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27.1 INTRODUCTION

Plants are constantly exposed to diverse abiotic
stresses like salinity, drought, cold, high temperature,
and high light intensity (photooxidative stress) during
their life cycle. Such stresses initiate oxidative stress
releasing reactive oxygen species (ROS) that comprise
free radicals (O,"~, 'O,, .OH, HO,.) and nonradical
forms (H;O,). Production of ROS damages cellular fab-
ric, disrupts metabolism, and causes functional loss of
cell organelles. This leads to death of plants in the
majority of the cases (Blokhina et al., 2003; Khan and
Khan, 2017). To minimize the deleterious effect of
ROS, plants develop mechanisms such as scavenging
them with antioxidative enzyme systems like ascorbate
peroxidase (APX), catalase (CAT), glutathione S-trans-
ferase, superoxide dismutase (SOD), etc., or quenching
them with the help of nonenzymatic molecules such as
ascorbic acid, reduced glutathione, a-tocopherol, caro-
tenoids, flavonoids, and osmolytes such proline, gly-
cine betaine (GB), mannitol, and trehalose (Khan and
Khan, 2014; Khan et al., 2014, 2015; Per et al., 2018).
Several compatible solutes or osmolytes are synthe-
sized in bacteria as well as in plant systems when
exposed to abiotic stresses. They protect protein struc-
ture stability and also scavenge the ROS as mentioned.
Biosynthesis of certain osmolytes like proline and sig-
naling contribute to the redox balance of cells under
abiotic stress as well devoid of stress as has been
pointed out by Per et al. (2017). However, multiple
pathways exist for osmolyte biosynthesis in bacteria as
well as in plants and the gene regulation is complex.
The synthesis and accumulation of osmolytes is cer-
tainly controlled by phytohormones besides many
other factors like mineral nutrients (Per et al., 2017). By
interacting synergistically with proline and GB metab-
olism, phytohormones bring about stress tolerance in
plants (Igbal et al., 2014). But, the comprehensive role
of hormones in modulating many osmolyte biosynthe-
sis leading to salt and drought stress tolerance is not
totally explored. Further, several signaling molecules
like nitric oxide (NO), carbon monoxide (CO), and
hydrogen sulfide (H,S) play a pivotal role in the regu-
lation of osmolyte biosynthesis (He and He, 2017).

Accordingly, it is vital to understand the role of these
molecules on osmolyte accumulation and metabolism
to resolve the adaptive roles played by plants to avoid
abiotic stresses. This review focuses on two such osmo-
lyte molecules, proline and GB, which are well studied
and modulated by ABA and other phytohormones and
the associated signaling pathways. The regulation of
other osmolytes by hormones is not well known, and
hence not included here. Myriad functions that are
performed by osmolytes during stress, plant growth,
and development are also emphasized. This review
may provide new insights and opportunities in modu-
lating osmolyte metabolism to impart salt and drought
stress tolerance to crop plants, thereby contributing to
sustainable agricultural yields in future.

27.2 ABSCISIC ACID-SENSING
MECHANISM OF PLANTS AND
DOWNSTREAM EVENTS

Abscisic acid (ABA) plays an important role in seed
development, dormancy, and acclimation of plants to
abiotic stresses. When plants are exposed to salt or
drought stresses, rapid de novo synthesis of ABA was
observed in leaves. This leads to the closure of stomata,
which helps in protecting the plants against evaporation
of water (Schwartz and Zeevaart, 2010). Henson (1984)
and Mohapatra et al. (1988) reported enhanced levels of
ABA in tissues exposed to abiotic stresses. Further, ABA
plays a pivotal role during drought stress by modulating
many physiological responses that lead to plant adapta-
tions to unfavorable conditions. Exogenous application
of ABA can also induce several genes in plants that are
not subjected to stress (Mundy and Chua, 1988). This
indicates that ABA is associated with functions other
than abiotic stress. ABA signaling pathway perceives
and transmits the hormone stimulus to activate several
of the downstream events in the plants (Fujii et al., 2009;
Ma et al., 2009; Park et al., 2009). This comprises three
protein classes, namely pyrabactin resistance (PYR)/pyr-
abactin resistance-like (PYL)/regulatory component of
ABA receptor (RCAR), which regulate protein phospha-
tase 2C (PP2C) negatively (Fig. 27.1A), and the positive
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FIGURE 27.1 Abscisic acid signaling module. (A) An abscisic acid signaling module involves the presence of ABA, ABA receptors PYR/
PYL/RCAR which bind to ABA and inhibit protein phosphatase 2C (PP2C). (B) PP2C inhibition activates SnRK2s through autophosphoryla-
tion. SnRK2 then phosphorylates the downstream targets initiating abiotic stress responses.

regulators sucrose nonfermenting 1-related protein
kinase type 2 (SnRK2s) (Fig. 27.1B). When enough con-
centrations of ABA are not present in the plant systems,
SnRK2s are inactivated by PP2Cs (Umezawa et al,
2010). Once ABA binds to PYR/PYL/RCAR receptors,
they undergo conformational change that allows the
binding of PP2C (Cutler et al., 2010; Seiler et al., 2014).
Therefore, ABA-induced inhibition of PP2Cs leads to
phosphorylation of SnRK2 and its activation (Boudsocq
et al., 2007). It has been found that SnRK2 activity is sen-
sitive to staurosporine, but not to hyperosmolarity or
ABA. This infers that SnRK2 activation by phosphoryla-
tion is mediated by staurosporine-insensitive kinase.
SnRK2s then can phosphorylate downstream proteins
like ion channels, NADPH oxidases, and others (Sah
et al., 2016). While a Raf-like kinase (B;-MAPKKK) acti-
vates SnRK2, a casein kinase 2 phosphorylates SnRK2’s
carboxyl-terminal serine residues. This enhances SnRK2-
PP2C interaction and thus, ABA can bring about activa-
tion of several of the downstream events.

27.3 ROLE OF ABSCISIC ACID
IN OSMOLYTE BIOSYNTHESIS

27.3.1 Abscisic Acid—Dependent
and —Independent Signaling Pathways
and Proline Biosynthesis

Proline accumulation is a primary response to stress
and is dependent on de novo synthesis (Verbruggen
et al.,, 1993; Per et al., 2017). Therefore, the upstream
signaling cascade must be in place for controlling

proline biosynthesis as has been pointed out earlier
(Hare et al., 1999). But, the signal transduction events
controlling P5CS1 are not completely known.
However, it has been shown that different signaling
pathways regulate P5CSI during cold and osmotic
stress (Yoshiba et al, 1995; Igarashi et al, 2000;
Hare et al., 1999). While AtP5CS1 is strongly ABA-
responsive, AtP5CS2 is moderately responsive
(Strizhov et al., 1997; Abraham et al., 2003). Induction
of AtP5CS transcript in salt-treated seedlings is associ-
ated with the early transcriptional response regulated
by ABA signaling, but not observed by the deficiency
of ABA biosynthesis in the abal Arabidopsis mutant
(Strizhov et al.,, 1997). On the other hand, AtP5CS2
mRNA level is inhibited by cycloheximide. Mutations
abil and axr2 affecting ABA-perception in Arabidopsis
decrease the accumulation of both AfP5CS mRNAs
during salt stress. At the same time, ABA signaling
functions defined by the abi2 and abi3 mutations have
no effect on salt induction of the P5CS genes (Strizhov
et al., 1997). Verslues and Bray (2006) pointed out that
low water potential—induced proline accumulation
requires ABA levels like those of wild-type levels.
Estimations of ABA and proline levels in ABA-
insensitive mutants, abil-1, abi2-1, abi3, abi4, and abi5
revealed that abi4 had higher accumulation of proline
at low water potential, but a reduced response to exog-
enous ABA. They found out that these responses could
be modified by sucrose treatment. Also, while abil had
reduced accumulation of proline in response to low
water potential and ABA application, abil-1 and abi2-1
had enhanced ABA accumulation. ABA-insensitive
mutants are impaired in their response to sugars also

