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Abstract 

Carbon, acquired by plants through photosynthesis, primarily 
fuels their metabolic processes and builds structural biomass. Yet, 
a fraction becomes non-structural carbon compounds (NCCs), 
including neutral lipids and non-structural carbohydrates (NSCs). 
NSCs, like starch and soluble sugars, are found across various 
cellular compartments, each with specific functions. Starch acts as 
a long-term carbon storage, while soluble sugars, such as sucrose, 
fructose, and glucose, serve diverse roles in plant growth, defense, 
and transport. In challenging conditions, NSCs become vital, 
acting as a plant’s “food pantry.” Reduced growth sink activity 
during stress leads to NSC accumulation, crucial for survival. 
Osmolytes, derived from external carbohydrates, safeguard plants 
against desiccation and freezing by stabilizing proteins and cell 
membranes. NSCs are essential for overall plant well-being, as 
established by earlier research. Investigating their distribution, 
especially in crops like cereals, provides insights into growth 
optimization. Understanding sugar transporters and NSC regulation 
offers the potential to enhance crop productivity and resilience, 
with profound implications for future agriculture. In essence, non-
structural carbohydrates are like the secret ingredients that ensure 
a plant’s equilibrium amidst environmental fluctuations. Unlocking 
their mysteries promises improved farming practices, resilient crops, 
and a sustainable future.

Key words:	Non-structural carbohydrates, Classification, Transport, 
Cereals

1. Introduction

The primary role of carbon absorbed by plants through 

photosynthesis is to serve as a fundamental element for 

their metabolic processes, including respiration, as well 

as for the construction of structural biomass. However, a 

smaller portion of this carbon is reserved as non-structural 

carbon compounds (NCC). These NCCs encompass 

various components, notably neutral lipids, which 

are prevalent in only a select few taxonomic groups, 

and non-structural carbohydrates (NSC). NSCs, such 

as starch, soluble sugars, and fructans, are distributed 

across various cellular compartments within plant cells, 

including plastids, cytosol, apoplast, and vacuoles. Starch, 

a particular type of NSC, functions as a storage reservoir 

within plants and becomes especially valuable during 

adverse conditions. Soluble sugars, on the other hand, 

play a multifaceted role in supporting growth, defense 

mechanisms, and transportation processes. During 

unfavorable circumstances, NSCs effectively act as a 

“food pantry,” aiding stationary plants in adapting to 

challenging environments. In instances like drought, the 

accumulation of NSCs, resulting from reduced growth sink 

activity, becomes instrumental in a plant’s survival. Plants 

also employ osmolytes, such as sugars and sugar alcohols 

derived from externally acquired carbohydrates, to 
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shield themselves from desiccation and freezing damage. 

These compounds accomplish this by stabilizing protein 

complexes and cell membranes. In both normal and 

stressful conditions, NSCs prove to be indispensable for 

the growth and development of plants, playing a pivotal 

role in their overall well-being. carbohydrates in plants. 

Starch, a non-soluble polysaccharide, functions as a long-

term storage resource within plants. In contrast, sucrose, 

fructose, and glucose are typically the primary soluble 

sugars available. These non-structural carbohydrates 

play pivotal roles in various aspects of plant growth and 

development. They are essential for maintaining normal 

plant functions, particularly when plants encounter 

challenging environmental conditions.

Fig 1: NSC Allocation: Regulation vs. Overflow in Plants

2. Classification

Carbohydrates can be categorized into two main groups: 

structural and non-structural carbohydrates. Structural 

carbohydrates serve as the foundational building blocks 

for plants, composing vital elements like cell walls and 

membranes. In contrast, non-structural carbohydrates serve 

multiple functions, including providing energy, supporting 

defense mechanisms, and enhancing tolerance to abiotic 

stressors. Non-structural carbohydrates encompass 

a range of compounds, including monosaccharides, 

disaccharides, oligosaccharides, and polysaccharides. 

Among these, glucose and fructose are prominent 

monosaccharides found in plants, while sucrose serves as 

a representative disaccharide within the category of non-

structural carbohydrates. Oligosaccharides, exemplified 

by substances like raffinose, and sugar alcohols such as 

inositol, sorbitol, and mannitol, are also prevalent among 

non-structural.

