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Chapter 14
Role of Soluble Sugars in Metabolism
and Sensing Under Abiotic Stress

Shadma Afzal, Nidhi Chaudhary, and Nand K. Singh

14.1 Introduction

Soluble sugars (mono- and disaccharides) play a main role in the assembly and
functioning of all living cells. Their origin gives the impression to be firmly con-
nected with prebiotic and primary biotic evolution (Hazra et al. 2019). In plants,
sugars are the metabolic substrates involved in actively modulating several meta-
bolic processes at different stages of growth and development (Alagbe et al. 2020).
Synthesis of sugar is the crucial process taking place in a plant through photosyn-
thesis by carbon dioxide reduction while the solar energy is exploited for oxidation
of water molecule (Taiz and Zeiger 2002). Glucose (Glc) has been reported to affect
germination, floral transitioning, cell wall development and senescence (Dekkers
et al. 2004). Glc promoted cell division, root architecture and elongation. It also
controls the secondary metabolite synthesis (glucosinolates and phenolic com-
pounds) (Wei et al. 2011). On the other hand, sucrose (Suc) assists in cell expansion
and starch synthesis (Gibson 2005). The plant sugar status regulates the innate and
ecological (external) factors that affect the overall progress (Sedigheh 2019). Sugar
starvation in plants affects various pathways such as it increases the synthesis of
a-amylase (Gill et al. 2003). On the contrary, it also leads to decline in respiration
rate, protein synthesis, sugar metabolism and nitrate assimilation (Rolland and
Sheen 2005). Also, the enzyme activity and synthesis increase for catabolic pro-
cesses, viz. fattvy acids, amino acids and proteins (Scott 2008).

The recent rise in global population, decrease in freshwater levels and continu-
ous increase in cultivable land deterioration pose severe environmental stresses.
Cumulatively, the aforementioned factors cause threats to worldwide agricultural
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production and food security (Dutta et al. 2018). Songstad et al. (2017) reported up
to 70% reductions in global production due to abiotic stresses. As sessile organisms,
plants have to tolerate drastic environmental changes as well as a diverse array of
abiotic stressors (Singh et al. 2018). These abiotic stresses consist of temperature
changes, ultraviolet-B radiation (UVBR), high light intensity, soil salinity, drought,
flooding, chilling, freezing, heavy metals and nutrient deficiency or excess that dis-
cretely or combined negatively impacts both crop yield and quality (Khan et al.
2019). Abiotic stresses directly or indirectly impact plant growth, photosynthetic
cycle, carbon partitioning, carbohydrate and lipid homeostasis, osmotic metabo-
lism, protein synthesis and gene expression (Rosa et al. 2009). Therefore, plants
have developed an extensive range of adaptative strategies to evade the impacts of
environmental stresses. Plants in general are regularly subjected to a combination of
diverse abiotic stresses (Gratdo et al. 2005). Hence, plant responses to combined
stresses are exclusive and cannot be applied independently to each stress. Plants’
responses to abiotic stresses are complicated phenomena as it can be synergistically
or antagonistically adapted (Chaves et al. 2002).

The molecular mechanisms underlying these responses are barely identified. The
lack of necessary progress is due to the fact that tolerance to abiotic stress is affected
by coordinated and differential expression of gene networks. Plant strategies to deal
with abiotic stresses typically involve either stress avoidance mechanism or toler-
ance mechanism. A common response to abiotic stresses is the accumulation of
sugars and other compatible solutes (Sami et al. 2016). Soluble sugars also act as
signalling molecules and help in regulating several processes of plant development
(Loreti et al. 2001). The sugar signalling pathways may interact with stress path-
ways to form a complex network for regulating plant metabolic responses (Tran
et al. 2007). Soluble sugars might act as negative modulators of plant sensitivity and
cell responses to stress-induced distant signals. Numerous stress reactive genes
have been described to be activated by Glc, thus signifying the role of soluble sugars
in such responses (Price et al. 2004). The response of soluble sugars in plants to salt
stress is complex. It is attained through a series of biochemical reactions and molec-
ular mechanisms, ultimately leading to differential expression of stress-related
genes (Espasandin et al. 2018; Lu et al. 2018). The differential regulation of 31
genes corresponded to carbohydrate content as well as metabolic enzymes in
Arabidopsis under salt, cold and drought stresses (Loreti et al. 2005). Soluble sugars
by acting as osmoprotectants can alleviate the adverse effects of salinity on plants.
Rosa et al. (2009) reported a substantial rise in Glc, Suc and Fru levels in plants
during salinity stress. The exogenous application of Glc can decrease Na* accumu-
lation and increase K+ uptake, thus continuing ion homeostasis under stress. Sugars
played a dynamic role in carbon storage, osmotic defence and free radical scaveng-
ing (Nemati et al. 2011). Trehalose (T6P) is a non-reducing disaccharide of Glc,
which plays an important physiological role as an abiotic stress protectant (Paul
et al. 2018). By acting as an osmoprotectant, it can possibly stabilize biomolecules
(dehydrated enzymes, proteins and lipid membranes) under abiotic stress (Denver
and Ullah 2019).
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Sugar sensing can be defined as the interaction amid a sugar moiety and a sensor
protein in such a way that a signal can be produced, which in turn can stimulate
signal transduction cascades resulting in various cellular responses. The sugar level
in plant cells can be sensed by the sensor proteins. Hexokinase (HXK) enzyme is
reported to have a functional role of a Glc sensor (Moore et al. 2003). Different Glc
sensing processes are reported that regulate different genes and pathways in plants.
These are the HXK-dependent and HXK-independent systems. In the former sys-
tem, HXK is an active signalling mediator, whereas in the latter system, the receptor
is unknown. There is also a metabolite-reliant system which is dependent on gly-
colysis pathway downstream of HXK (Rolland et al. 2006). As signalling mole-
cules, sugar impacts the plants at all growth phases beginning from germination. As
hormones, it can act as prime messenger and control signals, hence regulating gene
expression.

Reactive oxygen species (ROS) are partially reduced forms of oxygen and act as
both signalling and damaging entities in plants (Mgller and Sweetlove 2010). ROS
such as hydroxyl radical ("OH), superoxide (O,"), hydrogen peroxide (H,0O,) and
singlet oxygen ('0,) are continually generated as by-product of aerobic metabolism
in different plant organelles (viz. mitochondria, peroxisomes and chloroplasts)
(Miller et al. 2010). Under abiotic stress, plants tend to accumulate higher ROS, and
this might be due to a disruption of equilibrium between ROS generation and scav-
enging at different cellular locations (Bolouri-Moghaddam et al. 2010). ROS can
act as signals triggering stress (by oxidizing proteins, lipids and nucleic acids) and
defence pathways. In plants, ROS generation and photosynthetic mechanism are
interlinked (Peshev and Van den Ende 2013). Stress-induced ROS accretion in
plants is counteracted by two processes: firstly, inhibition of ROS development and,
secondly, ROS scavenging by enzymatic or non-enzymatic antioxidants (Gill and
Tuteja 2010). Soluble sugars appear to be involved in ROS-generating metabolic
pathways. However, specifically, those sugars that interact with membranes can act
as innate ROS scavengers (antioxidant) in plants (Peshev and Van den Ende 2013).
They can correspondingly feed on NADPH-generating metabolic pathways such as
the oxidative pentose phosphate (OPP) pathway and in so doing contribute to the
ROS scavenging cascade (Khan et al. 2019).

