly or via increasing nutrient to
subsequently increase proline content and Cd tol-
erance. The phytohormone-mediated changes on
proline accumulation under Cd stress are shown
in Table 8.1. Cadmium stress leads to oxidative
burst which activates the MAPK cascade and
leads to phytohormones production.
Phytohormones may directly increase proline
content or indirectly via increase in N, S, and Ca
accumulation. Besides, osmolytes like proline
are directly activated under Cd stress as plants’
adaptive strategy to maintain osmoregulation and
Cd tolerance (Fig. 8.2). Major phytohormones
and their interactions are discussed below.
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8.5 Ethylene and Cadmium

Tolerance

Ethylene regulates multiple stress responses (Cao
et al. 2009) such as the signal transduction events
during Cd-induced programmed cell death (PCD)
(Iakimova et al. 2008) and induction of plant-
specific transcription factors which have been
linked to Cd tolerance (Youm et al. 2008).
Experiments with young soybean seedlings
revealed that an increase in ethylene concentra-
tion was accompanied not only with the induc-
tion of the genes encoding the enzymes of the
ethylene biosynthesis pathways but also the
genes related to the proteins involved in the poly-
amine metabolism, NO generation, and MAPK
cascades (Chmielowska-Baak et al. 2013). It has
been reported that ethylene perception and not
production regulates developmental responses
under Cd stress. Inhibition of ethylene perception
can minimize the effect of Cd toxicity through
the increased membrane stability and delay leaf
senescence (Iakimova et al. 2008). Masood et al.
(2012) reported that the S-mediated alleviation of
Cd stress was via ethylene which regulated S

Table 8.1 Phytohormone-mediated changes in proline accumulation in plants under Cd stress

Phytohormones Proline content
Ethylene Increase
Ethylene-insensitive plant Increase
Salicylic acid Decrease
Increase
Decrease
Abscisic acid Decrease
Increase
Nitric oxide Decrease
Decrease
Increase
Brassinosteroid Increase
Increase

References
Khan et al. (2014)
Gratdo et al. (2012)

Plant
Triticum aestivum

Lycopersicon esculentum Nr
mutant

Wang et al. (2013)
Zhang et al. (2015)

Canakci and Dursun
(2013)

Hsu and Kao (2003)
Bahmani et al. (2012)
Wang et al. (2013)
Bai et al. (2015)
Basalah et al. (2013)

Anuradha and Rao
(2007)

Rady (2011)

Perennial ryegrass
Cucumus melo

Cicer arietinum

Oryza sativa
Phaseolus vulgaris
Perennial ryegrass
Perennial ryegrass
Triticum aestivum

Raphanus sativus

Phaseolus vulgaris
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Fig.8.2 Diagrammatic representation of the role of phytohormones in regulating proline content and Cd tolerance

assimilation and GSH content and tolerance.
Inhibition of ethylene was found to inhibit Cd
tolerance.

Besides ethylene (Zhang et al. 2010) and
auxin (Pustovoitova et al. 2000) can regulate pro-
line accumulation in stress conditions. Gaveliené
et al. (2014) reported that ethylene production
increased in cold-acclimated conditions and
under the effect of exogenous proline and gluta-
mine. Gratdo et al. (2012) reported an exagger-
ated accumulation of proline in leaves and fruits
of ethylene-insensitive (Nr) and auxin-insensitive

diageotropica (dgt) tomato mutants, being dose-
dependent increasing with Cd concentrations.
This response, probably, can be associated to the
less pronounced decline in chlorophyll and lower
MDA contents in these genotypes confirming the
protective role of proline against Cd-induced
stress. Khan et al. (2013) showed interaction
between proline metabolism and ethylene forma-
tion for heat stress tolerance in Triticum aesti-
vum. Khan et al. (2014) reported that the
inhibition of Cd-induced stress ethylene and oxi-
dative stress by Se and S may result in the
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increase in sensitivity of plants to ethylene and
promote proline and antioxidant metabolism.
Inhibiting ethylene biosynthesis using AVG
reversed the effects of Se and S on Cd-induced
proline metabolism, GSH production, and net
photosynthesis.

Besides the direct influence of ethylene on
proline under Cd stress, it may indirectly regulate
proline metabolism through increase in N assimi-
lation. Increased NR activity and N content on
the application of ethephon have been reported in
mustard (Igbal et al. 2012). Igbal et al. (2012)
also reported increase photosynthetic nitrogen
use efficiency (PNUE) on ethephon application.
Igbal et al. (2011) reported increased NUE in
mustard plants grown under varying N levels and
supplemented with ethephon. The production of
compatible solutes such as proline has been
shown to be related to N assimilation and salt tol-
erance (Igbal et al. 2014, 2015). Under Cd stress,
N content decreases while ethylene increases N
assimilation and hence proline content. Cadmium
decreases N metabolism leading to reduced
nitrate assimilation by plants (Chaffei et al.
2004). Cd sensitivity of plants is affected by both
the N forms supplied (Hassan et al. 2005; Xie
et al. 2009) and N availability (Pankovic et al.
2000; Finkemeier et al. 2003). Asgher et al.
(2013) reported that the tolerant mustard cultivar
had greater N assimilation and proline content
than sensitive mustard cultivar. Thus, it could be
assumed that ethephon supplementation to
Cd-stressed plants could increase plants’ ability
to tolerate Cd through increase in N assimilation
and proline accumulation.

Cadmium causes an increase in cytosolic cal-
cium levels in various animal cell types
(Yamagami et al. 1998; Ye et al. 2007; Yang et al.
2008). The observed Cd-induced intracellular Ca
release depends on phospholipase C (PLC) acti-
vation and an increase in cellular inositol triphos-
phate concentration. The involvement of Ca ions
in plant response to Cd can also be presumed on
the basis of the fact that CdCl, caused an increase
in the expression of genes coding calmodulin-
like protein in black night shade and of the
calcium-binding protein HvC2d1 in barley plants
(Oulhajd et al. 2006). Igbal et al. (2013) reported
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an interaction between ethylene and Ca. Ca is
required for a variety of ethylene-dependent pro-
cesses (Raz and Fluhr 1992). Apoplastic Ca** is
required for the induction of ACC oxidase (ACO)
by ethylene in etiolated internodes of Pisum sati-
vum seedlings (Kwak and Lee 1997). Intracellular
Ca?* enhances the gene induction by ethylene of
Ps-ACO1 in the Pisum sativum radicle and is,
therefore, a positive regulator of the response.
CaM gene expression in the embryonic axis of
chickpea seeds is correlated with ACO gene
expression, ethylene biosynthesis, and germina-
tion (Gémez-Jiménez et al. 1998). Calcium acts
as a second signal and is involved in the ethylene-
mediated response. Igbal et al. (2014) reported
interaction between Ca and proline. Yoo et al.
(2005) reported that the overexpression of a
Glycine maxcalmodulin isoform in Arabidopsis
markedly triggered the expression of P5CSI and
increased proline content by threefold in trans-
genic plants. Similarly, Shah et al. (2001)
reported that Ca participated in the regulation of
proline accumulation at the level of mRNA
translation under salinity stress in the suspension
cultures of Oryza sativa. Thus, ethylene under Cd
stress may regulate Ca to increase proline accu-
mulation and tolerance, or the increased Ca under
Cd stress may act as signal for ethylene to
increase proline content.

Ethylene influences S assimilation and
increases photosynthetic sulfur use efficiency
(PSUE) in mustard plants (Igbal et al. 2012).
Masood et al. (2012) reported Cd tolerance via
ethylene by the regulation of S assimilation. The
role of S in proline accumulation has been dis-
cussed above. Thus, Cd tolerance may be medi-
ated by ethylene via increase in proline content
through the regulation of N, S, and Ca.