Fig 2: Classification and Function of Different NSC
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3. Transport

In the realm of plant biology, transport plays a pivotal 

role. Plants harness the process of photosynthesis within 

their green tissues to generate sugars, commonly known 

as photosynthates. These sugars are subsequently 

dispatched to various parts of the plant, serving either as 

a source of growth or as reserves in the form of starch. 

The regions where photosynthates are produced are 

termed “sources,” while those where they are consumed 

or stored are termed “sinks.” The mechanism responsible 

for conveying photosynthates from sources to sinks is 

referred to as “translocation,” which can be classified 

based on membrane components and metabolic energy 

involvement. Within this complex transport system, the 

phloem, a specialized plant tissue, serves as the conduit 

for sugar transport, classified into passive, mediated, 

and active transport types based on specific membrane 

components and metabolic energy utilization.

The phloem, often referred to as the plant’s conducting 

tissue, facilitates the long-distance transport of sugars. It 

relies primarily on sieve elements, which differ in structure 

between angiosperms and gymnosperms. Sieve elements 

in angiosperms consist of highly specialized sieve tube 

elements, while gymnosperms employ less specialized 

sieve cells. These sieve elements are complemented by 

parenchyma cells, companion cells, and in some cases, 

fibers, sclereids, and laticifers. The characteristic sieve area 

in the cell wall is essential, facilitating pore connections 

between conducting cells. In angiosperms, sieve plates 

with larger pore areas are particularly significant, found 

where sieve tube elements converge to form a continuous 

tube. These sieve plates play a vital role in allowing sugar 

transport between cells. Companion cells, on the other 

hand, contribute to the transport of photosynthates from 

mature leaf cells to the sieve elements of minor leaf veins, 

with three types of companion cells found: ordinary 

cells, transfer cells, and intermediary cells. Ordinary and 

transfer cells facilitate sugar transport from the apoplast 

to the symplast in the source, while intermediary cells are 

involved in transporting sugars from mesophyll cells to 

sieve elements.

When it comes to transported sugars in plants, only a 

select few are transported over long distances through 

the phloem. Sucrose takes the lead as one of the primary 

sugars, often forming the basis for other mobile sugars 

with varying numbers of galactose molecules. For instance, 

raffinose includes one galactose molecule in addition to 

sucrose, stachyose includes two, and verbascose includes 

three. Hexose sugars like glucose and fructose are typically 

not transported due to their reducing properties, although 

there have been some reports of limited hexose sugar 

transportation in specific plant species. Furthermore, 

certain sugar alcohols, including mannitol and sorbitol, 

are also transportable.

The mechanism governing sugar transportation in 

plants is elucidated by the pressure flow model, initially 

proposed by Münch in 1930. This model, often referred 

to as the Münch hypothesis, outlines the movement 

of photosynthates like sucrose from mesophyll cells in 

the green parts of plants to sieve-tube companion cells 

associated with sieve-tube elements in vascular bundles. 

This transportation occurs through a proton-sucrose 

symporter. Subsequently, sugars diffuse from companion 

cells into the sieve tubes via plasmodesmata, linking the 

companion cells to the sieve-tube elements. Within the 

phloem sieve tube elements, a low cytoplasmic content 

and pores connected by sieve plates enable pressure-

driven bulk flow and the translocation of phloem sap. 

The unloading of sugars at the sink end can occur through 

active diffusion or active transport, depending on the 

sucrose concentration relative to the phloem. Passive 

diffusion predominates when sucrose concentrations are 

lower, while active transport prevails when concentrations 

are higher at the sink end.

Phloem loading, the process of moving sugars from 

chloroplasts in mesophyll cells to the sieve elements of the 

phloem, occurs during daylight hours. Triose phosphates 

formed via photosynthesis are transported from 

chloroplasts to the cytoplasm, where they are converted 

into sucrose, the transport sugar. Additionally, glucose, 

originating from starch in chloroplasts, is converted to 

sucrose and other sugars like raffinose, stachyose, and 

verbascose within the cytoplasm. Sucrose, among others, 

is then transported to sieve elements in the smallest veins 

of the leaf, representing a short-distance transport step. 