The objective of this chapter is to review topical evidences on what method
plants can sense and strategically respond to abiotic stresses via sugar-sensing
mechanisms. The different functions of Glc, Suc and other sugars will be deliber-
ated. We have also assessed the dual position of soluble sugars on the basis of our
current knowledge on ROS production in plants. ROS evasion and scavenging will
be discussed with respect to abiotic stress in plants with specific consideration on
the role of sugars as antioxidants. Sugar responses to different abiotic stresses and
biochemical and genetic evidences for diverse sugar-sensing mechanisms are anal-
ysed and summarized. Finally, this could provide a background for the developmen-
tal strategies for crop tolerance enhancement to abiotic stress conditions.
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14.2 Physiological Role of Sugars in Plants

Soluble sugars guarantee an adequate flow of energy and building materials to carry
out specific developmental activities in plants (Fig. 14.1). Glc (C¢H,,0y) is a simple
sugar and the most abundant monosaccharide. Fru (fruit sugar) is a ketonic mono-
saccharide, where it is frequently bonded to a Glc molecule to form the disaccharide
Suc in plants. Suc (C;H,,0O,;) is a common sugar produced naturally in plants.
Mannitol is a six-carbon acyclic sugar alcohol that can act as osmoprotectant to
counter ROS and as a carbon storing compound. T6P is a naturally occurring non-
reducing disaccharide. It has a crucial role in plant metabolic processes and acts as
a reserve carbohydrate in plants (Stephanie et al. 2010). Sink formation, carbon
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Fig. 14.1 A diagrammatic representation of the role of soluble sugar in plant growth and develop-
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metabolism and sugar build-up have significant functions in vegetative plant devel-
opment, possibly through sugar signalling cascade.

14.2.1 Germination and Seedling Development

In the process of seed germination, the chief reserved compounds (carbohydrates,
lipids and proteins) are mobilized by hydrolytic enzymes which in turn are used in
seedling growth (Soltani et al. 2006). The utilization of these reserve substances
continues till the seed turn into autotrophic seedling (Pritchard et al. 2002). The
high activity of cell wall invertase creates high hexose concentration that helps
embryo advancement by promoting rapid cell division. This has been observed by
high-resolution histographical mapping in emerging cotyledons (Borisjuk et al.
1998). Exogenous treatment of Glc negatively affects germination in a concentration-
dependent (1.5 < 2.5 < 5%) manner (Zhao et al. 2009). The Glc might function as a
“morphogen” possibly due to sugar-mediated regulation of cyclin D gene (Riou-
Khamlichi et al. 2000). In the transition phase, the embryo shifts from a predomi-
nant mitotic phase to differentiation determined by cellular enlargement due to Suc
uptake surge and the creation of embryo sink strength. Elevated concentrations can
lead to obstruction in germination as well as can inhibit the early stages of seedling
growth (Price et al. 2003). However, the process is reversible, as the growth contin-
ues when the Glc concentration decreases (Gibson 2005). The effect is seen in Vigna
radiata where with increase in Glc content, the germination rate and height of
sprouts are decreased (Dewi 2015).

Arabidopsis seed growth shows a similar pattern, but the only difference is that
its storage material is mainly lipids, and T6P metabolism also has a crucial role dur-
ing embryogenesis. The inhibitory action of Glc at higher level on the development
of seedling is also well studied. Arabidopsis seedlings at higher Glc concentration
are incapable of developing green colour and also fail to develop expanded cotyle-
dons or leaves (To et al. 2003). Researchers reported that a loss-of-function muta-
tion in the putative APETALA?2 (AP2)-type TF intensified the seed mass and yield.
The increase in cell size and count in the mutant embryos is linked with the elevated
hexose to Suc ratio during embryo development (Jofuku et al. 2005). Hypocotyl
elongation is inversely proportional to the Glc concentration (Kushwah and Laxmi
2014). Glc intermediated regulation of seed germination might be an outcome of its
capacity to mitigate the inhibitory impacts of abscisic acid (ABA) on germination in
a concentration-dependent way. Additionally, few ABA and Glc signalling mutants
demonstrate standard germination kinetics (Price et al. 2003), signifying the role of
specific signalling pathways in germination and differential reaction to sugars con-
ditional on the developmental phase. An essential role of ABA in plant sugar metab-
olism was validated by the description of Glc insensitive5 and Glc insensitive6/Suc
uncoupling6/sugar insensitiveS as mutant alleles of ABA3 and the gene that codes
the AP2-type TF ABI4, respectively (Leon and Sheen 2003). ABA response element
(ABF2) is an essential component of sugar signalling, and overexpression of



310 S. Afzal et al.

ABF3—4 also upsurges Glc sensitivity (Kim et al. 2004). Exogenous Glc explicitly
improved the expression of ABA synthesis and signalling genes along with the
endogenous levels (Cheng et al. 2002). Hence, it is proposed that Glc-specific build-
up of ABA is essential for sugar signalling in early seedling growth.

14.2.2 Carbon and Nitrogen Metabolism

Glc is a minor photosynthetic product; however, its exogenous treatment can mod-
ify the photosynthetic cycle and its associated traits. In the presence of Glc, the rate
of electron allocation to photosystem I (PSI) increases. In turn, Glc hydrolysis to
NADH and NADPH (reducing powers) also increases which are vital for several
biosynthetic reactions (Rineau et al. 2013). The rate of chlorophyll molecule syn-
thesis also increases in the incidence of Glc. It was reported that excised, etiolated
bean leaves showed enhanced chlorophyll synthesis on external application of Glc
(Prasanna et al. 2004). The effect of Glc on the photosynthetic process is concentra-
tion dependent. With increasing concentration of Glc, the chloroplast development
is suppressed and finally inhibited. This inhibition is due to Glc- and Suc-mediated
repressed transcription of photosynthetic genes (Sinha and Roitsch 2002). The rate
of oxygen evolution and electron transport also declines in Glc presence. RuBisCO
is the vital enzyme in photosynthesis that increases with increasing Glc concentra-
tion (Spreitzer and Salvucci 2002). Carotenoids are photoprotective pigments that
also act as precursors for ABA biosynthesis in plants. It is reported that carotenoid
synthesis is decreased by the Glc treatment probably due to repression of genes cod-
ing for carotenoid pathway enzymes (Stephanie et al. 2010). f-Carotene is the
amplest form of vitamin A present in fruits and vegetables. On the contrary, the
concentration of P-carotene rises in plants after Glc application (Krinsky and
Johnson 2005). Exogenous application of Glc can increase the expression level of
glycolysis, pyruvate metabolism, Krebs cycle (energy-generating mechanisms) and
respiration (energy-consuming mechanism). It is reported that the presence of Glc
can increase respiration but decreases starch in potato (Stephanie et al. 2010). This
response is similar to overexpression of invertase enzyme (Alagbe et al. 2020).
Plant assimilates nitrates into other organic compounds, and their reduction into
nitrite is catalysed by nitrate reductase. It is reported that Glc could affect enzyme
nitrate reductase by enhancing the accumulation of nitrate in roots of corn (Oaks
1994). NRT2.1 is a nitrate transporter whose protein levels and transferring capacity
are augmented in the presence of Glc. However, the augmentation is independent of
HXK1-mediated stimulation (Jong et al. 2014).
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14.2.3 Plant Growth and Development