PLANT SIGNALING MOLECULES



420

(Gibson, 2005). It is known that sucrose inhibits ABA-
induced proline accumulation (Verslues and Bray,
2006). It appears therefore, that ABI4 is connected to
ABA and sugar-signaling in the regulation of proline
accumulation (Verslues and Bray, 2006). Also, ABA-
dependent induction of P5CS1 expression is prevented
by pretreatment with the hormone brassinosteroid
(Abraham et al., 2003). Thus, their analysis suggests the
existence of both ABA-dependent and ABA-
independent signaling pathways. Further, analysis of
the P5CS1 and P5CS2 promoters showed the presence
of cis-acting ABA-responsive elements only in P5CS1,
but not P5CS2. Also, no dehydration-responsive ele-
ment could be identified in the promoter sequences
(Hare et al., 1999). In contrast, P5CS2 is weakly induced
by ABA. It has been discovered that MYB-type of tran-
scription  factors PHOSPHATE  STARVATION
RESPONSE1 (PHR1) and PHR1-LIKE1 (PHL1) bind to
P5CS1 regulatory sequences in the first intron, which
contains a conserved PHR1-binding site motif (Aleksza
et al., 2017). Phosphate starvation of Arabidopsis seed-
lings led to the activation of P5CS1, proline dehydroge-
nase 2 (ProDH2), as well as an increase in proline
content. Such an accumulation was not noticed in the
ABA-deficient abal-3 and ABA-insensitive abi4-1
mutants. They also noticed that ABA is implicated in
growth retardation in such nutritional stress. These
results point out that proline biosynthesis is modulated
by a crosstalk between ABA signaling and regulation of
phosphate homeostasis through PHR1- and PHL1-
mediated transcriptional activation of the P5CS1 gene
(Aleksza et al., 2017). Factors affecting P5CS and proline
dehydrogenase (ProDH), enzymes associated in proline
metabolism, are shown in the Table 27.1.

27.3.2 Role of Hormones in the Regulation
of P5CS and Proline Synthesis

The results of You et al. (2012) indicated that orni-
thine 6-aminotransferase (OAT) is strongly induced by
ABA and indole-3-acetic acid, and is slightly induced
by brassinosteroids and jasmonic acid (JA) indicating
that OAT is responsive to multiple stresses. You et al.
(2012) found out that the drought-induced expression
of OsOAT is contributed by both ABA-dependent and
ABA-independent pathways. Auxin upregulates the
expression levels of both P5CS1 and P5CS2 genes,
while cytokinin downregulates P5CS1, but enhances
the expression of P5CS2 (Yoshiba et al., 1995; Strizhov
et al., 1997; Hare et al.,, 1999; Abraham et al., 2003).
Induction of P5CS1 is light-dependent. Also, both ABA
and salt stress strongly activate P5CSI gene in
Arabidopsis. At the same time, ABA and salt stress
weakly stimulate P5CS2 gene and downregulate PDH
gene expression in light-grown Arabidopsis plants
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(Abraham et al., 2003). Thus, their experiments proved
that proline accumulation is strongly dependent on
light, salt stress, and ABA, which is due to the activa-
tion of P5CSI gene. At the same time, ABA and light-
dependent activation of P5CSI gene is inhibited in
dark-grown plants. Proline accumulation in response
to ABA and salt stress is mostly controlled by light-
dependent activation of P5CSI gene, but is inhibited
by brassinosteroid signaling in Arabidopsis thaliana
(Abraham et al., 2003). In Arabidopsis, dark conditions
downregulated P5CS2. Induction of P5CS1 is increased
in the ABA-hypersensitive pleiotropic regulatory
locus1 (pri1) and brassinosteroid-deficient deetiolated 2
(det2) mutants. On the other hand, both ABA and salt
stress increased the P5CS2 gene induction only in det2
mutants. Thus, proline accumulation is certainly con-
trolled by ABA as well as salt stress via P5CS1 gene. In
the SbP5CS promoter region, a methyl jasmonate
(MeJA)-responsive motif (TGACG-motif) was pre-
dicted, inferring that MeJA activates SbP5CS expres-
sion (Su et al, 2011). Salicylic acid (SA) positively
regulated proline metabolism and helped in proline
accumulation in several plants (Kanade, 2008; Misra
and Saxena, 2009). SA induced proline accumulation
might be due to increased P5CR activity and the stress
protective effect of SA is perhaps controlled due to
proline accumulation. SA treatment enhanced the
accumulation of proline in barley shoots but not in
roots (El-Tayeb, 2005). SA signaling is also associated
with the expression of P5CS2 after infection with avir-
ulent Pseudomonas (Fabro et al., 2004). Indeed, SA-
responsive element was noticed in the promoter region
of SbP5CS (Su et al., 2011). Likewise, a gibberellin
(GA)-responsive element, GARE, was predicted in the
upstream region of SbP5CS gene. But, no experiment
was conducted to show that GA activates P5CS expres-
sion. Brassinosteroids inhibited the expression of both
P5CS1 and P5CS2, and they could not stimulate ProDH
expression (Abraham et al., 2003). Thus, regulation of
P5CS1 appears to be rather complex. During stress
conditions, other secondary messengers or hormones
like NO and ROS such as hydrogen peroxide (H;O,)
are known to mediate ABA signals and affect proline
metabolism as has been shown by Desikan et al.
(2002), Neill et al. (2008), and Yang et al. (2009). NO
has been shown to be involved in the ABA-induced
proline accumulation in wheat seedlings (Hai-Hua
et al., 2004). While NO treatment enhanced the copper-
induced proline accumulation (Zhang et al., 2008), the
same was not noticed in Brassica rapa under salt stress
conditions (Lopez-Carrion et al., 2008). It increased the
activity of P5CS1, but downregulated the activity of
ProDH in wheat (Hai-Hua et al., 2004). NO stimulated
P5CS1 expression in Arabidopsis, but inhibited the
expression of ProDHI1 (Zhao et al.,, 2009). They also
noticed that nitrate reductase rather than NO synthase
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TABLE 27.1 Factors Affecting P5CS1, ProDH, and Proline Accumulation in Plants

Factor

Gene/expression

References

Phosphate starvation
Light
Heat/temperature
Hydrogen peroxide

Diphenylene iodonium

Menadione sodium bisulfite

Salt stress

Salt stress

Phosphatidylinositol 3-kinase

H2S

Salt stress

Methyl jasmonate
Nitric oxide
Carbon monoxide (CO)
Phospholipase C
Phospholipase D
Salicylic acid
Pathogens
Rehydration
Brassinosteroids
Metal

Light

Dark conditions
Cold/Low temperature
Abscisic acid
Indole-3-acetic acid
Salt stress

Water stress

Salt stress

Drought

Low nitrogen

ProDH2 upregulation in A. thaliana

P5CS1 upregulation in A. thaliana

P5CS1 upregulation in A. thaliana and Prunus persica

P5CS1 upregulation in A. thaliana

P5CS1 downregulation in A. thaliana

P5CS1 upregulation in A. thaliana

ProT upregulation in Kosteletzkya virginica

OAT upregulation in Kosteletzkya virginica

ProDH1 upregulation in A. thaliana

Downregulation of ProDH1 in Musa paradisica

ProDH1 downregulation Saccharomyces cerevisiae and Helianthus tuberosus
P5CS2 upregulation in Sorghum bicolor

P5CS1 upregulation in A. thaliana

P5CS1 upregulation in Triticum aestivum

P5CS1 upregulation in A. thaliana

P5CS1 downregulation under nonstress conditions in A. thaliana
P5CS2 upregulation in A. thaliana

P5CS2 upregulation in A. thaliana

ProDH1 upregulation in A. thaliana

P5CS2 downregulation in A. thaliana

P5CS1 upregulationfoverexpression in Chlamydomonas reinhardtii
P5CS1 upregulation in A. thaliana