8.6 Gibberellin and Cadmium

Tolerance

Gibberellin is involved in Cd tolerance. GA; has
promoted effects on cell division and cell enlarge-
ment and plays a prominent role in the Cd detoxi-
fication via improvement of Ca?** and other
mineral nutrients’ uptake and antioxidant enzyme
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activities and decreasing lipid peroxidation
(Maggio et al. 2010; Siddiqui et al. 2011). Zhu
et al. (2012) reported that GA-alleviated Cd toxic-
ity is mediated through the reduction of the
Cd-dependent NO accumulation and expression
of Cd** uptake-related gene IRT1 in Arabidopsis.
GA could be a potential modulator of Cd stress
alleviation through the increase in SUE of crops
(Masood and Khan 2013). Reports are available
on the mitigating effects of GA in Cd-stressed
plants (Rubio et al. 1994; Abd El-Hamid et al.
2003; Picazo et al. 2007; Meng et al. 2009). The
application of 10 M GA together with Cr allevi-
ated inhibited levels of growth, N assimilation,
and antioxidant system compared to Cr treat-
ments alone, whereas in pea seedling, it has been
shown that exogenous application of GA in excess
(100 pM GA) induces increased ethylene produc-
tion, generation of ROS, and alteration in antioxi-
dant system (Fuchs and Lieberman 1968; Mori
and Schroeder 2004; Celik et al. 2007). Celik
et al. (2007) have shown that 75 ppm of GA
caused tissue damage by enhanced lipid peroxi-
dation and decreased levels of glutathione-S-
transferase and glutathione. Ghorbanli et al.
(1999) showed that the addition of 10 mg m™ gib-
berellin reduced the negative effects of Cd* in
shoot and root growth of soybean plants. Although
direct effect of GA on proline under Cd stress is
lacking, it may regulate proline content by inter-
acting with ethylene. Igbal et al. (2012) reported
interaction between ethylene and GA for salt tol-
erance. Masood and Khan (2013) discussed about
the interaction between ethylene and GA for Cd
tolerance through increase in SUE in mustard.
Studies have also shown that GA and ethylene
metabolism genes are expressed in the majority of
plant organs and both GA and ethylene precursor
ACC are synthesized ubiquitously (Dugardeyn
et al. 2008). De Grauwe et al. (2008) reported that
a functional GA response pathway is required for
the increased ethylene biosynthesis of eto2-1
(ethylene overproducing mutant) since gai eto2-1
(gibberellin insensitive; ethylene overproducing
double mutant) does not overproduce ethylene,
showing dependence of ethylene on GA.
Besides, GA may influence N assimilation
and Cd tolerance. It has been reported that ele-
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vated N levels increase endogenous proline con-
tent (Jang et al. 2008; Igbal et al. 2014) and GA;
has been found to increase N content. GA; appli-
cation significantly increased N content and NUE
in Brassica juncea grown with different levels of
S (Khan et al. 2005). GA; in combination with
glucose had antagonistic effect on NRA in the
presence and absence of exogenous nitrate (Garg
2013).

GA may regulate Ca level for proline accumu-
lation and Cd tolerance. Ca?* plays an important
role in heavy metal detoxification (Antosiewicz
and Hennig 2004; Jauregui-Zupiga et al. 2005).
GA; induces Ca”* and other nutrients’ uptake that
may be involved in plant tolerance to stress by
regulating antioxidant metabolism and reducing
the lipid peroxidation of cell membrane (Gilroy
and Jones 1992; Jiang and Huang 2001; Siddiqui
et al. 2008; Khan et al. 2010; Badr-uz-Zaman
et al. 2010); furthermore, these may also be
involved in signal transduction (McAinsh et al.
1997) and gene expression (Braam 1992).
Siripornadulsil et al. (2002) reported that the free
proline acts as an antioxidant in Cd-stressed cells,
and proline levels are correlated with the GSH
redox state and malondialdehyde levels in heavy
metal-treated algae. Khan et al. (2010) reported
that the production of proline was higher in GA;-
and Ca”*-exposed plants. The production of pro-
line is an important mechanism by which plants
respond to and apparently detoxify toxic heavy
metals (Wu et al. 1995; El-Enany and Issa 2001;
Choudhary et al. 2007).

Masood and Khan (2013) reported the role of
GA in S assimilation. They reported that the
application of 10 pM GA increased SUE of mus-
tard (Brassica juncea L. Czern & Coss) plants
treated with optimal S (100 mg S kg™! soil) in
comparison with the control plants. SUE was not
increased at excess S (200 mg S kg! soil). The
increase in SUE by GA was through the increase
in growth, CO, exchange rate, and use efficiency
of N (Khan et al. 2005). Although there is no
direct influence of GA on proline, however, we
know that GA plays an important role in Cd toler-
ance, and it may regulate proline content through
its influence of N, S, and Ca. Further studies need
to be carried out to study proline accumulation in
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Cd-stressed plants that are treated with the phyto-
hormones GA.

8.7  Abscisic Acid and Cadmium
Heavy metals such as Cd, Ni, Zn, and Al
(Hollenbach et al. 1997; Foy 1998; Fediuc et al.
2005) have been shown to increase ABA contents
in plants. Fediuc et al. (2005) demonstrated that
Cd-induced ABA accumulation was observed in
roots, but not in shoots of Typha and Phragmites
plants. Exogenous application of ABA reduced
transpiration rate, decreased Cd content, and
enhanced Cd tolerance of TN1 seedlings (Hsu
and Kao 2003). Treatment of potato (Solanum
tuberosum) plants with Cd or ABA enhanced the
content of PCS 1 transcript and activity of phyto-
chelatin synthase in roots (Stroiriski et al. 2013).
In the presence of Cd, the application with low
doses of (0.1-0.5 pM) ABA inhibited Cd uptake
by roots and decreased Cd level in Arabidopsis
wild-type plants (Fan et al. 2014).

Proline accumulation increases in many spe-
cies in response to osmotic stress stimulated by
drought, salt, cold, and ABA. It appears to be
mediated by both ABA-dependent and ABA-
independent signaling pathways (Hare et al.
1999). It has been proposed that ABA is respon-
sible for inducing proline production in stressed
plants (Makela et al. 2003) and the effects of the
exogenous ABA application on proline produc-
tion have been examined. Aspinall and Paleg
(1981) reported that ABA triggers proline accu-
mulation. Hsu and Kao (2003) reported that ABA
content increases in Cd-treated TNG67 leaves,
which did not result in proline accumulation;
conversely in Cd-treated TN1 leaves, proline
increased but not ABA. The increased SOD
activity and proline and ABA content prevented
the occurrence of oxidative damage under Cd
stress in Phaseolus vulgaris seedlings (Bahmani
et al. 2012). Pretreatment with ABA enhanced
Cd tolerance and reduced Cd-induced NH,* accu-
mulation in TN1 seedlings, and exogenous appli-
cation of the ABA biosynthesis inhibitor,
fluridone, decreased Cd tolerance and increased
NH,* content in leaves of TNG67. ABA pretreat-
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ment reduced the decrease in glutamine synthase
(GS) activity in the third leaves of TN1 seedlings
(Hsu and Kao 2004). Protection of GS activity
may increase GSH content and GSH is related to
proline accumulation (Nazar et al. 2014). The
plant responses to heavy metal treatment are
accompanied by the accumulation of ABA, free
proline, and soluble proteins in leaf tissues. Cd
stress leads to the accumulation of free ABA in
leaf tissue which plays an important role in plant
tolerance to heavy metal and also in the accumu-
lation of proline (Talanova et al. 2000). The role
of proline in Cd tolerance is already discussed.
Cadmium and Pb caused a decrease in seedling
biomass and an increase in free proline and ABA
concentration in cotyledon leaves of cucumber.
The accumulation of proline and ABA in leaf tis-
sues is seen as an adaptive response to the Pb and
Cd treatment of plant roots (Talanova et al. 2000).
However, since ABA content increased under Cd
stress and ABA is reported to increase proline
accumulation, therefore, the possibility of regula-
tion of proline by ABA cannot be ignored and
needs to be exploited.