Soluble sugars are capable of regulating overall plant growth and development.
Genes that translate proteins like AGPase and Snf1-related kinases (SnRK) in apical
meristem assist as markers for initial leaf expansion (Pien et al. 2001). Shoot matu-
ration is separable into juvenile, adult nonreproductive and reproductive phases. By
repression of the small subunit of RuBisCO, shoot morphogenesis is delayed,
whereas the shoot to root ratio is increased (Tsai et al. 1997). Glc suppresses miR156
(transition of juvenile phase to adult phase) expression up to 50% (through HXK1-
dependent pathway) due to a decrease in miR156 genes (Yang et al. 2013). Sugars
are also reported to regulate the development of organs. Arabidopsis seedlings
(dark-grown) showed adventitious root formation initiation by exogenous Suc
application (Takahashi et al. 2003). Hence, it is established that Glc treatment may
result in suspending the transition process in plants. In the root meristematic zone,
Glc concentration increases the rate of meristematic cell differentiation along with
its transport to the elongation and differentiation region. The effect is that the Glc
concentration is inversely proportional to the root length (Lorenz et al. 2003).
Additionally, initiation of flowering is allied with starch utilization and elevation in
leaf carbohydrate transfer to the shoot apical meristem, signifying that sugars in the
phloem are critical components. It is reported that Suc accessibility boosts morpho-
genesis and flowering in Arabidopsis even in dark conditions. Exogenous Suc (1%)
treatment induces the late-flowering phenotype of different mutants, whereas at
higher concentration of sugars, the transition is delayed by extension of vegetative
phase (Roitsch and Gonzalez 2004). Arabidopsis sugar-insensitive mutant (glz2)
showed late flowering, entirely sterile gynoecium and abnormal flowers and fruits
(Chen et al. 2004). The essential function of precise carbon allocation in reproduc-
tive advancement arises from antisense SnRK transgenic barley and tobacco male
sterility phenotypes with tissue explicit antisense repression of a cell wall invertase
(Ruuska et al. 2002). An associated delay in stimulation of LEAFY advocates that
sugars can regulate the expression of floral meristem identity genes (Ohto et al. 2005).

14.2.4 Senescence

Leaf senescence is the last step in the plant’s life cycle in which the metabolites are
remobilized and transported into the developing organs from old leaves (Fig. 14.1).
Senescence can be stimulated by different conditions, and numerous signalling
pathways are intricate in the regulation. Possibly, it is the result of integration of
environmental and sugar signalling. Leaf senescence was induced in Arabidopsis by
Glc application (2%) in combination with low nitrogen supply (Wang et al. 2008).
Amino acid amount decreased in senescing leaves, but the sugar content was
increased in numerous plant species (Jongebloed et al. 2004). In Arabidopsis, the
contents of Glc and Fru (hexoses) upsurge, whereas Suc content remains stable in
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senescing leaves (Wingler 2007). Data analysis of Affymetrix GeneChip assay con-
firmed that variations in gene expression during Glc-stimulated senescence are rep-
resentative of developmental senescence. Sugars can be supposedly synthesized by
gluconeogenesis from fatty acids. Senescence during drought stress is beneficial as
it not only reutilizes nutrients but also averts excessive water loss, thus improving
plant water balance (Lim et al. 2007). On the contrary, in another study, researchers
reported that delayed ageing can enhance drought tolerance in tobacco plants
(Rivero et al. 2007). Stessman et al. (2002) reported hexose accumulation in senesc-
ing leaves of Arabidopsis. Glc, Fru, Suc and other osmolytes are reported to get
accumulated during cold treatment (Kaplan et al. 2007). In another report,
Jongebloed et al. (2004) displayed that phloem obstruction due to callose deposition
may perhaps result in an age-dependent sugar accumulation. The ABA is an impera-
tive signal in plant retort to stresses like cold, drought and salinity. The phytohor-
mone synthesis and signalling has identified a vital component in sugar signalling.
Arabidopsis mutants in ABA synthesis or signalling did not show developmental
seizure in response to high-sugar levels (Rolland et al. 2006). A few cold response
genes can be induced by ABA and sugar signalling; therefore, a feedforward loop
might occur enhancing stress acclimation by sugar aggregation (Masclaux-
Daubresse et al. 2007). Furthermore, exogenous Glc application did not induce
senescence in cold-grown Arabidopsis as in higher temperatures. This controlling
interaction might be significant in the prevention of premature senescence.

14.3 Sugar as a Signalling Molecule: Signal
Transduction Cascades

In order to coordinate the metabolic processes in plants and respond appropriately
to the altering environmental changes and energy demands, plants have developed
an array of mechanisms to sense diverse sugar signals (Gupta and Kaur 2005). The
signal then begins the signalling transduction cascade that leads to different cellular
responses. Plant HXK (HXK) has been proposed as a dual-functioning enzyme with
both regulatory and catalytic functions (Xiao et al. 2000). Plants have two different
HXK-Glc sensing and signalling pathways, which catalyse via the phosphorylation
of Glc, Fru and other molecules (Wei et al. 2020). First is the HXK-dependent path-
way and the second is the HXK-independent pathway. The HXK-dependent signal-
ling pathway requires phosphorylation of sugars, whereas the HXK-independent
signalling pathway does not require phosphorylation. Sugar analogues that are
phosphorylated by HXK were able to activate downregulation of photosynthetic
genes. Additional breakdown of sugar phosphates was not important to cause sup-
pression, as 2-deoxyglucose (2-DG) and mannose cannot undergo further process-
ing after phosphorylation and this might likewise cause downregulation. Moreover,
mannoheptulose, a competitive inhibitor of HXK, can inhibit the suppression caused
by 2-DG (Gupta and Kaur 2005). Moreover, 3-oxy-methyl-glucose (3-0-MQG)
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cannot diminish the suppression by 2-DG since it cannot also be phosphorylated by
HXK (Gupta and Kaur 2005). The epimer of Glc is mannose, which is phosphory-
lated by HXK to mannose-6-phosphate, which only gradually enters glycolytic
metabolism (Smeekens 2000). Arabidopsis plant has Glc analogue such as 2-DG
and mannose which inhibits seed germination through HXK signalling cascade.
HXK-independent substrates such as 3-0-MG and 6-deoxyglucose have no effects
on seed germination, whereas the HXK inhibitor mannoheptulose impedes the
mannose-induced inhibition of seed germination.