ProDH1 upregulation in A. thaliana

P5CS1 upregulation in Oryza sativa

P5CS1 upregulation in A. thaliana

P5CS1 upregulation in A. thaliana

ProDH1 downregulation Saccharomyces cerevisiae and Helianthus tuberosus
ProDH1 downregulation in A. thaliana

P5CS1 upregulation in A. thaliana

P5CS1 upregulation in A. thaliana

P5CS1 upregulation in Vigna aconitifolia

Aleksza et al. (2017)
Feng et al. (2016)

Shin et al. (2016), Wei-Tao et al. (2011)

Ben Rejeb et al. (2015)
Ben Rejeb et al. (2015)

Jiménez-Arias et al. (2015)

Wang et al. (2015)
Wang et al. (2015)
Leprince et al. (2015)
Luo et al. (2015)
Huang et al. (2013)
Su et al. (2011)

Zhao et al. (2009)
Yuan et al. (2009)
Parre et al. (2007)
Thiery et al. (2004)
Fabro et al. (2004)
Fabro et al. (2004)
Satoh et al. (2002)
Abraham et al. (2003)

Siripornadulsil et al. (2002)

Hayashi et al. (2000)
Hayashi et al. (2000)
Igarashi et al. (1997)
Strizhov et al. (1997)
Strizhov et al. (1997)
Peng et al. (1996)

Kiyosue et al. (1996)
Yoshiba et al. (1995)
Savouré et al. (1995)

Delauney et al. (1993)

is responsible for NO-mediated regulation of proline
accumulation and also freezing tolerance.

Experiments to unravel the upstream signaling
pathway of P5CS gene resulted in the identification of
phospholipase D, involved in water stress response
and ABA signal transduction (Hallouin et al., 2002).
But, phospholipase D downregulated P5CSI activity
under normal and also abiotic stress conditions (Thiery

et al., 2004). It is known that calcium plays a pivotal
role in proline accumulation under salt stress condi-
tions. But, CaCl, and phospholipase D treatment
resulted in the upregulation of P5CS1 gene. They sug-
gested that calcium regulates phospholipase D as a
downstream signal messenger. However, there are
many gaps in our understanding of the activation of
some of the enzymes involved in proline metabolism
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and signaling pathways. Also, how some of these hor-
mones regulatedP5CS and ProDH expressions at the
molecular level and controlled the fine tuning of pro-
line accumulation or degradation during stress, plant
growth, and development is still to be discovered and
perhaps pivotal for a comprehensive understanding
of this osmolyte. Nevertheless, these experiments
revealed a link between proline, hormonal signal, and
downstream stress responses in plants.

27.4 REGULATION OF PROLINE
DEHYDROGENASE

Dark conditions upregulated ProDH gene in shoots.
ProDH was inhibited by both ABA and salt stress in
shoots and roots of light-grown plants unlike that of
P5CS1. In Arabidopsis, while prl1 mutation reduced the
basal level of PDH gene expression, the det2 mutation
enhanced the inhibition of PDH by ABA (Abraham
et al.,, 2003). Thus, it appears that PDH expression is
also regulated by ABA. In plants, the receptors histi-
dine kinases (AHKs) and elements of the two-
component system have been proposed to function in
water stress responses by regulating various
stress-responsive genes. But, not much information is
available concerning AHK phosphorelay-mediated
downstream signaling (Veerabagu et al., 2014). ProDH
is associated with the catabolic process and converts
proline to pyrroline-5-carboxylate (P5C). It is known
that ProDH1 expression undergoes extensive regula-
tion by exogenous and endogenous signals, but the
mechanism of its transcriptional and posttranscrip-
tional regulation is not known completely.
Accumulation of ProDH1 is controlled by the
ACTCAT cis-acting element (ACT-box) in the ProDH1
promoter (Satoh et al., 2002) via basic region leucine
zipper (bZIP) transcriptional activators from the S1-
group (Satoh et al., 2004). Analysis of ProDH1 regula-
tion revealed that the Sl-group members of TFs like
bZIP1 and bZIP53 bind to the promoter of ProDH
(Dietrich et al., 2011). But, not much is known about
the functioning of C-group bZIP factors except perhaps
AtbZIP63, which is a sensitive integrator of transient
ABA and glucose signals under water stress (Matiolli
et al., 2011). Veerabagu et al. (2014) have shown that
the Arabidopsis type-B response regulator 18 (ARR18)
acts as an osmotic stress response regulator in the
seeds of Arabidopsis. This regulator affects the activity
of the ProDH1 promoter, controlled by C-group bZIP
transcription factors. They showed that ARR18 interac-
tion negatively interferes with the bZIP63 on the
ProDH1 promoter. Thus, regulation of ProDH via
response regulators appears to be crucial for osmotic
stress tolerance. However, such response regulators
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have not yet been discovered for other genes involved
in the biosynthesis of other osmolytes.

27.4.1 Glycine Betaine Biosynthesis
and Its Modulation by Abscisic Acid

GB interacts with plant hormones including ABA.
Drought stress induced ABA accumulation was
noticed first in corn, followed by GB accumulation
(Zhang et al., 2012a,b). Thus, ABA and GB are posi-
tively associated with stress tolerance in plants. Both
in wheat and pears, water stress has increased GB
accumulation (Nayyar and Walia, 2004; Gao et al,
2004b). Zhang et al. (2012a,b) noticed enhanced GB
accumulation with the application of ABA and also
leaf relative water content and shoot dry matter pro-
duction in two maize cultivars during water stress.
They concluded that endogenous ABA is involved in
modulating GB accumulation. Kurepin et al. (2015)
reported upregulation of the genes associated with the
GB biosynthetic pathway by increases in ABA and SA
contents. An interplay between these hormones and
GB appeared necessary for protection of photosynthe-
sis under abiotic stress conditions. Synergistic effects of
ABA and GB have been shown to protect photosyn-
thetic apparatus in the cold acclimation process in
higher plants (Kurepin et al.,, 2015). Transgenic plants
overexpressing GB biosynthetic pathway genes pro-
duced better biomass in comparison with untrans-
formed plants under stress (Hayashi et al., 1998). But,
many researchers (Kurepin et al.,, 2013; Hiiner et al.,
2014) are of the opinion that GB in nonstressed plants
can modify the production of endogenous phytohor-
mones (ABA, ethylene, SA) associated with plant stress
responses. It is not only drought stress conditions that
increased the betaine aldehyde dehydrogenase (BADH)
mRNA levels, even exogenously supplied ABA upre-
gulated the BADH mRNA in leaves and roots of barley
(Ishitani et al.,, 1995; Jagendorf and Takabe, 2001).
Besides ABA and SA, JA also enhanced the GB accu-
mulation in higher plants (Jagendorf and Takabe, 2001;
Gao et al., 2004a). This implied that GB biosynthesis is
under the hormonal control like that of proline. Taken
together, it is suggested that a close interaction and
synergistic effect of ABA and GB are necessary for
effective acclimation of freezing and abiotic stress toler-
ance in plants. The above results also indicated that the
hormone ABA transduces the signal for the biosynthe-
sis of GB. But, how the signal is transduced and what
are the different components associated in the pathway
are not known. While proline biosynthesis is mediated
by both ABA-dependent and ABA-independent
signaling pathways (Hare et al., 1999), in contrast, GB
biosynthesis appeared upregulated directly by ABA.

PLANT SIGNALING MOLECULES
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But, not much is known about the regulation of the
genes associated with the biosynthesis of other osmo-
lytes like proline derivatives, GB derivatives, trehalose,
and sugar alcohols by ABA and other hormones.