The relationship between ABA and proline for
Cd tolerance can be exploited through the influ-
ence of ABA on N metabolism and Ca metabo-
lism. ABA in N signaling is becoming
increasingly evident (Kiba et al. 2011). ABA
stimulates NRA in cotyledons of Phaseolus
aconitifolius (Sankla and Huber 1975). Decreased
NRA with ABA application has also been
reported. NRA levels were suppressed by ABA in
Hordeum vulgare leaves (Lu et al. 1992) and in
Gossypium hirsutum (Pandey 2001). Signora
et al. (2001) reported that ABA-insensitive
mutants (abi4-1, abi4-2, and abi5-1) and ABA-
deficient mutants (abal-1, aba2-3, aba2-4, and
aba3-2) were less sensitive to the inhibitory
effects of high nitrate, signifying a relationship
between ABA and N. A recent study on Medicago
truncatula latd mutant provided evidence for a
link between ABA and N signaling (Yendrek
et al. 2010).

The role of Ca in proline accumulation has
been reported, and ABA triggers an increase in
cytosolic Ca in guard cells ([Ca?*]cyt) (Schroeder
and Hagiwara 1990; Grabov and Blatt 1998) that
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has been proposed to include Ca** influx across
the plasma membranes (Schroeder and Hagiwara
1990; Grabov and Blatt 1998; Schwartz 1985).
MacRobbie (1992) studied the relationship
between ABA and Ca in stomatal closure and
reported that ABA increases cytoplasmic Ca.
Calcium-permeable channels activated by ROS
have recently been shown to function in the ABA
signaling network in Arabidopsisguard cells.
ABA activation of these Ca?* channels requires
the presence of NAD(P)H in the cytosol (Murata
et al. 2001). Kurtyka et al. (2008) reported that
the positive effects of highest concentration of Ca
on the growth in the presence of Cd relay on the
maintenance of high concentration of potassium
in the roots. ABA has also been shown to trigger
changes in the amplitude and the oscillation of
the free cytosolic Ca?* level, and these oscilla-
tions induced by ABA together with Ca?*/CaM
are involved in the stomatal movement of Zea
mays seedlings, and CaM participated in the
ABA signal transduction process (Guo et al.
2008). Kim et al. (2002) reported that Ca*
blocked both Cd?** transport into rice roots and
Cd?** toxicity on root growth by competition of
Cd* with Ca?* for transport into root cells via
transporters that pass Ca?* (Clemens et al. 1998).
Thus, increased Ca by ABA may lead to Cd toler-
ance either by reducing Cd uptake or increasing
proline accumulation.

Cao et al. (2014) reported the transcription of
ABA3 and NCED3, encoding another key
enzyme of the ABA biosynthesis pathway, to be
regulated by S supply in wild-type seedlings. In
contrast, ABA upregulated the transcript level of
SULTR3;1 and other S metabolism-related
genes. They provided evidence for a significant
coregulation of S metabolism and ABA biosyn-
thesis that operates to ensure sufficient cysteine
for AO maturation and highlights the importance
of sulfur for stress tolerance of plants. Deficiency
of N, P, K, S, and Fe in the nutrient solution
resulted in marked increases in the levels of ABA
extracted from root, leaf, stem, and flower at the
three developmental stages of Zea mays.
Excessive concentrations of these macroelements
resulted in a decrease in ABA levels in all parts of
plants at all three stages as compared with their
respective controls (Battal et al. 2003). Kim et al.
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(1997) reported that the concentrations of
O-acetyl-L-serine increased in accordance with
the increase of exogenous ABA concentrations.
ABA therefore affects S assimilation and may
lead indirectly to proline accumulation and Cd
tolerance.

8.8  Salicylic Acid and Cadmium

Tolerance

Salicylic acid-induced protection of plants from
oxidative injury caused by Cd is mainly linked to
enhanced accumulation of antioxidant enzymes
(Wang et al. 2006). High endogenous levels of
SA after treatment with Cd suggest that SA may
act directly as an antioxidant to scavenge the
ROS or indirectly modulate redox balance
through the activation of antioxidant responses.
SA plays a protective role on photochemical
activity of chloroplast membranes and photosyn-
thetic carboxylation reactions in Cd-stressed pea
plants (Popova et al. 2009). SA pretreatment
attenuated the decrease in Chl content, photosyn-
thetic capacity, and PSII photochemistry effi-
ciency in Cd-stressed plants. SA alleviated the
inhibitory effects of Cd on protein content and
could be used as a stabilizer of membrane integ-
rity due to lipid protection of Cd-induced oxida-
tive stress to improve plant resistance to Cd stress
(Moradkhani et al. 2013). SA-mediated allevia-
tion of Cd toxicity was attributed to the reduction
of Cd uptake, improvement of photosynthetic
capacity, and enhancement of antioxidant activi-
ties in Cannabis sativa (Shi et al. 2009).
Exogenous SA at 3 mM enhanced OsWRKY45
expression, which resulted in increased endoge-
nous content of SA and prevented membrane
damage by lowering H,0, content in Cd-exposed
Oryza sativa (Chao et al. 2010). SA application
can decrease the Cd-accrued inhibition in CO,
fixation by enhancing the activity of ribulose
1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and phosphoenolpyruvate carboxylase
(PEPC) that in turn may protect plants against
Cd-induced oxidative stress (Krantev et al. 2008).

Exogenous SA significantly reduced superox-
ide anion production and lipid peroxidation, fol-
lowed by increase in the activities of antioxidant
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enzyme and content of soluble protein and free
proline under Cd stress (Zhang et al. 2015).
Proline accumulation may be involved in the
mechanism of osmoregulation. Reduction in pro-
line concentration by SA pretreatment has been
reported in Medicago sativa plants under mer-
cury stress (Zhou et al. 2009). Lipid peroxidation
and proline content were lowered by SA treat-
ment, while soluble carbohydrates were increased
in the leaves of soybean under Cd stress (Marefat
et al. 2012). Canakci and Dursun (2013) reported
that the leaves of C. arietinum seedlings pre-
treated with SA alleviated the toxic effects of Cd
by increasing the growth parameters, photosyn-
thetic pigments, and GSH content and decreasing
proline and MDA content. Nazar et al. (2015)
reported that SA application alleviated the
drought-induced decrease in growth and photo-
synthesis through increased proline content. SA
increased enzyme activities, levels of nonenzy-
matic antioxidants, and GSH in roots/shoots,
suggesting alleviation of Cd-induced oxidative
damage in rice (Singh and Shah 2015). Salicylic
acid pretreatment decreased the toxic level of Cd
manifested by lower lipid peroxidation, lesser
production of H,0O,, and reduction in free proline
content (Moussa and El-Gamal 2010).

SA may influence proline metabolism under
Cd stress through increase in N assimilation and/
or N content. The relationship of proline with N
is already discussed. Kog et al. (2013) reported
that all concentrations of CdCl, with 0.5 mM SA
treatments caused an increase in the amounts of
malondialdehyde, H,0,, and NO;™~ on the fifth
day of the treatment in tomato. Hayat et al. (2014)
reported in Cicer arietinum that SA increases the
fixation and assimilation of N regardless of
whether the plants are grown in the presence or
absence of cadmium. Nazar et al. (2011) reported
that SA increases N and S assimilation under salt
stress. The activity of NR and GS increased in
SA treatments under drought stress in Cucumis
sativa (Jing-hong et al. 2012). Singh and
Chaturvedi (2012) found that optimal physiologi-
cal concentrations of SA increased N use effi-
ciency in Cucumis sativa. Hayat et al. (2012)

reported that the activities of nitrogenase (EC
1.18.6.1), NR (EC 1.6.6.1), GS (EC 6.3.1.2), glu-
tamate synthase (GOGAT) (EC 1.4.7.1), and glu-
tamate dehydrogenase (GDH) (EC 1.4.1.3)
increased with the foliar application of SA in
Cicer arietinum.

Ali et al. (2015) reported that both Cd and SA
had the same inhibitory effects on Ca and Mg
concentrations in Brassica napus. SA treatment
results in the release of Ca from internal stores,
which in turn leads to PAL activity increase, RA
accumulation, and a large amount of Ca?* influx
from apoplast after 10 h of SA induction (Guo
et al. 2015). SA or Ca alone as well as in combi-
nation markedly improved proline concentration
(Al-Whaibi et al. 2012). Proline content increased
with the treatment of SA or Ca to NaCl-stressed
plants (Manaa et al. 2014). The synthesis of pro-
line in the presence of salinity and SA is regu-
lated by the activation of pyrroline-5-carboxylate
reductase and y-glutamyl kinase and inhibition of
proline oxidase and proline dehydrogenase
(Misra and Saxena 2009). Bender et al. (2014)
through the immunoblot analysis revealed that
the CMLA43 protein accumulates following treat-
ment with SA. Guo et al. (2009) reported that SA
pretreatment significantly decreased Cd accumu-
lations and increased the chlorophyll level,
growth, and nutrient element content (K, Ca, Mg,
and Fe) in plants, accompanying with the reduc-
tion in malondialdehyde and H,O, contents.