In an experiment, the role of Arabidopsis HXK (AtHXK1 and AtHXK?2) in the
sugar-induced repression of photorespiration (gene) and early seedling develop-
ment is shown (Xiao et al. 2000). The metabolic enzyme (AtHXK1) acts as a Glc
sensor by modifying the HXK levels or with a heterologous yeast, viz. YHXK that
give a primary catalytic function. This concept is supported by a five times increase
in hexose phosphorylation activity, but no inhibition of seedling development in
plants ectopically expressing YHXK2. Plants overexpressing AtHXK1 show both
an increased hexose phosphorylation activity and an inhibition of germination and
early seedling development. It was reported that AtHXK1 had an important signal-
ling function which was not altered by YHXK2 (Jang et al. 1997). Some genes,
involved in carbon and nitrogen metabolism, were reported to be independent of
HXK (Sheen et al. 1999).

The standard definition of HXK is that it acts as a dimeric cytosolic enzyme
crucial for glycolysis. HXK is a Glc sensor, where intracellular sugar (Glc) signals
are sensed, or it has regulatory and catalytic functions or whether the ATP/AMP
ratio is the actual signal (Bolouri-Moghaddam et al. 2010). HXK activity could be
involved in cell expansion, cell division and ROS signalling in plant organelles such
as mitochondria and chloroplasts (Alagbe et al. 2020). Mitochondrial HXK
(mtHXK) activity has an important role in producing ADP to maintain oxidative
phosphorylation, thereby controlling ATP generation-associated limitation of oxi-
dative respiration and successive H,0O, generation. In maize roots, mtHXK is sup-
posed to be connected to sugar synthesis that is needed for phenylpropanoid,
flavonoid and cellulose biosynthesis (Bolouri-Moghaddam et al. 2010). The mtHXK
enzyme in plant performs an antioxidant action in mitochondria. Glc signalling
through HXK downregulates a branch of the ethylene-signalling pathways that
induce germination and cotyledon and leaf development (Smeekens 2000). HXK
and SnRK are already regarded as conserved sugar signalling components regulat-
ing energy homeostasis, survival, abiotic stress resistance and longevity.
Additionally, invertase-related sugar signals appear to be very important during
plant defence reactions (Bolouri-Moghaddam et al. 2010). A significant role for
HXK-dependent sugar signalling in leaf senescence has also been reported (Bolouri-
Moghaddam et al. 2010). Figure 14.2 shows a diagrammatic depiction of sugar-
sensing mechanisms in plants.
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Fig. 14.2 A diagrammatic representation of sugar-sensing mechanisms in plants. Sucrose and
glucose are sensed by transporter homologues at the plasma membrane. The HXK glucose sensor
is linked with the outer membrane of plastids (mitochondria and chloroplast) and cytoplasm. HXK
is also found in the nucleus with high-molecular-weight complexes; here it regulates transcription
and proteasome-mediated breakdown of the EIN3 transcription factor. G-protein-coupled receptor
signalling by RGS1 and GCRI is intricate in glucose-mediated plant development, but by the
hexokinase-independent pathway. SnRK1 protein in plant has an imperative function in sugar and
starvation cascade; however, its regulation by sugars is still uncertain. Downstream of SnRK1,
significant regulatory effects for TOP (trehalose) are reported. Lastly, several transcription factors
controlling the sugar-regulated transcription are located in the nucleus. See text for addi-
tional details

14.4 Abiotic Stresses

Since the last few decades, the existence of plants under abiotic stress is a wide area
of research. These abiotic stresses directly or indirectly distress the concentration,
metabolism, transport and storage of sugars as well as the sugar signalling pathways
(Cramer et al. 2011). Abiotic stress in plants can also reduce the growth and yield
below the optimum levels. Sugars are firstly involved in several metabolic activities;
it controls numerous genes specially those of Suc metabolism and photosynthesis.
Secondly, accumulation of soluble sugars enhances plant survival under abiotic
stresses, such as salt, heat, chilling and drought (Mohammadkhani and Heidari
2008). Other forms of carbohydrate such as raffinose family oligosaccharides
(RFOs), T6P and fructans also function as protectants against different types of
abiotic stresses. A set of genes involved in sugar metabolism influenced under
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Table 14.1 Set of genes involved in sugar metabolism in plants that are upregulated and
downregulated by glucose and under abiotic stresses

S. no. Genes upregulated Genes downregulated

1 Sulphur assimilatory genes Amino acid degradation
2 Ribosomal proteins Trehalose metabolism

3 Lipoxygenase Storage proteins

4 Nucleotide synthesis Gluconeogenesis

5 Secondary metabolism methyltransferases | Aldolases

6 Protein kinase Glutaredoxins

7 Protein targeting Fructose bisphosphatase
8 Lipid transfer proteins Lipid degradation

9 Glutathione S-transferase Light-mediated signalling
10 Secondary metabolism flavonoid synthesis | Ubiquitin conjugation

11 Phosphoenol pyruvate carboxylase Ethylene synthesis

12 Nucleotide sugar transferases Pentose phosphate pathway

Li et al. (2006), Seki et al. (2002)

glucose concentration and abiotic stresses in plants are shown in Table 14.1. The
role of sugars under diverse abiotic stresses has been described further in details.

14.4.1 Water Stress

Drought is a major limiting factor in plant development and productivity. In a study
conducted with a variety of plants, it was validated that drought or flooding induced
conversion of hexoses, for instance, Suc and starch into polyols (sugar alcohols)
(Mohammadkhani and Heidari 2008). Former reports stated that during drought
stress, sugars protect the cells by two mechanisms. Primarily, the -OH groups of
sugars may replace water (H,O) to sustain hydrophilic interactions in proteins and
membranes during dehydration. Thus, sugars make hydrogen bonding with proteins
and membranes and inhibit protein denaturation. Secondly, sugars are an extensive
contributing factor to vitrification, i.e. the synthesis of a biological glass in the cyto-
plasm of dehydrated cells. In numerous plant species, it was reported that raffinose
(Raf), verbascose and stachyose accumulated at the time of desiccation of seeds as
well as accumulated in the leaves when the plant was exposed to abiotic stress
(Sami et al. 2016). These sugars have a significant function during stress in mem-
brane protection and ROS scavenging. Soluble sugars also prevent dehydration of
membranes and maintain the turgidity of leaves. Drought is amongst the major fac-
tors that significantly downregulate photosynthesis (Sami et al. 2016). Glc induces
stomatal closure and enhances plant’s adaptability under drought stress (Osakabe
et al. 2014). Another significant component of carbohydrate metabolism is sucrose-
phosphate synthase (SPS) present in plant leaves. Gupta and Kaur (2005) reported
that SPS activity was decreased in leaves of plants subjected to drought stress.
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During meiosis water stress induced male sterility and prevent starch accumulation
but enhanced the accumulation of soluble sugars (Pressman et al. 2002).