27.5 SIGNALING MOLECULES
AND OSMOLYTE SYNTHESIS

Environmental stresses result in the production of
signaling molecules like NO, CO, and H,S in plants
(He and He, 2017). However, the molecular mechan-
isms associated with the induction of osmolyte synthe-
sis are not totally known. Evidence exists that NO
induces one of the important osmolytes, proline, in
wheat (Hai-Hua et al., 2004), Chinese cabbage (Lopez-
Carrion et al., 2008), and rye grass (Liu et al., 2010) by
upregulating P5CS and downregulating ProDH genes.
Ke et al. (2014) reported that NO is associated with salt
tolerance by regulating proline metabolism in tobacco,
thus indicating the importance of NO in proline syn-
thesis during abiotic stress. Yuan et al. (2009), Zhang
et al. (2012a,b) reported CO stimulated P5CS and sup-
pression of ProDH in wheat and Cassia obtusifolia seed-
lings as well as salt stress alleviation. Luo et al. (2015)
and Chen et al. (2016) reported chilling injury and
drought stress alleviation respectively with H,S treat-
ment. Further, Tian et al. (2016) reported H,S and pro-
line ameliorated metal (Cd) stress in foxtail millet
inferring a complex regulatory mechanism for proline
synthesis and its relation to abiotic stress alleviation.
However, the molecular mechanisms underlying acti-
vation of the biosynthetic pathway genes of proline
metabolism and also the effects of these signal mole-
cules on the biosynthesis of other osmolytes have not
been understood so far.

27.6 FUNCTIONS OF OSMOLYTES
DURING ABIOTIC STRESS

27.6.1 Osmolyte Accumulation and Osmotic
Adjustment During Stress

Compatible solute accumulation, known for its
osmotic adjustment, has long been recognized (Brown
and Simpson, 1972; Borowitzka and Brown, 1974).
Further, a correlation has also been found between the
quantity of compatible solute and stress tolerance levels
in plants (Storey and Jones, 1977; Flowers and Hall,
1978; Kishor et al., 1995). Amino acids play a vital role
in protein biosynthesis. However, certain amino acids
like proline accumulate under stressful environment
and impart stress tolerance by maintaining cell turgor
or osmotic balance, stabilizing membranes thereby
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preventing electrolyte leakage (Szabados and Savoure,
2010). When proline and GB were supplied exoge-
nously, plants displayed salt stress tolerance. Both of
them mediate upregulation of genes associated with
antioxidant defense and glyoxalase systems and thus
protect seedlings of rice from salt-induced oxidative
damage (Hasanuzzaman et al.,, 2014). A large number
of plants were genetically modified with the biosyn-
thetic pathway genes associated with proline (reviewed
in Kumar et al., 2014) and GB (reviewed in Khan et al.,
2009), which displayed higher tolerance to salt stress.
Higher accumulation of proline and GB in leaves of
transgenic lines has been noticed in comparison with
untransformed plants. This indicated that introduced
genes are properly integrated and expressed in the host
genome. It appeared that accumulation in leaves of
stressed plants is regulated, at least in part, via the
changes in the expression of biosynthetic pathway
genes. But, the signals that provoke these changes in
gene expressions have not been clearly identified in
higher plants. It is not clear how osmolytes like proline
and GB affect the cell turgor in plants and what signals
are associated with them. It seems that in yeast,
Synthetic Lethal of N-end rule 1 (SIn1) osmosensor his-
tidine kinase monitors the changes in turgor pressure
as demonstrated by Saito and Tatebayashi (2004). It has
been shown that reduction in turgor pressure caused
by hyperosmotic stress activates the mitogen activated
protein kinase high osmolarity glycerol 1 (HOG1)
through SLN1 branch of the glycerol pathway (Reiser
et al., 2003). In higher plants, activity of the plant histi-
dine kinase Crel (cytokinin response 1) is regulated by
changes in turgor pressure like that of SInl in yeast. It
is known that Crel complemented the deficient Hogl
response in SInl mutant yeast cells (Reiser et al., 2003).
These authors proposed that Crel has dual functions in
plants acting both as a cytokinin receptor and also as
an osmosensor. In addition to the possible role of
osmolytes in osmotic adjustment and in stabilizing
membranes upon salt/water stress, they play several
other important regulatory functions in stressed plants
(Lokhande and Suprasanna, 2012). Sugars not only sus-
tained the growth of sink tissues, but also affected
sugar-sensing systems that regulated the expression,
either positively or negatively, of a variety of genes
involved in photosynthesis, respiration, and the synthe-
sis and degradation of starch and sucrose (Hare et al.,
1998). Accumulation of sugar alcohols such as manni-
tol, sorbitol, pinitol, and others might serve dual func-
tions: facilitating osmotic adjustment and supporting
redox control (Tarczynski et al., 1993; Shen et al., 1999).
Similarly, other osmolytes exhibited multiple functions
in plants (Bohnert and Shen, 1998; Shen et al., 1999;
Elbein et al., 2003; Livingston et al., 2009).
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27.6.2 Osmolytes and Protection of
Photosynthetic Machinery During Abiotic Stress

Light including ultraviolet light-B (UV-B) radiation
stress affects plant productivity drastically by inhibit-
ing photosynthetic activity. Therefore, plants accumu-
late proline besides several other antioxidative and
flavonoid molecules (Saradhi et al., 1995). As shown
by Arora and Saradhi (2002), proline might protect the
plants by scavenging the singlet oxygen or free radi-
cals generated during light or UV-B radiation stress. A
combination of NaCl and UV-B radiation showed an
additive effect on most of the parameters studied in
barley. UV-B treatment decreased the chlorophyll/
carotenoid ratio in barley seedlings and also photo-
chemical efficiency of PSII (Fedina et al., 2003). Fedina
et al. (2003) pointed out that NaCl preexposure
decreased H,O, generation and alleviated the inhibi-
tory effect of UV-B on PSII. Proline accumulated dur-
ing NaCl preexposure might be one of the reasons for
the observed tolerance of barley seedlings to UV-B
radiation. Pretreatment of Senedesmus (algal member)
with proline decreased lipid peroxidation and UV-B
induced malondialdehyde (MDA) generation (Tripathi
and Gaur, 2004). Thus far, the exact mechanism of
light-dependent stimulation of proline biosynthetic
pathway genes and proline accumulation are not
known. It was shown by Uchida et al. (2002) that H,O,
pretreatment induces increased ROS scavenging
enzyme activities and enhanced expression of P5CS,
sucrose phosphate synthase, and the small heat shock
protein 26 in rice. These experiments indicated that
NO and H,0; act as signaling molecules that modulate
both salt and heat stress tolerance by regulating the
gene expression associated with it. Likewise, trans-
genic Arabidopsis leaves that expressed choline oxidase
(COD) gene for the accumulation of GB displayed
enhanced levels of H,O, in comparison with untrans-
formed plants (Alia et al., 1999). Further, activities of
the enzymes such as APX and CAT were higher in
transgenics than in the wild-type plants. These results
indicated that the H,O, generated by overexpression
of COD gene might have stimulated the expression of
scavenging enzymes (Sakamoto and Murata, 2002).
Thus, H,O, generated during stress might play as a
signal transducer in stimulating proline biosynthetic
pathway gene P5CS as well as ROS scavenging
enzymes under the influence of COD.