SA also affect S assimilation for Cd tolerance.
The influence of S on proline content either alone
or through its interaction with N has been dis-
cussed. Nazar et al. (2011) reported an increased
GSH content that helps in maintaining the proper
functioning of enzymes of ascorbate—glutathione
pathway and results in the increased activity of
GR and APX with the application of 0.5 mM SA
under salt stress. The addition of 0.1 mM salicy-
late to the nutrient solution led to an increase of
mRNA levels of the APR isoforms in Arabidopsis
(Koprivova et al. 2008). SA increased glutathione
status in tomato crop, imparted resistance against
M. incognita, and augmented crop yield and
functional food quality (Meher et al. 2011).
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8.9  Nitric Oxide and Cadmium

Nitric oxide is an important phytohormone
involved in abiotic stress tolerance. Exogenous
supply of sodium nitroprusside (SNP), a NO
donor, alleviated the short- and long-term Cd
stress in chickpea (Cicer arietinum) by decreas-
ing Cd accumulation, membrane injury, lipid per-
oxidation, ROS, and H,O, contents and by
elevating GSH/GSSG ratio and activity of anti-
oxidant enzymes (Kumari et al. 2010). Cadmium
treatment is reported to increase NO content in
cells of different plant species (Groppa et al.
2008; Besson-Bard et al. 2008; Bartha et al.
2005). Laspina et al. (2005) demonstrated that
NO, when applied before Cd exposure, could sig-
nificantly reduce Cd-induced oxidative damage
in H. annuus plants by preventing growth inhibi-
tion and chlorophyll degradation and recovery of
CAT activity and GSH levels, along with an
enhancement in AsA content and APX activity, as
components of the antioxidant machinery which
allowed plants to better cope with Cd stress. NO
pretreatment alleviated the toxic effect of Cd** by
preventing the oxidative stress development
(Groppa et al. 2008). Exogenous NO enhances
Cd tolerance in O. sativa by increasing pectin
and hemicellulose content in the root cell walls.
Panda et al. (2011) showed that SNP treatment
regulated the stress metabolism in seedlings
under Cd toxicity by generating NO. This led to
reduced H,O0, and MDA levels, along with
increase in the activities of GR and SOD, indicat-
ing that SNP in combination with Cd treatment
protects the seedlings under stress conditions. In
a recent study, Xiong et al. (2010) reported that
exogenous application of NO decreases ROS
accumulation both in rice roots and leaves under
Cd stress. Ma et al. (2010) investigated the roles
and mechanisms of NO-induced protection under
Cd? cytotoxicity in tobacco cell. In this case, NO
played a positive role in CdCI2-induced PCD by
modulating Cd** uptake, promoting Cd** accu-
mulation in BY-2 cells. They observed that SNP
addition had accelerated PCD, whereas NO syn-
thase inhibitors Nw-nitro-l-arginine methyl ester
hydrochloride (1-NAME) and
2-(4-carboxyphenyl)-4,4,5,5-tetra methyl imid-
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azoline- 1-oxyl-3-oxide (cPTIO) alleviated this
toxicity. Xu et al. (2010) reported that exogenous
NO improved Cd tolerance in plants by reducing
oxidative damage, maintaining auxin equilib-
rium, and enhancing ion absorption. De Michele
et al. (2009) showed that modulation in NO lev-
els has an effect on PC content in Arabidopsis
cell suspension cultures. Pretreatment with 1-NG-
monomethylarginine (I-NMMA) induced an
increase in PC levels, along with the prevention
of H,0, increase and changes in senescence-
associated gene 12 (SAG12) expression, indicat-
ing that NO is required for Cd2+-induced cell
death. In some plant species, metallothioneins
(MTs) play an important role in Cd detoxification
(Lux et al. 2011).

The NO toxic effect resulting from the oxida-
tive state may be alleviated by several antioxida-
tive defense systems, including the induction of
polyamines and proline (Bouchereau et al. 1999;
Kuthanova et al. 2004; Xu et al. 2011). Basalah
et al. (2013) studied that under Cd stress, proline
accumulation increased which was further
increased by either SA or NO. However, com-
bined application of SA and NO proved benefi-
cial in alleviating the adverse effect of Cd by
improving proline accumulation. Simaei et al.
(2011) reported that proline is able to scavenge
hydroxyl radical and stabilize the structure and
function of macromolecules such as DNA, pro-
tein, and membranes via interactions with these
macromolecules. Fan et al. (2012) reported that
NO could alleviate salinity damage in cucumber
seedlings by regulating proline metabolism
through increase in the P5CS activity and
decrease in the PDH activity. Filippou et al.
(2013) reported that long-term (24 h), higher
SNP concentration resulted in decreased photo-
synthetic rate and stomatal conductance followed
by intracellular putrescine and proline accumula-
tion, as a result of an increase in biosynthetic
arginine decarboxylase (ADC) and D1-pyrroline-
5-carboxylate synthetase (P5CS) enzymatic
activity, respectively. He et al. (2014) reported
that addition of 30 pM SNP increased accumula-
tion of proline in both root and shoot and signifi-
cantly reduced Cd accumulation implicating the
protective role of SNP in preventing Cd tolerance.
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Bai et al. (2015) reported that exogenous NO
mitigates the damage associated with Cd and Cu
stress by inducing proline degradation, especially
at Cd+Cu treatment. Lopez-Carrion et al. (2008)
also reported that exogenous NO reduced proline
accumulation in cabbage plants under saline
stress by increasing the activity of proline dehy-
drogenase. The application of exogenous NO at
sowing, seedling, and flowering stages increased
Cd-induced decrease in the content of proline,
especially at seedling stage. However, SNP sup-
plementation at pod setting did not improve pro-
line content compared with Cd treatment (Xu
et al. 2013b). Verma et al. (2013) studied that the
roots pretreated with 5 mM SNP for 6 h when
exposed to 25 pM Cd for 24 h reduced the level
of proline, nonprotein thiols, SOD, APX, and
CAT in comparison with only Cd treatments. NO
upregulates the expression of enzymes involved
in proline biosynthesis  (Al-pyrroline-5-
carboxylate synthetase, or PSCS ) (Zhang et al.
2008). NO application increases the production
of proline and glutathione. Both of these act as
nonenzymatic antioxidant and can directly detox-
ify oxygen free radicals, and glutathione is an
important antioxidant and redox buffer when
plants are under stress (Xu et al. 2010). Wang
et al. (2013) reported that exogenous NO miti-
gated Cd-induced damage by reducing oxidative
stress and inducing proline degradation.

Another possible mechanism through which
NO regulates proline metabolism is via increase
in N content under cadmium stress. Nitrogen
management is a promising agronomic strategy
to minimize Cd contamination in crops. Du et al.
(2008) have found that NRA significantly
enhanced by the addition of the NO donors in
Brassica oleracea and suggested that the effect
of NO on NRA might be due to an enhancement
of electron transfer from heme to nitrate through
the activation of heme and molybdenum centers
in the NR. Neill et al. (2003) showed that NR can
induce the increment of NO.