14.4.2 Salt Stress

Salt stress not only modifies nitrogen assimilation, carbohydrate levels, cell division
and plant growth but also modifies the types of carbohydrates synthesized and trans-
ferred by the source tissues (Sami et al. 2016). Osmotic stress has an effect on the
carbohydrate source (photosynthesis) as well as the mobilization of carbohydrate
stock (Henry et al. 2015). Increased concentration of salt leads to ionic imbalance,
declines stomatal conductance and causes reduction of leaf growth (Sami et al.
2016). Salinity induces alterations in processes such as energy metabolism, protein
synthesis, ion transport and protein fate (Cramer et al. 2011). Osmotic imbalance
subsequent from salinized soils or drought can be calamitous for plants like maize,
chiefly due to its effect on early kernel development (Henry et al. 2015). Osmotic
stress induces kernel abortion by diminishing photosynthesis and evapotranspira-
tion in maize. Osmotic stress also reduces Suc-sugar levels, transcription levels,
Suc-degrading enzyme activity and starch in the kernels. The accumulation of sugar
serves as carbon storage and osmoprotectant, maintains osmotic homeostasis as
well as scavenges free radicals to mitigate the damaging effects of salt stress (Sami
et al. 2016). Plants try to reduce their osmotic potential by enhancing mineral ion
content and synthesis of compatible solutes to enhance water uptake under stress
(Nemati et al. 2011). The synthesized and accumulated total soluble carbohydrates
in the cytosol are also important solutes during salinity stress. Total soluble carbo-
hydrates induce better osmotic adjustment and maintain turgor for growth under
salinity. Plants and bacteria are reported to produce fructans (polyfructose mole-
cules) that have a crucial part in adaptation to osmotic tension due to their high
soluble characteristic.

14.4.3 Cold Stress

Cold stress causes substantial dysfunctions at the cellular level; these comprise dis-
ruption of membranes, generation of ROS, protein denaturation and accretion of
toxic by-products (Yuanyuan et al. 2009). Development of cold tolerance in higher
plants enhanced by the accumulation of a diverse variety of soluble sugars such as
Glc, Fru, Suc, stachyose and Raf (Sami et al. 2016). It has been reported that these
sugars function as osmoprotectants and also protect the cellular membrane from
damage, induced by dehydration and freezing (abiotic stress) through interaction
with the lipid bilayer. In addition, TOP sugar also serves as osmolyte and stabilizes
protein, lipid and membrane. In rice, higher concentration of T6P is detected under
cold stress. Some oligosaccharides like fructans and Suc induce resistance from
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crystallization and then enable glass formation within the cell and protection of
membrane phospholipids under freezing. In other words, the accumulation of solu-
ble sugars contributes to the enhancement of cryo-stability of cell membranes. This
enhanced membrane stability is a prerequisite for dehydration or cold tolerance
because freezing causes destabilization of cellular membranes which is the initial
cause of damage in plants. Polyols like glycerol, sorbitol, Suc and mannitol are
osmoprotectants in insects, exposed to freezing algae and certain halophytic plants
(Rathinasabapathi 2000).

14.4.4 Heat Stress

In heat stress, the accumulation of soluble sugar and starch in the pollen grains was
markedly lesser than that under normal conditions (Pressman et al. 2002). Abiotic
factors such as high temperature and water stress affect SPS activity (Lafta and
Lorenzen 1995). The enhancement in SPS activity is transferred to the entire plant
level from source leaves at high temperature (heat stress). In this experiment, the
changes in SPS activity at high temperature coincided with altered enzyme concen-
trations of carbohydrate metabolism in developing tissues. It was also associated
with increased carbohydrate partitioning in young leaves and stems. High tempera-
ture reduced the plant growth and leaf expansion. Heat stress affects more the tuber
growth than the shoot growth (Feil and Lunn 2018). High-temperature-treated
leaves reported higher levels of Suc at the edge of the photoperiod as compared to
the leaves from the cold treatment (low temperature), whereas starch concentration
was reported to decline in the plant leaves after high-temperature treatment (Feil
and Lunn 2018). A paper proposes that heat stress-induced depletion in sugar trans-
port to reproductive tissue leads to loss of gametophyte growth (Pressman
et al. 2002).

14.5 Abiotic Stress-Induced Oxidative Stress and Scavenging
in Plants

Abiotic stress at cellular and tissue levels commonly induces an oxidative stress. It
is defined as a disproportion between ROS synthesis and scavenging via antioxi-
dants like Glc (Keunen et al. 2013). Under physiological conditions, ROS such as
10, O,", "OH and H,0O, are generated as by-products of oxidative metabolism in
different plant organelles. ROS plays a dual role as signalling and damaging com-
pounds (Sami et al. 2016). Increased ROS accumulation under abiotic stress is life-
threatening as it leads to oxidization of proteins, lipids and nucleic acids (Hu et al.
2012). In addition, it affects the gene expression, plant cell growth, cell membrane
integrity, hormone signalling and programmed cell death (Fraire-Veldzquez and
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Balderas-Hernandez 2013). Salt stress affects the plant’s metabolism in several
ways such as ion toxicity, production of ROS and osmotic stress (Hu et al. 2012).
ROS are highly reactive and can seriously impair normal metabolism causing pho-
tooxidative damage and leading to lipid peroxidation. Drought stress leads to an
induction of high accumulation of ROS, which damages the biomolecules.
Researchers stated that the shortage of water in cucumber cells caused lipoxygenase
activity, membrane injury and lipid peroxidation affecting normal growth (Morsy
et al. 2007; Hu et al. 2012). Soluble sugars are already testified to improve the anti-
oxidative mechanisms as it is involved in ROS scavenging, thus contributing to an
overall environmental stress tolerance (Keunen et al. 2013). In another way, soluble
sugars can also funnel NADPH-producing metabolic pathways (i.e. OPP pathway),
which can scavenge the ROS. Moreover, sugars and sugar alcohols have been
widely accepted as an antioxidant system quenching ROS against various kinds of
stresses, regulating the osmotic alteration and providing membrane protection
(Sami et al. 2016; Hu et al. 2012).