Photosynthesis is a major target of high-temperature
as well as other abiotic stresses in plants and PSII is
the most temperature-sensitive component. It is known
that GB enhances the tolerance of photosynthetic
machinery to photoinhibition (Sakamoto and Murata,
2002). Gorham (1995) indicated that GB protects
enzymes and protein complexes against heat-induced
inactivation. Photoinhibition involves photoinduced
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damage to PSII and the light-dependent repair of PSII
complex (Aro et al., 1993). Abiotic stresses especially
high temperature impair the activity of Rubisco
enzyme also in several species (Haldimann and Feller,
2005). While D1 protein, one of the constituents of
PSII, is damaged, steps are taken immediately by the
plant to ensure the removal and replacement of the
damaged D1 protein. GB plays a dual function of
repairing the PSII complex during photoinhibition as
well as protecting the complex proteins (Allakhverdiev
et al., 2007). Alia et al. (1998) reported protection of
transgenic Arabidopsis lines overexpressing GB biosyn-
thetic pathway genes. This could be because of the
protection of Rubisco activase by GB, which was later
supported by Yang et al. (2005) in transgenic tobacco.
Alia et al. (1999) found out that codA overexpression in
Arabidopsis resulted in light stress tolerance. They also
found that GB had no effect on photodamage, but par-
ticipated in repair of the PSII complex. Holmstrom
et al. (2000) revealed that overexpression of choline
dehydrogenase (CDH) in tobacco resulted in the
removal of photodamaged D1 protein and reconstitu-
tion of the functional PSII complex. It is believed that
increased CO, assimilation rate in transgenic lines is
associated with the Rubisco activase-mediated activa-
tion of Rubisco by GB (Yang et al., 2005). Proline has
been found to reduce the inhibitory effects of NaCl on
the activity of enzymes like Rubisco in vitro in Tamarix
jordanis (Solomon et al., 1994). Papageorgiou and
Murata (1995) showed that osmolytes prevented disso-
ciation of the oxygen-evolving complex of photosystems
II. Yang et al. (2005) also reported improved thermosta-
bility of the oxygen-evolving complex and the reaction
center of PSII (Yang et al., 2007) when GB biosynthetic
pathway genes are overexpressed. However, the mecha-
nistic explanation of how exactly osmolytes, including
GB, protect PSII under stress is not clear to date.

27.6.3 Osmolyte Accumulation
and Oxidative Stress

Chloroplasts and mitochondria are the two power-
houses of plant systems. The redox state of these two
cell organelles is maintained by a delicate balance
between energy production and consumption. These
organelles need to avoid always the excess production
of ROS, especially under abiotic stress conditions.
While optimal levels of ROS are useful for signal trans-
duction and several developmental activities, excess
amounts cause damage to the nucleic acids, oxidation
of proteins and lipids, and degradation of chlorophyll
molecules (Davies, 1987; Imlay and Linn, 1988). Plants
need to utilize the redox cues that are generated both
in chloroplasts and mitochondria not only for main-
taining metabolic fluxes, but also for coping with
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environmental changes via a complex network (Suzuki
et al., 2012). The degradation pathway of proline is
downregulated during osmotic stress, allowing free
proline to accumulate. Miller et al. (2009) showed that
overexpression of MsProDH in tobacco and Arabidopsis
or impairment of P5C oxidation in the Arabidopsis
p5cdh mutant did not change the cellular proline to
P5C ratio under ambient and osmotic stress conditions.
This reveals that excess P5C is reduced to proline in a
mitochondrial-cytosolic cycle. This cycle involves con-
version of proline by ProDH to P5C and back to pro-
line by P5CR enzyme and is known to exist in animal
cells (P5C-proline cycle). Miller et al. (2009) demon-
strated that when an excess of exogenous L-proline is
provided, it generates mitochondrial ROS by deliver-
ing electrons to O,. This was demonstrated by them
using mitochondria specific MitoSox staining of super-
oxide ions. When there is a lack of PSCDH enzyme
activity, it has led to higher ROS production in the
presence of excess proline (Miller et al., 2009). It
appears therefore, balancing not only chloroplastic but
also mitochondrial ROS production during enhanced
proline oxidation is critical for avoiding proline related
toxic effects. To avoid the generation of ROS produc-
tion by P5C-proline cycling, plants must oxidize P5C
back to glutamate by PSCDH.

Regulation of ROS is coordinated by both enzymatic
and nonenzymatic mechanisms. Further, exogenous
application of proline or genetic manipulation of its
synthesis or degradation has amply demonstrated its
role in plant responses to abiotic stresses in different
species like tobacco, sugarcane, grapevine, and sor-
ghum (Smirnoff and Cumbes, 1989; Okuma et al.,
2004; Molinari et al., 2007; Ozden et al., 2009; Reddy
et al., 2015). Proline has enhanced the primary photo-
chemical activities in isolated thylakoid membranes of
Brassica juncea by arresting photoinhibitory damage
(Alia and Saradhi, 1991). They suggested that proline
protects the components involved in water oxidation
capacity by reducing the production of free radicals
and/or scavenging the free radicals thereby reducing
thylakoid lipid peroxidation. Alia et al. (1997) also pro-
posed that proline produced a considerable reduction
in the lipid peroxidation-linked formation of both con-
jugated dienes and MDA in the thylakoids during
exposure to strong light. They demonstrated that pro-
line is involved in reducing the photodamage in the
thylakoid membranes by scavenging and/or reducing
the production of singlet oxygen. Alia et al. (2001) uti-
lized spin trapping electron paramagnetic resonance
(EPR) spectroscopy for analyzing the singlet quenching
action of proline. Their results show that proline is
very effective in reducing the production of singlet
oxygen ('O,). Quenching of 'O, by proline seems to be
based on its capability to form a charge-transfer com-
plex due to low ionization potential. Proline is also a
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scavenger of hydroxyl radicals (OH) as shown by
Smirnoff and Cumbes (1989). But, proline does not
interact with superoxide radicals. Kaul et al. (2008)
showed the free radical scavenging potential of L-
proline using in vitro assay system. However, it is dif-
ficult to explain the exact mechanism of quenching of
!0, or OH' by proline. Overall, it appears that proline
can stabilize proteins, DNA, as well as membranes
under stress conditions as has also been pointed out
by Matysik et al. (2002). High proline producing geno-
types of niger (Guizotia abyssinica) exhibited higher
antioxidative enzymes compared with low proline pro-
ducing lines (Sarvesh et al., 1996). Exogenous supply
of proline alleviated the oxidative stress and increased
the vase life of Rosa hybrida flowers (Kumar et al,
2010). This increase in vase life coincided with higher
levels of endogenous proline, lower levels of superox-
ide radicals, and higher activity of PDH in proline
treated flowers. Exogenous application of proline has
also been shown to associate with antioxidative enzyme
activities (Hoque et al., 2007a,b). Proline ameliorated the
enzymatic inactivation of APX and peroxidase, while
SOD and CAT activities were reduced in grapevine
(Ozden et al., 2009). In transgenic sugarcane overexpres-
sing P5CS, a negative correlation between proline and
lipid peroxidation were observed. This suggested that
proline might protect against osmotic stress by increas-
ing antioxidant systems. De Campos et al. (2011) demon-
strated that transgenic citrumelo plants were able to
cope with water deficit better than untransformed con-
trols. Since these transgenics expressing
VignaP5CSF129A are able produce high endogenous
proline levels, proline must have contributed to gas
exchange parameters and elevated levels of antioxida-
tive enzymes (APX, SOD) but not CAT, and thereby
ameliorated the deleterious effects of drought-induced
oxidative stress. Transgenic Sorghum bicolor plants over-
expressing P5CSF129A also displayed higher proline
and higher antioxidative enzyme activities under salt
stress (Reddy et al., 2015). Kaushal et al. (2011) demon-
strated that proline has induced heat tolerance in Cicer
arietinum plants by protecting vital enzymes of carbon
and antioxidative metabolism. Posmyk and Janas (2007)
noticed a positive correlation between endogenous levels
of proline content in seeds of Vigna radiata and germina-
tion upon exposure to chilling stress. When seeds of V.
radiata were pretreated with proline, it had a stimulatory
effect on germination. This increase in seed germination
by exogenously supplied proline under chilling tem-
peratures is attributed to its potential to stabilize cell
membrane by quenching both 'O, and OH'. Heat stress
induced H,O, in Saccharum species, but pretreatment
with proline and GB has substantially reduced the H,O,
production, improved the accumulation of soluble
sugars, and protected the developing tissues from heat
stress effects in sprouting sugarcane buds (Rasheed
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et al., 2011). Ben Rejeb et al. (2015) investigated the role
of NADPH oxidases, respiratory burst oxidase homolo-
gues (Rboh) in the induction of proline accumulation
under NaCl and mannitol stress conditions. Both salt
and mannitol stresses have increased H,O, accompanied
by accumulation of proline. They also found out that
dimethylthiourea (a scavenger of H,O,) and dipheny-
lene iodonium (an inhibitor of H,O, production by
NADPH oxidase) inhibited P5CS activity and proline
accumulation under these stresses. Supporting this phe-
nomenon, evidence was also presented in Arabidopsis
thaliana knockout mutants lacking either AtRboHD or
AtRbohF. Wild-type plants accumulated more proline
than these mutants (Ben Rejeb et al., 2015). These results
suggest that Rbohs contribute to H,O, production in
response to salt and mannitol stresses and help in pro-
line accumulation in Arabidopsis.