The supply with exogenous Ca** in pea plants
exposed to Cd reduced the Cd-dependent O*
accumulation and restored NO production to the
level observed in control plants (Rodriguez-
Serrano et al. 2009). Exogenous NO enhanced

Cd tolerance in Medicago truncatula by increas-
ing the uptake of mineral nutrients such as K and
Ca and synthesis of proline and GSH (Xu et al.
2010). However, Besson-Bard et al. (2009) sug-
gested that NO contributes to Cd** toxicity by
favoring Cd** versus Ca’* uptake and by initiating
a cellular pathway resembling those activated
upon iron deprivation. Concurrent increases in
NO concentration and free cytosolic Ca** levels
were found to occur during signal transduction
initiated by abiotic and biotic stressors (Khatai
et al. 2004). NO treatment stimulated an increase
in intracellular Ca?* levels in V. faba and
Nicotiana tabacum guard cells (Garcia-Mata
et al. 2003; Lamotte et al. 2004). The accumula-
tion of free cytosolic Ca** induced by osmotic
stress and cryptogein elicitor in tobacco cells was
also influenced by NO (Lamotte et al. 2004), sug-
gesting that it can function as a Ca**-activating
intracellular compound in plant cells.

NO is reported to increase GSH content in
various plants under Cd stress (Hsu and Kao
2004; Laspina et al. 2005; Groppa et al. 2008).
Redox-dependent modulation by eATP and NO
signaling may be an adaptive strategy under envi-
ronmental stress conditions (Terrile et al. 2010).
However, the literature lacks data regarding the
direct influence of NO on S content or S
assimilation.

8.10 Brassinosteroid
and Cadmium

Brassinosteroids (BRs) are involved in reducing
the adverse effects of Cd stress in plants. They
may reduce the toxic effects of Cd on photo-
chemical processes by diminishing the damage
on photochemical reaction centers and the activ-
ity of oxygen evolving center as well as by main-
taining efficient photosynthetic electron transport
(Janeczko et al. 2005). The application of BRs
enhanced transcript level of the antioxidant sys-
tem in L. esculentum under Cd—phenanthrene co-
contamination (Ahammed et al. 2013). Cd
exposure-mediated activation in BR signaling
pathway may influence plant responses to Cd
through upregulation and downregulation of
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many Cd stress-responsive genes (Villiers et al.
2012). Brassinosteroids somehow activate the
uptake of nitrate (Mai et al. 1989) and also favor
transcription and/or translation (Kalinich et al.
1985; Bajguz 2000).

Anuradha and Rao (2007) reported that brassi-
nosteroids increased the free proline content and
ameliorated the toxic effect of Cd on seed germi-
nation and seedling growth of Raphanus sativus
L. homobrassinolide (HBL) or epibrassinolide
(EBL) spray caused a further increase in proline
content and antioxidative enzyme activities,
which were already enhanced by Cd stress. This
effect of brassinosteroids (HBL/EBL) was more
pronounced in K-25 than in Sarvodya, represent-
ing the tolerance and adoptable behavior of K-25
(Hayat et al. 2010).

Brassinosteroid increased root nodulation,
zeatin content, and nitrogenase activity in
unstressed Phaseolus vulgaris plants and also
ameliorated stress-induced decline in the same
parameters. Moreover, EBL was relatively more
effective than HBL (Upreti and Murti 2004).
Improved Cd tolerance in Phaseolus vulgaris
was possible as a result of 24-EBL (5 pM)-
mediated increased activity of antioxidative
enzymes and proline content and subsequent
improvements in the membrane stability index
(MS]) and relative leaf water content (RLWC)
(Rady 2011).

EBL also increases the N metabolism of Vigna
radiata plants under different concentrations of
Ni (Yusuf et al. 2014). Dalio et al. (2013) reported
that the decline in several components of N
metabolism, induced by salt, was attenuated by
24-epibrassinolide application and accentuated
by clotrimazole, indicating the importance of
brassinosteroid synthesis for plants growing
under salinity in pigeon pea. Yadav et al. (2012)
reported that brassinosteroid isomers 28-HBL
and 24-EBL increased NRA and the antioxidant
system with respect to the control. However, the
10®* M concentration of EBL produced higher
NRA and better stimulated the antioxidant sys-
tem in tomato. Exogenously EBL compensated
for the damage/losses by Ca(NOj), stress to some
extent through the regulation of N metabolism
and metabolites (Yuan et al. 2012).

N. Igbal et al.

Oh et al. (2012) proposed a possible new link
between Ca? and BR signaling. Zhao et al.
(2013) reported that a BR-dependent elevation in
cyclic GMP may be involved in the Ca** signal-
ing cascade initiated by this hormone. Working
with Arabidopsis, they used genetic and bio-
chemical approaches to evaluate if BR-dependent
Ca?* signaling is involved in the regulation of
IAA1 (as well as other BR-responsive gene)
expression and plant phenotypes impacted by
BR. A report on hormone signaling in wheat
(Triticum aestivum; Singla et al. 2006) indirectly
suggested that expression of a Ca?*-regulated
auxin-responsive gene in wheat orthologous to
Arabidopsis INDOLE-3-ACETIC ACID-
INDUCIBLE 1 (IAA1) is also induced by BR.

Recently, 24-EBL (107, 107, 10"
M)-mediated increased activity of antioxidative
enzymes such as SOD, CAT, APOX, GPX, GR,
MDHAR, and DHAR and also the contents of
GSH were argued to help radish plants to coun-
teract the consequences of Hg (Kapoor et al.
2014).

8.11 Conclusion and Future

Prospects

Plants adopt different strategies to reduce the
severity of Cd stress. The accumulation of pro-
line is one of the adaptive mechanisms that plants
operate to minimize the adverse effects of Cd
stress. Proline availability is regulated both by
nutrients and phytohormones. The phytohor-
mones may influence proline directly or may
indirectly affect proline via the regulation of
nutrient content. The key regulatory points of
proline metabolism need to be identified to target
upregulation of proline biosynthesis using phyto-
hormones. This could improve cadmium toler-
ance in plants via proline. However, a single
process may be the influence of a single hormone
or the coordination between multiple hormones.
Plant hormones interact with each other in such a
way that the output of plant hormone action
depends on specific hormone combinations rather
than on the independent activities of each hor-
mone. Therefore, proline content may be
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regulated by multiple hormones instead of a sin-
gle hormone under Cd stress, and a crosstalk of
this interaction needs to be studied. The present
study deals with the role of individual phytohor-
mone and proline in Cd tolerance, but the studies
need to be focused on enhancing our understand-
ing on the interaction between different phyto-
hormones in regulating proline metabolism for
Cd tolerance. Such knowledge will enhance our
understanding for the development of Cd tolerant
plants via manipulating proline metabolism.
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Abstract

Proline accumulation occurs in a wide range of plant species in response
to various kinds of environmental stresses. A large body of evidence sug-
gests that a positive correlation occurs between proline accumulation and
plant stress tolerance. In this chapter, we will discuss the metabolism of
proline accumulation and its role in stress tolerance in plants. Existing
literature indicates that despite acting as an osmolyte, proline also plays
important roles during stress as a metal chelator and an antioxidative
defence molecule. Moreover, when applied exogenously at low concentra-
tions, proline enhanced stress tolerance in plants. However, some reports
point out adverse effects of proline when applied at higher doses. Role of
proline in seed germination, flowering and other developmental pro-
grammes is also presented in this chapter.

9.1 Introduction

Plants are subjected to various kinds of abiotic and
biotic stresses throughout their life cycles which
include salinity, drought, temperature extremes,
heavy metal, infection by pathogens, nutrient defi-
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elevated concentration in the cytosol of plant cells
without harming cellular structures (Low 1985;
Trovato et al. 2008). These osmolytes help plants
to cope up with stress conditions by adjusting cel-
lular osmotic pressure, contributing in ROS detox-
ification, protection of membrane integrity and
stabilization of enzymes/proteins (Ashraf and
Foolad 2007; Bohnert and Jensen 1996; Hayat
et al. 2012). Among them, proline plays a pivotal
role (Hare and Cress 1997) and accumulates in a
large number of species under salinity (Yoshiba
et al. 1995), drought (Choudhary et al. 2005), cold,
nutrient deficiency (Hare and Cress 1997), heavy
metals (Schat et al. 1997), pathogen attack (Fabro
et al. 2004; Haudecoeur et al. 2009; Sreedevi et al.
2013; Rehman et al. 2014) and high acidity (Hare
and Cress 1997). Proline is a proteinogenic amino
acid with the a-amino group present as a second-
ary amine and is essential for primary metabolism
(Szabados and Savoure 2009; Verslues and Sharma
2010). Different kinds of organisms including pro-
tozoa, eubacteria, marine invertebrates and also
various plant species under stress conditions have
been found to accumulate the amino acid proline
(Kaneshiro et al. 1969; Poulin et al. 1987; Csonka
1989; Burton 1991; Brown and Hellebust 1978;
Verbruggen et al. 1993; Yoshiba et al. 1995; Peng
et al. 1996; Nakashima et al. 1998; Mattioli et al.
2008).