14.5.1 ROS Scavenging in Plant Chloroplast

Under standard as well as stressed conditions, ROS is generated as the by-product
of high photophosphorylation (oxidizing metabolism) or rapid electron flow in
organelles such as chloroplasts and peroxisomes (Keunen et al. 2013). In the thyla-
koid membrane, photosystem I and II reaction centres account for high levels of
ROS in the chloroplast. Soluble sugars can be involved in ROS producing photores-
piratory pathway which is a major producer of H,O,. Environmental stresses, for
instance, salinity, excess light, drought and metal exposure, enhance chloroplast
ROS production. It can also utilize the OPP pathway producing reduced power for
glutathione (GSH) production and contribute to ROS quenching (Cramer et al.
2011). Glucose-6-phosphate dehydrogenase (G6PDH) enzyme catalyses the first
reaction in this pathway. This enzyme activity can be vital in regulating the ROS
decontamination capacity along with redox potential in the chloroplast. Moreover,
limited sugar supply may interrupt respiratory metabolism, thereby increasing ROS
creation at the level of the electron transport chain (ETC). Sugars such as galactinol
(Gol), RFOs, fructans and sugar alcohols (inositol, mannitol, sorbitol) are suggested
to function as antioxidants and possess ROS quenching capacities (Keunen et al.
2013). Commonly, they have higher scavenging affinity for ‘OH as compared to 'O,.
Nishizawa et al. (2008) analysed that Gol and Raf had ‘OH scavenging ability and
showed similar antioxidant capabilities to GSH. Moreover, the researchers also
reported that their concentrations are appropriately ranged to protect plant cells
from oxidative damage. Interestingly, Raf concentration can directly scavenge "OH
radicals as compared to ascorbate (AsA) and GSH in chloroplasts of stressed plants.
In chloroplast stroma, ascorbate-glutathione (AsA-GSH) cycle is present that is
fully functional to neutralize H,O, produced by the difference of 'O, catalysed by
superoxide dismutase (SOD) (detoxifying ROS).
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Some water-soluble antioxidants such as carotenoids and tocopherols are highly
abundant in chloroplasts. Tocopherols efficiently reduce 'O, and are located in the
thylakoid membranes. They are also reported to scavenge lipid peroxides precisely
under abiotic stress conditions (Keunen et al. 2013). On the other hand, carotenoid
pigments protect the photosynthetic apparatus from photo-oxidation. Raf was
shown to protect chloroplast from photorespiration and chloroplast membranes
against desiccation, high temperature and freezing stress (Keunen et al. 2013). The
oxidized RFO radicals might be regenerated by reducing antioxidants such as AsA
or flavonoids. The overexpression of galactinol and raffinose synthase in transgenic
Arabidopsis plants enhanced the Gol and Raf concentrations and showed effective
oxidative stress tolerance and ROS scavenging capacity (Keunen et al. 2013).
Peroxiredoxins (Prxs) are thiol-based peroxide reductases that are capable of reduc-
ing several substrates specifically ranging from peroxynitrite to H,O, (Van den Ende
and Valluru 2009). Fructans can protect plants against water stress by stabilizing
and activating other specific antioxidative defence mechanisms. Additionally, sugar
availability can increase AsA biosynthesis, possibly due to an enhanced respiration
rate (Bolouri-Moghaddam et al. 2010). In tobacco, mannitol is reported to protect
ferredoxin, GSH, thioredoxin and the thiol-regulated enzymes against ‘OH (Keunen
et al. 2013).

14.5.2 ROS Scavenging in Plant Mitochondria

In non-photosynthetic cells, mitochondria are the core sites of ROS generation. This
might be due to electron outflow at complexes I and III in the ETC (Keunen et al.
2013). Proactive energy-dissipating systems are present in plant mitochondria,
which are able to considerably reduce the rates of ROS generation at the ETC
(Hussain et al. 2019). In this situation, the function of the alternative oxidase (AOX)
bypassing ETC III and IV complexes is confirmed to reduce ROS creation (Mgller
2001). Plant uncoupling proteins are another proactive energy-dissipating structure
that reduces the ROS production through fine-tuning the membrane potential of
plant mitochondria (Keunen et al. 2013). Soluble sugars showing protective effects
against oxidative or abiotic stress have been mostly owed to signalling cross-talks
that could stimulate explicit ROS scavenger (Singh et al. 2019). However, sugars,
AOX, uncoupling proteins and their allied metabolic enzymes may perhaps also act
as ROS scavengers at the level of the mitochondrial ETC. However, it was recently
proposed that the synergistic interaction of sugars and phenolic compounds is part
of an integrated redox scheme, contributing to ROS scavenging and stress tolerance.
The mitochondria-associated HXK (mtHXK) have catalytic activity which regu-
lates detoxification of ROS and consecutive signalling pathways, thus generating
antioxidant defence systems in plants (Keunen et al. 2013). The inner mitochondrial
membrane contains galactono-glactone dehydrogenase enzyme which catalyses
AsA synthesis. In the biosynthesis of AsA, SOD and sucrosyl oligosaccharides
(SOS) act as antioxidants and detoxify ROS. In plant mitochondria, GSH levels



320 S. Afzal et al.

could also cause cell survival during environmental stress, as GSH protects mito-
chondrial DNA and proteins from being oxidized. The enzyme mtHXK can play an
important role in producing ADP to support oxidative phosphorylation (Bolouri-
Moghaddam et al. 2010).

14.5.3 ROS Scavenging in Plant Peroxisomes

Similar to other plant organelles described earlier, ROS is also generated in peroxi-
somes as a by-product of its oxidative metabolism (Keunen et al. 2013). In the per-
oxisomal matrix, O," is produced by xanthine oxidase enzyme, and in membranes,
it is produced via NADPH-dependent ETC reactions. In peroxisome, APX and
MDAR are located on the membrane facing the cytosol. Peroxisomes are subcellu-
lar single-membrane organelles where H,O, is generated by the activities of flavin
oxidases and catalase (CAT) enzymatic components (Keunen et al. 2013).
Peroxisomal ROS are also produced by various factors such as metals, xenobiotics,
soil salinity and abiotic stresses. The presence of CAT in peroxisomes has been
unequivocally recognized. The CAT enzyme dismutases H,0O, into O, and H,O
however, no external sources of reducing equivalents are needed for the reaction
catalyzed by this enzyme. Three isoforms of enzyme i.e. CAT1-3 are reported to be
present in the peroxisomal matrix of Arabidopsis. Correspondingly, the presence of
Prx in plant peroxisomes could furthermore enhance the H,O, quenching system in
peroxisomes (Corpas et al. 2003). Experimental information suggests that only
APX3 could have a significant role in the peroxisomal ASC-GSH cycle. Numerous
components of the AsA-GSH cycle have already been reported to be present in the
peroxisomal membrane and matrix. The CAT enzyme was found to coordinate with
the AsA-GSH cycle. Until now, there are no reports that could clearly indicate the
involvement of soluble sugars such as Glc and Suc in peroxisomal antioxidant
defence.

14.5.4 Emerging ROS Scavenging Systems in Plant Vacuoles

Abiotic stresses can cause an enhancement of cytosolic H,O, concentration that can
enter the plant vacuole via aquaporin or diffusion throughout the tonoplastic mem-
brane (Singh et al. 2017). Class III peroxidases are reported to be associated closely
with the inner membrane of tonoplast. Lipid peroxidases can attack H,O, and con-
vert it into "OH radicals via the hydrolytic cycle, under stress conditions. Vacuolar
sugars or sugar-like compounds can deeply insert itself amid the hydrophilic head-
groups of the tonoplast membranes, thus stabilizing them under abiotic stress and
playing a crucial role in scavenging these radicles. NADPH oxidases are enzymes
present at the tonoplastic membrane which might be the major producer of ROS
(cytosolic NADPH), as reported by some proteomic studies (Keunen et al. 2013).
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The initial product of this enzyme is 'O,, which is detected in the tonoplast. This 'O,
could be converted to the less toxic H,O spontaneously or by the activity of
tonoplast-associated SOD (Van den Ende and Valluru 2009). Vacuoles accumulate a
complex of anthocyanins, phenolics and malate (strong antioxidant compounds),
which impacts the potential to buffer the redox state inside the cells (Keunen et al.
2013). Flavonoids such as anthocyanins and flavonols concentrate in the plant vacu-
oles and play versatile roles in plant metabolism. Phenolic compounds and fructans
might function in a synergistic way to detoxify the excess vacuolar H,0O, and redox
regulation processes. Vacuolar sugars and sugar alcohols are crucial players in anti-
oxidative stress defence (Stoyanova et al. 2011). In addition, fructans were sug-
gested to be acting directly as ROS quencher in the vicinity of the tonoplastic
membrane (Singh et al. 2015). GSH, RFOs, fructans and SOS are supposed to pro-
tect biological membranes by detoxifying ROS in vacuoles and chloroplast or indi-
rectly activating the antioxidative defence system (Van den Ende and Valluru 2009).