Some of the sugars like trehalose (a nonreducing
disaccharide) also protect the plants against oxygen radi-
cals. Cell lines defective in trehalose synthesis were more
sensitive to oxygen radicals than the wild-type indicating
that trehalose protected the plants against oxidative
stress. Oxygen radicals damage the amino acids in cellu-
lar proteins, but trehalose in the cells prevented this
damage indicating that trehalose acts as a free radical
scavenger. Hincha et al. (2002) also pointed out that
when trehalose is present in high concentrations in cells,
plants show resistance to heat, dehydration, and oxygen
stress. Galactose as well as mannitol protected the cells,
but not sucrose since sucrose does not have the ability to
quench oxygen radicals (Benaroudj et al, 2001).
Depending upon the species, many plants display high
plasticity to accumulate various kinds of sugars (levels
may vary in cells depending on the stage of the growth,
nutritional status, and environmental conditions pre-
vailing at that time) like raffinose series (Gala-1-6-sucrose
and higher), stachyose, and other sucrose oligosacchar-
ides that give protection against different stress condi-
tions. While mannitol may function to shield susceptible
thiol-regulated enzymes (such as phosphoribulokinase)
from inactivation by hydroxyl radicals in plants, GB is
not effective as a hydroxy radical scavenger (Shen et al.,
1997; Smirnoff and Cumbes, 1989). Thus, several lines of
research clearly indicate the ROS scavenging functions of
osmolytes, but the exact molecular mechanisms are not
yet completely known.

27.6.4 Osmolytes and Amelioration of NaCl-
and Metal-Induced K Efflux Under Stress

Potassium (K") homeostasis plays a central role
during salt stress tolerance in the plant systems (Tester
and Davenport, 2003). When plants are exposed to
NaCl stress, a massive efflux of K from plant cells is
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observed (Shabala et al.,, 2003; Chen et al., 2005).
Prevention or mitigation of K* efflux is well corre-
lated to salt stress tolerance in barley (Carden et al.,
2003; Chen et al.,, 2005). It was not known until
recently that compatible solutes are implicated with
the K™ transport under salt stress. Cuin and Shabala
(2005) hypothesized that osmoprotectants may main-
tain cytosolic K homeostasis by preventing NaCl-
induced K" leakage from the barley cells. They
showed that either proline or GB at a concentration
of 0.5-5mM, when supplied exogenously, instan-
taneously reduced the NaCl-induced K" efflux from
barley roots in a dose dependent manner. Proline at
5-mM concentrations reduced the hydroxyl-radical
induced K" efflux in barley (Cuin and Shabala,
2007a). They also measured membrane potentials in
addition to K* and Na™ concentrations, which are
consistent with the concept that cytosolic K" homeo-
stasis is maintained by proline by preventing NaCl-
induced leakage of K* from the cells. Proline may
possibly control this through the increased activity
of H"-ATPase, controlling voltage-dependent outwar-
d-rectifying K" channels and creating the electro-
chemical gradient that is essential for ion transport
processes (Cuin and Shabala, 2005). Thus, evidence
has been provided for the first time for the regulation
of ion fluxes across the plasma membrane by addition
of proline/osmolytes. Cuin and Shabala (2007b) fur-
ther showed that 21 out of 26 amino acids tested
caused a significant mitigation of the NaCl-induced
K" efflux. Surprisingly, both valine and ornithine pre-
vented the NaCl-induced K™ efflux significantly along
with proline and maintained K™ homeostasis. They
pointed out that physiologically relevant concentra-
tions of amino acids might contribute to salt stress
adaptation by regulating K* transport across the
plasma membrane. This might perhaps help the plants
to maintain optimal K*/Na" ratio, which is vital dur-
ing salt stress. But, the exact mechanism underlying
proline prevented K" efflux under stress is not
known. Still though it is thought that free radicals can
mediate this. Heavy metals such as Cu>* when added
to lower plants (algal members) also cause leakage of
K" from the cells. Whether proline or other osmolytes
are associated with Cu®*/metal-induced K* leakage
prevention in metal tolerant plants is not known.

27.6.5 Osmolytes and Their Metal Chelation
Properties During Metal Stress

Several crop plants (Cajanus cajan, Vigna mungo,
Triticum aestivum) accumulate proline in response to
heavy metal stress (Alia and Saradhi, 1991; Bassi and
Sharma, 1993). In seedlings of Oryza sativa, exogenous

PLANT SIGNALING MOLECULES



27.6 FUNCTIONS OF OSMOLYTES DURING ABIOTIC STRESS

supply of proline reduced the copper uptake (Chen
et al., 2004). They noticed that proline supplement
accompanied by Cu®" exposure induce a barrier of
Cu”* influx and efflux in rice roots. It appeared that
excess Cu®" leads to inadequate proline in rice roots
and results in the malfunction of copper transport bar-
rier. An increase up to >20-fold in the proline content
was noticed in leaves of metal nontolerant Silene vul-
garis (Schat et al., 1997). The shoot proline content is
higher than that in roots in Silene. On the other hand,
root proline levels increased in Lactuca sativa with an
increase in cadmium concentration (Costa and Morel,
1994). Not only nonmetal-tolerant plants, but also
several metal-tolerant species like Armeria maritima,
Deschampsia cespitosa, and Silene vulgaris have been
reported to contain substantially higher constitutive
proline levels when compared with nontolerant rela-
tives (Farago and Mullen, 1979; Smirnoff and Stewart,
1987; Schat et al., 1997). But A. maritima plants, when
grown in a noncopper site did not exhibit higher pro-
line content (Farago and Mullen, 1979). Proline also
accumulated in lower plants like algal members
(Anacystis, Chlorella, Scendesmus, etc.) when exposed to
heavy metal stress (Wu et al., 1995, 1998; Tripathi and
Gaur, 2004). Thus, a large body of information existed
with regard to proline accumulation under metal
stress. Costa and Morel (1994) suggested that inhibi-
tion of proline oxidation is the reason for higher root
proline levels under metal stress. Chen et al. (2001)
pointed out that increased P5CR or OAT activities are
responsible for higher proline accumulation in rice.
Since water balance is disturbed under heavy
metal stress, it is reasonable to speculate an increased
proline synthesis and accumulation (Barcel6 and
Poschenrieder, 1990). Chen et al. (2001) also suggested
ABA mediated Cu-induced proline accumulation in
rice leaves. Later, it has been reported that copper-
induced proline synthesis in the green algal member
Chlamydomonas reinhardtii is associated with NO gen-
eration. They further investigated the effect of Cu*"
and NO on the activity and transcript amount of
P5CS, and observed that application of sodium nitro-
prusside (NO specific donor) is able to stimulate the
P5CS activity in the Cu-treated algae (Zhang et al,
2008). Their results indicated that Cu-responsive
proline synthesis is related to NO generation in
C. reinhardtii.