9.2  Proline Metabolism

Intracellular proline levels in plants are governed
by biosynthesis, catabolism and transport
between cells and different compartments of cell
(Szabados and Savoure 2009). In higher plants,
proline biosynthesis occurs either via the gluta-
mate or the ornithine pathway. The former
involves the synthesis of proline from glutamic
acid via intermediate pyrroline-5-carboxylate
(P5C) in the cytoplasm or chloroplast and is the
key biochemical pathway under physiological
conditions and under nitrogen insufficiency or
osmotic stress (Delanauney and Verma 1993;
Trovato et al. 2008; Verslues and Sharma 2010).
The biosynthesis of proline from this pathway
was first found in bacteria (Leisinger 1987) and
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subsequently in numerous prokaryotic and
eukaryotic organisms (Krishna and Leisinger
1979; Adams and Frank 1980; Csonka 1989).
The core enzymes in this reaction are pyrroline-
S-carboxylate synthetase (P5CS) and pyrroline-
5-carboxylate reductase (PSCR) (Sekhar et al.
2007; Fig. 9.1). P5CS is encoded by two genes,
whilst PSCR is encoded by only one in the major-
ity of plant species (Strizhov et al. 1997;
Armengaud et al. 2004; Verbruggen et al. 1993).
In another pathway, proline synthesis occurs via
deamination of ornithine which is transaminated
to P5C by ornithine-delta-aminotransferase
(OAT) (Verbruggen and Hermans 2008; Fig. 9.1).
It has been reported that the ornithine pathway
occurs during supra-optimal nitrogen conditions
and seedling development (Roosens et al. 1998;
Armengaud et al. 2004).

Plant cells have a potential to accumulate pro-
line speedily and degrade it quickly when needed
(Trovato et al. 2008). During proline biosynthe-
sis, conversion product PSC may cause the pro-
duction of reactive oxygen species (ROS) and
induction of apoptosis and consequently a pro-
grammed cell death when undue amounts are
accumulated (Hellmann et al. 2000; Székely
et al. 2008). Therefore, plants need to degrade it
quickly as soon as the stress is relieved. Proline
catabolism occurs in mitochondria via the inces-
sant action of proline dehydrogenase (PDH) or
proline oxidase (POX) producing P5C from pro-
line and P5C dehydrogenase (PSCDH), which
converts P5C to glutamate (Szabados and
Savoure 2009; Fig. 9.1). PDH is encoded by two
genes, whereas only one PSCDH gene is known
in Arabidopsis and tobacco (Nicotiana tabacum)
(Kiyosue et al. 1996; Verbruggen et al. 1996;
Ribarits et al. 2007). The interconversion of pro-
line and glutamate is sometimes known as the
“proline cycle” (Verslues and Sharma 2010).
Unlike proline biosynthesis, the catabolic path-
way involving PDH and PSCDH seems to be the
only route for plants to degrade excess proline.
Arabidopsis pdh mutants (lacking a functional
PDH) are not capable of eliminating excess pro-
line when supplied exogenously (Nanjo et al.
2003). Similarly, p5cdh mutants (lacking a
functional PSCDH) are hypersensitive to exoge-
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Fig. 9.1 The core pathways of proline metabolism in
higher plants Pro biosynthesis from Glu occurs in the cyto-
plasm and/or chloroplast via two enzymatic steps. Pro
catabolism to Glu occurs in the mitochondria also by two
enzymatic steps. Both Pro biosynthesis and catabolism use
common intermediate PSC (formed by spontaneous cycli-
zation of glutamic-5-semialdehyde produced by P5CS or
PDH). Solid lines represent known metabolic or transport

nously supplied proline, whilst plants overex-
pressing PSCDH are less sensitive to proline
(Deuschle et al. 2001) as overproduction of
P5CDH boosts the rate of degradation of P5C
thus thwarting cell death (Hellmann et al. 2000;
Deuschle et al. 2001).

Depending upon environmental conditions,
proline can be synthesized in different subcellu-
lar compartments (Szabados and Savoure 2009).
Housekeeping biosynthesis of proline takes place
in the cytosol, and in Arabidopsis it is controlled
by the P5CS2 gene (Székely et al. 2008; Szabados
and Savoure 2009), which is active in dividing
meristematic tissues, such as shoot and root tips,
and inflorescences (Madan et al. 1995; Deuschle
et al. 2001; Tripathi and Gaur 2004). Both P5CS
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steps, whilst dashed lines represent proposed but not dem-
onstrated steps. Carriers BAC1 and BAC2 may also influ-
ence proline metabolism by movement of Arg or Orn. OAT
had been proposed to be a cytoplasmic enzyme that func-
tioned as an alternative route to proline, but recent evidence
has placed it in the mitochondria. Arg, arginine; BAC,
basic amino acid carrier; Glu, glutamate; Orn, ornithine;
Pro, proline (Adapted from Verslues and Sharma (2010)

genes are active in floral shoot apical meristems
and contribute proline for flower development
(Csonka and Hanson 1991). Proline synthesis in
chloroplasts is controlled by the stress-induced
P5CS1 gene in Arabidopsis (Székely et al. 2008;
Savoure et al. 1995; Strizhov et al. 1997,
Szabados and Savoure 2009) (Fig. 9.1).

9.3  Rolein Stress Tolerance

Although plants exhibit species-specific differ-
ences in proline accumulation, there have been
mixed results regarding the relationship between
proline accumulation and stress tolerance in
plants. In some cases, proline accumulation was
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found higher in stress-tolerant than in stress-
sensitive plants. For example, in the roots of salt-
tolerant alfalfa plants, proline accumulation
increased dramatically under saline stress, whilst
salt-sensitive plants responded slowly (Fougere
etal. 1991; Petrusa and Winicov 1997). Similarly,
salt-tolerant ecotypes of Agrostis stolonifera con-
centrated more proline under salt-stressed condi-
tions than salt-sensitive ecotypes (Ahmad et al.
1981). Significant enhancement in salt tolerance
was also found at the cellular level in some plant
species. For example, in vitro studies with
Brassica juncea revealed that elevated levels of
free proline were found in salt-tolerant calli under
salt stress compared with non-stressed calli
(Madan et al. 1995; Gangopadhyay et al. 1997).
Similarly, salt-adapted calli of Citrus limon had
considerably greater proline concentration com-
pared with salt-sensitive calli (Piqueras et al.
1996).

Proline accumulation also occurs in plants in
response to drought stress. For example, water
deficit rice plants accumulated high amounts of
proline in leaves (Hsu et al. 2003) which was
attributed to improved contents of the precursors
for proline biosynthesis, including glutamic acid,
ornithine and arginine. In the case of wheat, rate
of proline accumulation and utilization was also
considerably higher in the drought-tolerant culti-
var than drought-sensitive cultivar under the con-
ditions of drought stress (Nayyar and Walia
2003). Moreover, activities of proline biosyn-
thetic enzymes PSCR and OAT increased primar-
ily in tolerant lines in B. juncea plants grown
under stress environment; however, the activity
of enzyme which degrades proline “proline oxi-
dase” decreased in all lines (Madan et al. 1995).