14.6 Possible Mechanisms of Sugar-Mediated Abiotic Stress
Tolerance in Plants

Carbohydrates synthesized by photosynthesis are the building block and energy
generator that supports plant growth. Under abiotic stress conditions, major plant
growth is prevented, but photosynthesis and accumulation of fructans, disaccharides
(Suc, T6P) and RFOs are slightly permitted. RFOs such as Raf, verbascose and
stachyose are produced in the cytosol (Keunen et al. 2013). In addition to RFO
accumulation, the activity of enzymes and gene expression involved in the metabo-
lism are strongly connected with abiotic stress responses (Afzal et al. 2019). Under
stress conditions, fructans can interact with apoplast cell membranes by directly
forming hydrogen bonds (Livingston et al. 2009). RFOs and fructans are sucrosyl
oligosaccharides, and their associated enzymes together interact with ROS scaveng-
ing cascades (Keunen et al. 2013). Carbohydrates and carbohydrate-containing bio-
molecules (soluble sugars) play a leading role in the cellular redox equilibrium due
to their proximate associations with mitochondrial respiration, photosynthesis and
fatty acid p-oxidation (Keunen et al. 2013). Small water-soluble sugars and the
enzymes linked with their synthesis and signalling pathways are generally believed
to be allied with oxidative stress and are capable of scavenging ROS. Any imbal-
ance in the redox equilibrium of plant cells requires induction of specific antioxi-
dant or antioxidant enzymes which represses ROS. The possible role and mechanism
of sugar-mediated abiotic stress tolerance in plants have been described further in
details (Table 14.2).
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14.6.1 The Defending Role of Sugar and its Associated
Metabolic Enzymes Under Abiotic Stress

Fructans are Suc-derived Fru polymers supposed to be produced in the plant vacu-
oles. The presence of fructans is reported in only about <15% of all angiosperms.
Fructans such as inulin show a stronger interaction with apoplast or tonoplast mem-
branes as compared to levan-type fructans. Fructans can inhibit lipid condensation
and cessation of the transition phase by decreasing the molecular motions of the
lipid headgroups. RFOs show analogous physiological characteristics in plants and
were reported to be involved in dehydration and desiccation stress tolerance in
seeds. Thus, both RFOs and fructans are supposed to protect cellular membranes
under stress maintaining cellular integrity (Keunen et al. 2013). Some soluble car-
bohydrates function as osmoprotectant carbohydrates (e.g. Suc, T6P, fructans, Raf
and Gol) (Van den Ende and Peshev 2013). Suc is supposed to function as an osmo-
protectant, stabilizing/protecting biological membranes and maintaining cell turgor
pressure (Morsy et al. 2007). T6P can function also as an osmolyte and keep stabi-
lizing membranes and proteins (Hernandez-Marin and Martinez 2012).

Soluble sugar may contribute to the enhancement in cryo-stability of cellular
membranes by maintaining membranes in their appropriate phase which is essential
for survival under abiotic stress (Krasensky and Jonak 2012). Sugars keep mem-
brane surfaces “hydrated” and inhibit membrane fusion by inserting into the space
between phospholipid biomolecules (Van den Ende and Peshev 2013). Hence, solu-
ble sugars can function as cryoprotectant for protecting the membrane in the dry
state or dehydrated state. In the glass forming process, TO6P not only crystallizes but
also undergoes vitrification. It is the only sugar that can remain in glasslike state
during dehydration stress (Fernandez et al. 2010). Raf may be more effective in
membrane stabilization than disaccharide or monosaccharide (Morsy et al. 2007).

ROS accumulation has been shown to be inhibited by dysfunction of G6PDH,
suggesting that the protective role of sugars was dependent on OPP activity. Soluble
sugars can replenish NADPH, required for monodehydroascorbate reductase and
glutathione reductase activities (Singh et al. 2016). Keunen et al. (2013) reported
the roles of Gol and RFOs in ROS homeostasis that have a potential function as
neutral invertase and HXK functioning in chloroplasts to prevent ROS build-up in
stressed plants. Oligogalacturonides were reported to stimulate the metabolic and
enzymatic antioxidative defence system in alfalfa roots, which can be potentially
connected with sugar signalling in plant defence against oxidative stress (Keunen
et al. 2013). In addition, sugars can stimulate the synthesis of auxins that places
sugars at a pivotal position in the regulatory processes driving plant development,
under normal as well as under environmental stress conditions (Van den Ende and
Peshev 2013).
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14.6.2 Sugars as Antioxidants in Plants

Small water-soluble sugars such as Glc, Suc, sugar alcohols and Gol are proven to
function as antioxidants in plants (Keunen et al. 2013). Bolouri-Moghaddam et al.
(2010) hypothesized that sugars or sugar-like complexes such as Suc (present in the
vacuoles of sugar beet and sugar cane plants) might function as an antioxidative
compound inhibiting lipid peroxidation. This might be due to high concentration of
H,O, produced under stress (Van den Ende and Peshev 2013) or by directly quench-
ing the “OH and ‘OOH radicals that are formed around the membranes (Hernandez-
Marin and Martinez 2012). Mannitol could not reduce "OH radical generation in the
chloroplast, but it could enhance the scavenging ability, thus defending the cells
against oxidative damage. In addition, mannitol accumulation had no toxic effects
on plants (Van den Ende and Peshev 2013).

In an experiment, it was reported that in Arabidopsis plants, oligosaccharides’
concentration such as Gol and Raf was increased in stressed conditions (Krasensky
and Jonak 2012). Accordingly, a-galactosidase is reported to be inhibited in Petunia
plant, causing increased Raf synthesis and freezing tolerance (Pennycooke et al.
2003). The Arabidopsis plant contains seven Gol (GolS) genes, one of which is
induced by cold (GolS3) and the other two by drought (GolS1 and GolS2). In addi-
tion, overexpression of drought caused GolS1 and GolS2 genes in the plant to
enhance Gol and Raf levels, as well as showed decreased transpiration rates to
improve drought stress tolerance. These plants exhibit more effective oxidative
stress tolerance and ROS scavenging capacity than wild-type plants (Van den Ende
and Peshev 2013). Nishizawa et al. (2008) evaluated the ‘OH scavenging ability of
oligosaccharides (Raf and Gol) in vitro and indicated similar antioxidant scaveng-
ing abilities for both metabolites as compared to GSH. Interestingly, Raf levels in
stressed plants are comparable with AsA and GSH, signifying that this water-soluble
sugar can unequivocally neutralize “OH radicals in chloroplasts (Moller et al. 2008).