Based on the existing information, the following
speculations can be drawn for the possible metal stress
mitigation by proline/osmolytes in plants. Proline may
be acting as a metal chelator as demonstrated by
Farago and Mullen (1979). They showed that Cu®" in
the roots of A. maritima existed as Cu-proline complex.
Proline protected glucose-6-phosphate dehydrogenase
and nitrate reductase activities in vitro against zinc
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and copper-induced inhibition due to the formation
of a metal—proline complex (Sharma et al, 1998).
Experiments conducted by Siripornadulsil et al. (2002)
contradict these results. Their experiments revealed
that transgenic Chlamydomonas reinhardtii expressing
the mothbean P5CS gene exhibits tolerance to 100 uM
cadmium and has 80% higher proline levels than the
wild-type cells. They observed that cadmium does not
bind to proline in transgenic algae but is coordinated
tetrahedrally by sulfur of phytochelatin. In contrast to
P5CS-expressing cells, in wild-type cells, cadmium is
coordinated tetrahedrally by two oxygen and two sul-
fur atoms. These results suggested that free proline
acts as an antioxidant in cadmium-stressed cells with
higher reduced glutathione (GSH) levels. Enhanced
GSH levels in turn facilitate phytochelatin synthesis
and sequestration of cadmium, since GSH-heavy metal
adducts are the substrates for phytochelatin synthase,
as pointed out by Siripornadulsil et al. (2002). The
above fact that cadmium is coordinated by oxygen and
sulfur atoms supported the findings of Adhiya et al.
(2002). Proline chelation of cadmium does not seem to
be important since cadmium induces phytochelatins
that can chelate the metal (de Knecht et al.,, 1994).
Therefore, it is of interest to find out the role of proline
or other osmolytes in binding metal ions that do not
form complexes with phytochelatins as has been also
pointed out by Sharma and Dietz (2006). The second
possibility is that proline may be acting as an antioxi-
dant during metal stress. Free radicals are generated
under heavy metal stress, which could lead to oxida-
tive stress. As mentioned in the earlier sections, both
!0, and OH can be scavenged by proline. Heavy
metal exposure causes lipid peroxidation as well as K"
efflux in algal members. Wu et al. (1995) observed that
when Anacystis nidulans (Cyanobacteria) was exposed to
Cu®*, K is effluxed out, but exogenously supplied
proline reduced the leakage. Wu et al. (1998) also
noticed that when proline was supplied exogenously
to Chlorella species prior to copper treatment, it
resulted in desorption of the adsorbed Cu** immedi-
ately after the addition of proline. These results indi-
cate that one function of accumulated proline is to
reduce the uptake of metal ions. Mehta and Gaur
(1999) reported that Chlorella vulgaris accumulates pro-
line within few hours of exposure to a wide range of
heavy metals. Their experiments demonstrate that pre-
treatment of C. vulgaris with proline counteract metal-
induced lipid peroxidation as well as K™ efflux. Even
in lichens Trebouxia erici (Backor et al.,, 2004), proline
content is positively correlated to Cu®" tolerance.
Taken together, it is unlikely that proline binds to
metals and chelates them during metal stress, but
preferentially acts as an antioxidant molecule and
detoxifies the ROS.
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27.6.6 Role of Osmolytes in Membrane and
Native Protein Structure Stabilizations

Galinski (1993) noticed thermal stability of enzymes
in the presence of osmolytes. Several other lines of evi-
dence show that osmolytes effectively protect plant
enzymes against stress induced denaturation (Solomon
et al., 1994; Yang et al., 2007). Arguments and counter-
arguments were raised against and in favor of the
effective compatible solute concentrations that are
needed for protection of enzymes in vitro. While
500 mM has been suggested as an effective concentra-
tion for membrane stability, such high concentrations
are often not detected in vivo (Bohnert and Shen,
1998). It appears that the osmolyte concentration may
not be important since Zhao et al. (1992) have shown
protection of thylakoid and plasma membranes against
freezing damage under high as well as low concentra-
tions. Experiments conducted to date indicate that the
local concentration of membrane or protein surfaces is
vital rather than the absolute concentrations for mem-
brane stabilization or enzyme protection in plants
undergoing stress.

Fructans are a class of polysaccharides known for
their protective effects on liposomes during conditions
of drying. Both bacteria (levan produced from Bacillus
subtilis) and plants (inulin synthesized from chicory
roots) have been found to protect liposomes from leak-
age during freeze-drying or air-drying (Hincha et al,,
2000; Vereyken et al.,, 2003). Besides chicory, many
grass species also accumulate osmolytes like fructans
(Livingston et al., 2009). Differences exist between fruc-
tan molecules in their size, structure, and also tissue
localization, which is vital for the survival of the whole
plants under cold stress conditions (Livingston et al.,
2005, 2006). Hincha et al. (2000) showed that inulin is a
mixture of polysaccharides with a degree of polymeri-
zation (DP) between 10 and 30 (Hincha et al., 2000)
and molecular masses 1600 and 5000. These research-
ers pointed out that during freeze-drying, inulin in
phosphatidylcholine liposome preparations reduces
the degree of leakage after rehydration by establishing
H-bonds to the lipid P = O. But, high-DP fructans from
oat and rye are not able to prevent leakage or fusion in
liposomes during drying (Hincha et al., 2007). On the
other hand, inulins and fructans from the same species
with 7—10 degrees of polymerization (more soluble)
do not precipitate during air-drying and provide pro-
tection to liposomes (Hincha et al, 2002, 2007;
Vereyken et al, 2003). It appears that fructans are
transported in the phloem of Agave deserti leaf tissues
(Wang and Nobel, 1998). Similarly, it has been found
that fructan DP3 is transported via the apoplast
(phloem) in transgenic potato inferring that fructans in
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the apoplast protect the tissues from freezing/dehy-
dration injury besides serving as a hexose reserve
(Zuther et al., 2004). Levan from Bacillus subtilis has a
DP of about 125, found to have higher solubility, but
protects liposomes from leakage and fusion (Vereyken
et al., 2003). Taken together, it appears that specific
structural features of oligosaccharides determine
their efficacy as membrane stabilizers during drying/
freezing stress.

Some plants, especially anhydrobiotic organisms
produce very high concentrations of trehalose, and
other di- and oligosaccharides under abiotic stress
conditions (Zentella et al., 1999; Elbein et al., 2003). In
plants, sucrose also plays a similar role to that of tre-
halose in yeast (Anandarajah and McKersie, 1990). A
large body of evidence suggests that trehalose, due to
its structure and stereochemistry, depresses the phase
transition temperature of the dry lipids, which main-
tains them in the liquid crystalline phase in the
absence of water (Crowe and Crowe, 1988). Trehalose
appears to preserve labile proteins during drying
probably by interacting directly with the dry protein
by hydrogen bonding between its hydroxyl groups
and polar residues in the protein (Carpenter and
Crowe, 1989). Two contrasting models that have been
proposed to explain protective or stabilizing effects of
compatible solutes on membrane/protein structures
are (1) the preferential exclusion model (Arakawa and
Timasheff, 1985) and (2) the preferential interaction
model. In the first model, compatible solutes are
excluded from the hydration shell of proteins that sta-
bilize protein structure or promote protein/protein
interaction under stress. But, Schobert (1977) is of the
opinion that interactions between the compatible
solutes and proteins are necessary, and protein’s
hydration shell is crucial for its structural stability. It
appears that osmolytes interact with the hydrophobic
domains of proteins and prevent their destabilization.
The molecular mechanism for osmolyte-induced pro-
tein stability has been elucidated by Street et al.
(2006). They pointed out that in the equilibrium pro-
tein folding reaction, unfolded (U) < native (N), high
concentrations of protecting osmolytes push the equi-
librium of protein folding towards N, while denatur-
ing osmolytes push it toward the unfolded form (U).
It appears that the configuration of the protein back-
bone is the most important determinant of stabiliza-
tion or denaturation. As yet, there is no universal
molecular theory that explains the mechanism by
which osmolytes interact with the protein to alter its
stability in higher plants under abiotic stress condi-
tions. However, more experiments will be necessary
to gain a better insight into the membrane/protein
stabilizing effects of osmolytes.
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27.6.7 Osmolytes as Sources of Energy and
Carbon Reserve During and After the Release
of Stress