Drought, cold and salt stress causes excessive
accumulation of salts in the soil which directly
(because of salinization) or indirectly (because of
water loss) results in osmotic stress (Trovato
et al. 2008). As a result, the soil water potential
gradually decreases, which hinders and finally
stops flow of water gradient from roots to apical
shoot. The resulting osmotic stress causes closure
of stomata, reduction in photosynthesis rate and
growth inhibition (Trovato et al. 2008). Within
the cell, osmotic stress results in the production
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of ROS and the accumulation of toxic ions such
as Na* or Cl-, which can severely damage the
membrane structures and other cell components
(Apel and Hirt 2004). To maintain low levels of
Na* ions in the cytoplasm, plants possess specific
transporters such as the plasma membrane SOS1
Na*/H* antiporter which pump out Na* ions into
the vacuole or outside the cell (Shi et al. 2000).
The mRNA of this antiporter has been shown to
be specifically stabilized during osmotic stress
(Chung et al. 2008) and is escorted by the accu-
mulation of compatible solutes in the cytosol, to
balance the osmotic potential of cytosol and vac-
uole. This was further supported by the cytosolic
localization of P5CS1 in Arabidopsis mesophyll
leaves under non-stress conditions, whilst under
salt stress, PSCS1 is translocated to and mainly
spotted in chloroplasts (Székely et al. 2008).
Moreover, the rate of the Calvin cycle is
reduced during stress conditions, preventing oxi-
dation of NADPH and restoration of NADP*. The
flow of electrons in the electron transport chain
gets suppressed because of inadequate electron
acceptor NADP*, which leads to produce singlet
oxygen in the PSI reaction centre and results in
the accumulation of ROS (Chaves et al. 2009).
Proline biosynthesis is a reductive pathway and
uses NADPH to reduce glutamate to PSC and
P5C to proline and generates NADP* that can be
further used as electron acceptor in the oxidative
pentose phosphate pathway (Trovato et al. 2008).
Furthermore, during the phosphorylation of gluta-
mate, ADP is produced from ATP. An increasing
rate of proline biosynthesis in chloroplasts during
stress conditions causes to maintain the low
NADPH/NADP* ratio, which results to continue
the flow of electrons between photosynthetic
excitation centres, stabilizes the redox balance,
and protects an important photosynthetic appara-
tus from photoinhibition (Hare and Cress 1997).
During the time of stress recovery, proline oxida-
tion leads to oxidative respiration which provides
energy to the cell: the oxidation of one molecule
of proline capitulates 30 ATP equivalents
(Atkinson 1977) and is therefore well suitable to
keep up high-energy-requiring processes (Trovato
et al. 2008). The important role of proline biosyn-
thesis for maintaining NADP* pools during stress
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conditions was further confirmed when in trans-
genic soybean plants, inhibition of proline bio-
synthesis and NADPH-NADP* conversion by
antisense PSCR led to drought hypersensitivity,
whilst overexpression of PSCR resulted in drought
tolerance (De Ronde et al. 2004).

In mitochondria, proline performs distinctive
protective functions. After relief from stress, pro-
line pools contribute a reducing potential for
mitochondria through the oxidation of proline by
PDH and P5CDH, providing electrons for the
respiratory chain and consequently supplying
energy to resume growth (Hare and Cress 1997,
Kishor et al. 2005). Proline stabilizes mitochon-
drial respiration by protecting Complex II of the
mitochondrial electron transport chain during salt
stress (Hamilton and Heckathorn 2001). The
P5C-proline cycle discovered in recent times can
send electrons to the electron transport chain of
mitochondria without producing glutamate and,
under some conditions, can cause generation of
more ROS in the mitochondria (Miller et al.
2009). Thus, proline catabolism plays a key role
in regulating cellular ROS balance and can also
control various other regulatory pathways (Hayat
et al. 2012).

Proline accumulation has also been suggested
to activate alternative detoxification pathway by
protecting and stabilizing ROS scavenging
enzymes. In salt-stressed tobacco cells, proline
has been shown to increase the activities of meth-
ylglyoxal detoxification enzymes; enhance per-
oxidase, glutathione-S-transferase, superoxide
dismutase and catalase activities; and increase
the glutathione redox state (Hoque et al. 2008;
Islam et al. 2010). Accumulation of PSCS1 and
PSCR in chloroplasts during the conditions of
salt stress indicates that under such adverse con-
ditions, glutamate-derived proline biosynthesis is
elevated in plastids, where photosynthesis takes
place (Székely et al. 2008).

However, the correlation between proline
accumulation and abiotic stress tolerance in
plants is not always clear. Accumulation of pro-
line in the leaves was believed to be a symptom
of salt injury rather than a sign of salt tolerance in
rice plants grown under salinity (Lutts et al.
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1999). Similarly, assessment of proline accumu-
lation and distribution in two sorghum genotypes
differing in salt tolerance indicated that proline
accumulation occurred due to salt stress and not
because of salt tolerance (de-Lacerda et al. 2003).

9.4 Response of Plants
to Exogenously Applied

Proline

A large body of evidence suggested that exoge-
nous application of proline to plants can also
increase their stress tolerance. For example,
exogenously applied proline provided osmopro-
tection and promoted growth in various plant
species grown under salt-stressed conditions
(Csonka and Hanson 1991; Yancey 1994).
Exogenous application of proline (30 mM) on
salt-stressed rice seedlings neutralized the
adverse effects of salinity on the growth of pre-
mature plants (Roy et al. 1993). Ali et al. (2007)
reported that the exogenous proline sprayed at
seedling and/or at vegetative stage of Zea mays
enhanced its growth under the conditions of
water deficiency conditions.

Application of exogenous proline protected
cell membranes from salt-induced oxidative
stress by increasing activities of different antioxi-
dative enzymes (Yan et al. 2000). Exogenous
application of 10 mM proline has been reported
to facilitate the growth of salt-stressed tobacco
suspension cells (Okuma et al. 2000). Exogenous
application of proline enhanced the activities of
superoxide dismutase and peroxidase in soybean
cell cultures maintained under salinity (Yan et al.
2000; Hua and Guo 2002). The increase in the
activities of superoxide dismutase and peroxi-
dase is believed to contribute increased salt toler-
ance in plants (Yan et al. 2000; Hua and Guo
2002). Kaul et al. (2008) using in vitro studies
showed that exogenously applied I-proline
proved to be an effective free radical (particularly
ROS) scavenger. Hong et al. (2000) suggested
that the role of proline as a free radical scavenger
in relieving stress is more appreciable than its
role as an osmolyte.
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Under the conditions of trace metal stress,
proline accumulation induces the formation of
phytochelatins which chelate with metals like
cadmium (Cd), thus alleviating metal toxicity
(De Knecht et al. 1994). Xu et al. (2009) found
that proline treatment caused reduction in ROS
level and protected the membrane integrity of
callus cells of Solanum nigrum when exposed to
high concentrations of Cd, eventually regenerat-
ing its shoots. Exogenously applied proline
proved to protect the activity of glucose-6-
phosphate dehydrogenase and nitrate reductase
against inhibition by Cd and Zn (Sharma et al.
1998). This protection was due to the formation
of a proline-metal complex (Sharma et al. 1998).
Similar complex-forming characters of proline
were reported by Farago and Mullen (1979)
where complex formation occurred between pro-
line and Cu in metal-tolerant Armeria maritima.
Proline pretreatment also minimized the toxicity
of Hg** in rice (Oryza sativa) by scavenging
ROS, such as H,O, (Doke 1997).

Despite the fact that exogenous application of
proline to plants subjected to abiotic stresses usu-
ally prevents or recuperates the deleterious
effects caused by stress, on the other hand, appli-
cation of high concentrations of proline to plants
may inhibit their growth or may have detrimental
effects on cellular metabolisms of plants
(Ehsanpour and Fatahian 2003; Nanjo et al.
2003). For example, exogenous application of
proline caused damage to ultrastructures of chlo-
roplast and mitochondria in Arabidopsis plants
(Hare et al. 2002), which may subsequently cause
a significant increase in ROS in these organelles
resulting a significant decrease in photosynthetic
electron acceptor pools (Hare et al. 2002). Thus,
the broadly accepted hypothesis that proline as an
inert compatible solute is accumulated to high
levels with least effects on cellular metabolism
was questioned (Hare et al. 2002). Application of
20-33 Mm proline to cell cultures of Vigna radi-
ata under salt (NaCl) stress alleviated the adverse
effects, but concentrations of 50 mM or above
proved inhibitory for the growth of both salt-
stressed and non-stressed cell cultures (Kumar
and Sharma 1989). In this study, contents of Na*
and CI~ declined in cells when the concentration
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of proline reached optimal, but they started
increasing with further addition in proline con-
centration. Similarly, Roy et al. in 1993 deter-
mined in rice that 30 mM proline was the most
helpful concentration in improving germination
and seedling growth under saline conditions,
whilst higher concentrations (40 or 50 mM)
caused reduced seedling growth and lowered K*/
Na* ratio in the leaves. Thus, despite of its much
accepted positive role, the toxic effects of proline
at high concentrations may cause problems
(Ashraf and Foolad 2007). From the above exam-
ples, it is therefore very important to determine
optimal concentrations of exogenous proline
when using as a tolerance-inducing agent.