Production of *OH radical is highly dangerous in the vicinity of vacuolar mem-
brane (Stoyanova et al. 2011). Thus, the presence of sugar metabolites can inten-
sively interact with vacuolar membranes, such as fructans, and this could be critical
for stabilization of membrane under stress (freezing tolerance) (Van den Ende and
Peshev 2013). The accumulation of water-soluble sugar can be considered as true
antioxidant capable of quenching ROS. It is found that inulin and stevioside are
superior scavengers of both O, and "OH and are more effective than Suc and man-
nitol (Stoyanova et al. 2011). T6P also plays a role in ROS scavenging in vitro (Van
den Ende and Peshev 2013). Krasensky and Jonak (2012) analysed some geneti-
cally engineered plants and reported that increased T6P metabolism can positively
influence stress tolerance, but the exact role of T6P during abiotic stress remains
unclear. Suc-treated plantlets were able to sense altering ROS levels and in response
could trigger efficient scavenging and antioxidant systems (Ramel et al. 2009).
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14.6.3 Effect of Sugars on Proline Accumulation

Under abiotic stress, amino acid metabolism plays an essential role in stimulation of
stress tolerance in plants. As a result, different amino acids (proline (Pro), nonpro-
tein amino acids, minor amino acids and branched-chain amino acids) tend to accu-
mulate in plants (Kaur and Asthir 2015). Pro is a proteinogenic amino acid reported
to function both in plant metabolism (as molecular chaperone) and defence (osmo-
protectant) (Woodrow et al. 2017). In plants, Pro synthesis takes place by using two
pathways, primarily glutamate pathway and secondarily ornithine pathway (acti-
vated in chloroplasts) (Suprasanna et al. 2016). Synthesis of Pro in the cytoplasm or
chloroplast during unfavourable conditions stabilizes the low NADPH to NADP*
ratio, normalizes the redox balance by maintaining the electron flow between pho-
tosynthetic excitation centres and overall protects the photosynthetic apparatus
from photoinhibition and damage (Dar et al. 2016). Accumulation of Pro has been
described in various studies in response to different types of abiotic stresses, viz.
salinity, drought, high temperature and metal toxicity (Vives-Peris et al. 2017).
Surekha et al. (2014) reported a four times rise in Pro accretion in Cajanus cajan
(transformed with V. aconitifolia P5CSF129A) as a response to salinity stress as
compared to the wild type. In another report, the transformation of P5CS gene from
V. aconitifolia in transgenic rice and chickpea plants showed a higher increase in
Pro content (up to five times) as compared to non-transformed ones (Karthikeyan
et al. 2011). In a topical study, Li et al. (2019) reported a transgenic Arabidopsis
expressing salt-tolerant JbRAP2—12 gene from sweet potato. The plant was found to
accumulate higher Pro content with lesser ROS generation under abiotic stresses as
compared to the wild counterpart. It is still not clear whether accumulation of Pro is
an adaptive strategy, a stress response or just an indication. Pro is reported to stabi-
lize membranes and proteins, scavenge ROS, act as an antioxidant and induce
expression of salt stress-responsive genes (Carillo 2018). Pro metabolism in the
mitochondria under unfavourable conditions can contribute to additional oxidative
respiration that may produce energy for continuing plant development (Kaur and
Asthir 2015). It also functions as a sugar remobilization signal for restabilizing
plant growth, thus causing beneficial effects on the growth (Woodrow et al. 2017).
Nevertheless, there are species explicit variances in Pro accumulation strategies and
sugar signalling crosstalk in plants under abiotic stress (Dar et al. 2016).

14.6.4 Sugar and Phytohormone Interaction

Sugars can likewise crosstalk with prevailing phytohormone signalling systems to
control significant developmental processes in plants like germination and seedling
and tuber growth (Zouari et al. 2016). Plants malfunctioned in ABA or ethylene
signalling and sensitivity show altered sugar retort phenotypes. Hence, an enormous
overlay between sugar, ethylene, ABA signalling and regulating metabolic
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processes has been reported (Gibson 2005). ABA biosynthesis and ABA-insensitive
mutants are also reported to be insensitive to elevated Glc concentrations (Dekkers
et al. 2008). Identification of mutants during sugar response screening also dis-
played defect in ABA metabolism functioning, thus proving a connection amid
them. Ethylene signalling pathways are also thoroughly associated with the sugar
and ABA sensing interactions. Ethylene mutants, ethylene insensitive 2, ethylene
receptor 1 and ethylene insensitive 3 are Glc hypersensitive, whereas constitutive
triple response 1, which is a negative regulator of ethylene signalling, is reported to
be Glc insensitive (Aradjo et al. 2010). Glc and ABA act provocatively during the
process of germination and seedling growth. Here exogenous Glc allows germina-
tion of wild-type seeds on otherwise inhibitory ABA concentration (Leon and Sheen
2003). On the other hand, ABA upsurges the Suc stimulation and expression of
starch biosynthetic genes (Rook et al. 2001). In another study, a splicing factor
(SR45) acts as a negative regulator of sugar signalling during initial development. It
is involved in the repression of Glc-induced ABA build-up and downregulation of
ABA biosynthesis genes (Carvalho et al. 2010). In maize seeds, the signal stimulus
is regulated by soluble sugars in the emerging embryo, and the stimulus binds to
regulatory elements for ABA and sugars equally (Niu et al. 2002). ABA concentra-
tion is improved in transformed ethylene precursor I-aminocyclopropane-1-
carboxylic acid phenocopy gin mutants and wild-type seedlings (Dahiya et al. 2017).

14.7 Conclusions and Future Perspectives

Sugars are acknowledged to partake vast and diversified functions in plants. Sugars
are universally present in plants as an essential carbon and energy source. Sugar
moieties act as nutrients and regulate vital functions, viz. growth, metabolism and
stress tolerance responses. It overall participates in the development of plant from
embryogenesis to senescence. In addition to being an imperative energy source and
primary metabolite, the focus of investigation has now been shifted to the role of
sugar as a regulatory and signalling molecule. Genes are differentially expressed
depending upon the plant sugar status. The work in this specific area of research
highlights the diversity of developments associated with sugars and their necessity
in plants. The regulatory networks to which it is associated with physiological pro-
cesses like photosynthesis, germination, reproduction and senescence are also
explained. Fascinatingly, sugar signalling functions at the gene level in relation with
different phytohormones. The role of sugars as signalling moieties is clear when the
plant is under environmental stress. Under abiotic stress, plants produce sugars
(osmoprotectants) for scavenging ROS and preservation of homeostasis. The sensor
proteins of plant cells help in identifying status of sugar in the cell.

Sugar signalling in circadian rhythm and developmental mechanisms has also
been conferred. The molecular specifics of signal transduction cascades and their
interaction with other mechanisms can be discovered by using an amalgamation of
genomic proteomic and genetic methods. Novel genomic tools such as microarray
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and clustering analysis offer a comprehensive view on the transcript aspects regu-
lated by diverse sugar responses that can help in identification of new regulatory
components and target genes. The signal created by signal transduction cascades
can stimulate Ca*, calmodulins, mitogen-activated protein kinases and protein
phosphatases and lead to apt gene expression. In spite of the prevailing research on
this subject, there remains a lack of information, as countless key problems would
be addressed if we might recognize the controlling complexity and the mechanisms
involved in sugar homeostasis, cellular and subcellular distribution as well as long-
distance translocation. New molecular sensors and FRET (fluorescence resonance
energy transfer)-based imaging have the capability to picture and quantify the accu-
rate location and level of different sugar moieties as well as metabolites in alive
cells. Sugar signalling study under abiotic stress will remain to be a fascinating
research area for many years to come.
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