It is interesting to note that drought, salt, and flood-
ing stresses increase generally soluble sugar concentra-
tions in plants, but high light intensity, heavy metals,
and ozone decrease sugar accumulation depending on
the genotype (Gill et al., 2001; Morsy et al., 2007). It is
possible that not all soluble sugars play identical roles
during stress (Almodares et al., 2008). If sugars are
accumulated in high concentrations, that can lead to
downregulation of further energy synthesis (Koch,
2004; Chen, 2007). While low sugar content in the tis-
sues increases photosynthesis, high sugar level pro-
motes carbohydrate storage. Thus, changes in CO,
assimilation are possible by sugar accumulation under
stress. This is one of the ways perhaps to maintain
energy homeostasis in plants during abiotic stress con-
ditions as has been pointed out by Rosa et al. (2009a).
Gupta and Kaur (2005) described that both glucose
and sucrose act as sources of carbon and energy, but
also as osmolytes (but not fructose) to maintain cell
homeostasis. Oxidation of sugars via glycolytic and
other pathways leads to the production of ATP,
NADPH, and erythrose-4-phosphate, which can be uti-
lized once the stress is released. Osmolytes like proline
are involved in the alleviation of cytoplasmic acidosis
and sustaining NADP'/NADPH ratios at the levels
required for metabolism (Hare and Cress, 1997). The
functions of proline are dependent on spatial and tem-
poral control of its synthesis as well as its catabolism.
In turn, this helps the plants either to take up or
release reductant and energy at a site/tissue location
where it is necessary for metabolic functions (Sharma
et al., 2011). Plants prefer NADPH over NADH as an
electron donor for the biosynthesis of proline
(Murahama et al., 2001). This helps the plants to regen-
erate NADP" in the chloroplast and thus prevents
ROS production and photoinhibition as has been
pointed out by Szabados and Savoure (2010). The
work of Sharma et al. (2011) demonstrated that both
p5csl (involved in proline synthesis) and pdhl mutants
(blocked in proline catabolism) are required for opti-
mal growth at low water potential. Many lines of
evidence suggest that the generation of NADP" and
NADPH during proline synthesis and degradation
respectively and maintaining a favorable ratio of
NADP"/NADPH are also critical for the survival of
plants under stress. Once the stress is relieved, accu-
mulated proline is oxidized in mitochondria and
energy is released. Both proline and trehalose (Becker
et al., 1996) are the major sugars and are consumed
during flight in insects. Thornburg (2007) analyzed the
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content of proline in ornamental tobacco (LxS8 line)
flowers, which was 2020 pM, while the concentration of
other amino acids are in the range of only 114—547 pM.
Bertazzini et al. (2010) found that artificial nectar con-
taining proline is preferred by forager honeybees.
Trehalose is stored in fungal spores and its hydrolysis
helps in spore germination and is a source of carbon
for synthesis of glucose (Thevelein, 1984). Thus, osmo-
Iytes act as both as a source of carbon and energy
during and after release from the stress conditions.

27.7 OSMOLYTES AND SIGNALING
PROCESSES

27.7.1 Proline and Signaling Processes

Proline propels two major signaling events like cel-
lular survival as well as apoptosis. During proline oxi-
dation, ROS are formed in the mitochondria, which
have been implicated in the hypersensitive response in
plants. Further, ROS leads to induction of intrinsic and
extrinsic apoptotic cell death pathways in animals (Liu
et al., 2006; Hu et al., 2007). Thus, ROS appear to be
the main signal transducers for downstream responses
during proline oxidation. However, several critical
issues remain elusive in our understanding of these
events. First, is there any threshold level of proline
that is required for metabolic switchover from induc-
ing survival pathways to cellular apoptosis? Second, it
is not known if there are any other mediators or com-
ponents that are associated with signaling phenomena
during proline metabolism. Existing evidence suggests
that proline biosynthetic pathway enzymes interact
with redox proteins like thioredoxin (Liang et al,
2013). It would be interesting to find out if there are
any other interacting partners of proline metabolic
enzymes that play a role in cellular signaling networks
leading to the triggering of downstream events.

27.7.2 Proline Metabolism and Signaling
Pathways in Plant Senescence

Proline is also associated with plant senescence.
Nearly 14-fold increase in proline content was
recorded in petals of cut roses during the process of
senescence. Enhanced activities of P5CS and ProDH
were also noticed during the course of senescence
(Kumar et al., 2009). While the expression of ProDH?2
in the vascular tissue and abscission zone of petals is
regulated by the transcription factor bZIP11 (Hanson
et al., 2008), ProDH1 expression is modulated by bZIP1
and bZIP53 (Dietrich et al., 2011) in Arabidopsis thaliana.
This infers that proline is catabolized rapidly
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whenever sucrose levels are low in plants (Funck
et al., 2010; Llorca et al., 2014). During senescence, pro-
line metabolism also influences ROS signaling path-
ways that delay the process of senescence (Zhang and
Becker, 2015). But, more studies are needed on the reg-
ulation of proline metabolic shifts that occur during
senescence. Such studies may provide novel insights
that rescue crop plants undergoing abiotic stress and
also preserve postharvest agricultural products.

27.7.3 Osmolytes as Sensing Compounds
and/or Growth Regulators

Sugars such as glucose and sucrose may act as
sources of carbon and energy. But, fructose plays a dif-
ferent role from that of glucose and sucrose. Hilal et al.
(2004) demonstrated that fructose acts as a precursor
for the synthesis of lignin and several phenolic com-
pounds, thus inferring that sugar accumulation under
stress performs diverse roles. Sugars can act as primary
messengers and regulate signals that control the expres-
sions of genes (Gupta and Kaur, 2005; Gibson, 2005;
Chen, 2007). Since sugars are rapidly metabolized and
also interconverted depending upon the environmental
stresses (Rosa et al., 2009b), it is difficult to pinpoint if
sensing of soluble sugars depends upon their metabo-
lism. But, it is known that sugar levels modulate differ-
ential expression of genes (Koch et al., 1992). Rook et al.
(1998) demonstrated that sucrose-specific signaling
pathways to be responsible for repression of ATB2bZIP
transcription factor. Many genes are negatively regu-
lated by sugars (sucrose, glucose, and fructose) at
the transcription level (Yamaguchi-Shinozaki and
Shinozaki, 2006). When 30 mM proline was applied
exogenously, it ameliorated the salt stress effects in rice,
but 40—50 mM levels resulted in poor growth (Roy
et al., 1993). Overexpression of microbial genes for tre-
halose biosynthesis caused dwarfism and aberrant root
development (Vogel et al., 1998). Miiller et al. (1999)
found such growth defects in transgenic rice producing
trehalose. These findings have led to postulate that
osmolytes might function as plant growth regulators.
The plausible explanation that has been given is that
small amounts of trehalose or trehalose-phosphate
might be toxic to the plants. Else, trehalose metabolism
may act as a signal in sugar sensing and partitioning of
assimilates like other sugars (Miiller et al., 1999).

27.8 CONCLUSIONS AND FUTURE
PROSPECTS

ABA is central to the signal perception and subse-
quent transduction events during abiotic stress. The
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core signaling module regulates several downstream
events including osmolyte biosynthesis and subse-
quently abiotic stress tolerance. Diverse osmolytes
accumulated during abiotic stress conditions are regu-
lated by many phytohormones. Osmolytes perform
many vital functions such as osmotic adjustment,
scavenging ROS, controlling the redox state, and cell
survival and apoptosis during stress. However, the
precise molecular mechanisms underlying the trigger-
ing of genes associated with several of the osmolyte
biosyntheses and catabolisms (barring a few) are not
completely known. Therefore, it is of prime importance
to unravel the intricate networks, molecular mechan-
isms, and the signaling events leading to the better
survival of crop plants exposed to different abiotic
stress conditions. Such a comprehensive knowledge
about molecular mechanisms and signaling events
leading to the regulation of osmolyte biosynthesis and
effective scavenging of ROS will enable us to develop
strategies to genetically modify crop plants and use
them for sustainable agricultural yields.
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