9.5 RoleinFlowering

and Development

An increasing body of evidence indicates that
proline is also involved in flowering and develop-
ment (Mauro et al. 1996; Nanjo et al. 1999;
Samach et al. 2000; Trovato et al. 2001; Székely
et al. 2008; Mattioli et al. 2008, 2009; Lehmann
et al. 2010), and it is suggested that the develop-
mental role of proline is not coupled with its role
in stress response (Mattioli et al. 2008; Trovato
et al. 2008). Existing literature suggests that pro-
line may play a role in flowering and develop-
ment both as a metabolite and as a signal molecule
(Mattioli et al. 2009).

Accumulation of proline in undeveloped seeds
of Vicia faba indicates that proline might be play-
ing an important role in the development of gen-
erative organs (Venekamp and Koot 1984).
Numerous studies reported high-proline contents
in Arabidopsis seeds (Chiang and Dandekar
1995; Schmidt et al. 2007), although data from
other plant species are meagre. However, the
genes which encode enzymes of proline
metabolism are expressed during seed develop-
ment of different species of plants, including
Arabidopsis, Solanum lycopersicum, Medicago
truncatula and Oryza sativa (Verbruggen et al.
1993; Fujita et al. 1998; Armengaud et al. 2004;
Hur et al. 2004). The antisense repression of
AtP5CSI postponed the emergence of radicle
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during the seed germination of Arabidopsis, indi-
cating that proline synthesis restores the NADP*
pool and consequently activates the oxidative
pentose phosphate pathway (Hare et al. 2003).

Various scientists also reported considerable
levels of proline in the reproductive organs of dif-
ferent plant species (Chiang and Dandekar 1995;
Schwacke et al. 1999; Mattioli et al. 2012), which
creates the possibility that this amino acid could
be also accumulated under non-stressed condi-
tions for developmental functions. For example,
proline accounts about 26 % of the total amino
acid pool in the reproductive tissues such as flo-
rets, pollen, siliques and seeds of Arabidopsis,
whilst in the case of vegetative tissues, it only
represents 1-3 % (Chiang and Dandekar 1995).
Schwacke et al. (1999) analysed various organs
of tomato for proline accumulation and found
that the amount of this amino acid in tomato
flowers was 60 times higher than other organs.
Similar physiological accumulations of free pro-
line have been reported at different concentra-
tions, in reproductive organs of other plant
species (Chiang and Dandekar 1995), and in
most cases the amount of this amino acid is
higher than required demand of protein synthesis.
Mattioli et al. (2012) found that the development
of the male gametophyte in P5CS/ and P5CS2
mutants of Arabidopsis thaliana was severely
compromised, thereby providing genetic evi-
dence that proline is required for pollen develop-
ment and fertility.

The findings of Mattioli et al. (2008, 2009)
raised the possibility that low proline levels con-
tained in apical meristems may signal the most
favourable conditions for the plant to flower,
whilst higher levels of proline might be read as a
stress signal by the plant and induce adaptive
responses. In a similar way, low concentration of
glucose prompted growth stimulation in yeast
whilst at high concentration suppressed the
growth (Cho et al. 2006).

The possible role of proline in flower and
reproductive development is supported by upreg-
ulation of genes involved in proline biosynthesis
(P5CS, P5CR) and transport (PT) in reproductive
tissues of various plant species (Verbruggen et al.
1993; Savoure et al. 1995; Schwacke et al. 1999).
It has been reported that constitutive overexpres-

sion of P5CSI caused early flowering in trans-
genic plants under normal (Mattioli et al. 2008)
or salt stress conditions (Kishor et al. 1995),
whilst Nanjo et al. (1999) found that decreased
expression of P5CS! in antisense Arabidopsis
plants inhibits bolting and delayed flowering.
Besides bolting, there are other developmental
processes in which proline is suggested to play a
role, including elongation of pollen tube. In petu-
nia and tomato, the amino acid proline has been
found in abundance and suggested as the key
nitrogen and carbon source for carrying pollen
tube elongation (Zhang et al. 1982; Schwacke
et al. 1999), the elongation of the hairy roots in
dicotyledonous plants infected by Agrobacterium
rhizogenes (Trovato et al. 2001) and the elonga-
tion of the maize primary root in which proline
was found to accumulate particularly in the elon-
gation zone of the maize root at low water poten-
tial (Voetberg and Sharp 1991; Spollen et al.
2008), indicating that proline might be generally
used by the plant cell in developmental processes
involving rapid cell growth as an energy source
(Mattioli et al. 2009).

A positive correlation between proline and
cell elongation can also be described in terms of
protein synthesis, as hydroxyproline-rich glyco-
proteins (HRGPs, extensins and arabinogalactan
proteins) are important structural components of
the plant cell wall which play an important role in
the regulation of cell division, cell wall self-
assembly and cell extension (Snowalter 1993;
Majewska-Sawka and Nothnagel 2000). Nanjo
et al. (1999) found declined proline and hydroxy-
proline levels in the cell wall protein fraction of
antisense P5CSItransgenic Arabidopsis impaired
in bolting, further supporting the hypothesis that
proline content and cell elongation in plants are
positively related with each other.

Although the accumulation of proline in
reproductive organs has been frequently reported
in various plant species, its exact role is still not
clear. It is proposed that proline protects develop-
ing cells from osmotic damages, especially dur-
ing pollen development and embryogenesis
where tissues experience spontaneous water loss
(Trovato et al. 2008; Mattioli et al. 2009).
Similarly, the desiccation process that occurs in
reproductive tissues due to osmotic stress caused
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by environmental factors may critically damage
the plant cell, and it is likely to be thwarted by
proline accumulation (Trovato et al. 2008).
Accordingly, higher levels of proline have been
found (Chiang and Dandekar 1995) in tissues
with low water content as compared to tissues
with high water content. The correlation between
proline accumulation and water content is not
always tight. Florets, for example, have been
depicted by Chiang and Dandekar (1995) as the
organs with the highest proline content, in spite
of their quite high water content.

The oxidation of a single molecule of proline
provides 30 ATP equivalents (Atkinson 1977),
making this amino acid well fit for sustaining
high-energy-requiring processes. Therefore, it is
believed that proline has a major role in sustain-
ing the plant reproduction, a highly metabolically
requiring process, by providing energy (Micheu
et al. 2000).

9.6 Conclusion

Proline accumulation in response to various
kinds of environmental stresses and in some
developmental processes is a well-established
fact, and its role in such processes has been con-
firmed by various transgenic approaches. Various
kinds of functions for proline as an osmolyte and/
or as an energy source and/or as an ROS scaven-
ger and/or stress reliever have been proposed.
However, the very (adaptative) function of pro-
line accumulation has been questioned. The bal-
ance between proline biosynthesis and its
degradation is suggested to be very important in
determining its osmoprotective and developmen-
tal role. When proline was applied exogenously
to plants exposed to stress environment, it
resulted in improved growth and other physiolog-
ical attributes of plants. Exogenously applied
proline scavenges the ROS generated in plants
subjected to various environmental stresses. Low
doses of exogenous proline proved to protect
plants from salinity, drought, heavy metal and
temperature stress. However, higher concentra-
tions may cause toxicity.
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An involvement of proline in developmental
processes, viz. seed germination, flower transi-
tion, flower development and other developmen-
tal processes, has been recognized. Proline may
act as a signal molecule during flower transition,
whilst during flowering and other developmental
processes it provides energetic needs for rapidly
dividing or elongating cells.
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