Once loaded into the sieve elements, sucrose, along 

with other sugars, embarks on a journey away from the 

source, a process referred to as export. This long-distance 

translocation of sugars to various sinks via vascular 

bundles is essential for plant growth and metabolism. 
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Phloem loading can take two forms: apoplastic and 

symplastic, depending on the type of sugar transported 

and the plant family. Apoplastic phloem loading involves 

sugar movement from mesophyll cells to sieve elements 

through intracellular spaces in an energy-dependent 

manner, utilizing a sucrose–H+ symporter. Symplastic 

pathways have been reported for transporting sugars 

like raffinose and sucrose to the phloem through minor 

vein intermediary cells, contingent upon the presence 

of open plasmodesmata between different cells.Within 

the broader context of phloem loading, the polymer-

trapping model (Figure 3) elucidates the process by which 

sugars synthesized in mesophyll cells are transported 

to intermediary cells via bundle sheath cells and 

plasmodesmata. Inside the intermediary cells, sucrose and 

galactose are employed to synthesize various sugars like 

raffinose and stachyose, characterized by their large size 

and anatomy, preventing them from diffusing back but 

allowing them to move into sieve elements.

There are three main steps on the process of phloem 

unloading (i) sugars in sieve elements move from sieve 

elements of sink tissues the process called as sieve element 

unloading (ii) transportation of sugars to the sink cell 

via short distance transport (iii) the imported sugars are 

stored or metabolized in the cells of sink. The sink varies 

can be vegetative tissue such as tip of root, young leaves 

and storage organs like stems and roots, reproductive 

organs like fruits and seeds. There is no one method of 

phloem unloading because sink vary so widely. Phloem 

unloading can be symplastic or apoplastic. The unloading 

pathway is completely symplastic leaves of tobacco and 

sugar beet. In some of the sink some part of loading is 

apoplastic. The apoplastic step is present at the end of sieve 

element– companion complex but this pattern has not yet 

gained experimental supports. Unloading is passive via 

plasmodesmata because it flow from sieve element where 

concentration is high to sink cell having low concentration. 

In apoplastic pathway sugar cross two membrane of cell 

and the sink cell plasma membrane. When sugars are 

transported into the vacuole of the sink cell, they must also 

traverse the tonoplast thus transport is in apoplastic pathway 

is energy dependent. The apoplastic pathway is of two 

types. Type 1 – In this type the unloading is called apoplastic 

because transport of sugars from sieve element companion 

cell complex to the successive sink cells is apoplastic. 

After that sugars move back to symplast of adjoining cells 

continuing symplastic pathway again. Type 2 – The type 

2 pathways also have apoplastic step but movement from 

sieve element to companion cell is symplastic. Futher the 

pathway is of two types types 2A in which apoplastic step 

close to sieve element–companion cell complex and in type 

2B apoplastic step that is further removed.

Fig 3: Polymer trapping mechanism in plants

3.1 Role of Sucrose Transporters

Sucrose transport across plasma membranes or within 

intracellular compartments is dependent on specific 

transporters, which play a crucial role in sugar flow and 

accumulation, as outlined by Milne et al. in 2017. These 

transporters are found in all three phloem sections and 

are especially vital in tree crops where sucrose loading 

occurs via symplastic pathways in the collection phloem. 
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Disrupting symplastic pathways is necessary in some 

cases, such as in growing seeds, to efficiently transfer 

photo-assimilates, emphasizing the significance of these 

sucrose transporter genes. A notable example is OsSUT2, 

responsible for transporting sucrose across the tonoplast. 

Disruption of this transporter can severely disrupt sugar 

transfer and crop yield, as demonstrated in rice by Eomet 

al. in 2011.

3.2 SWEET Proteins in Sucrose Export

SWEETs (Sugars Will Eventually be Exported Transporters) 

constitute a novel family of sugar transporters found in 

plants like Arabidopsis and rice. They are responsible for 

the export of sucrose from the transport phloem to the 

apoplast. In Arabidopsis, mutants with reduced sucrose 

export exhibit downregulated photosynthesis due to starch 

accumulation, underscoring the crucial role of the SWEET 

family in enhancing photosynthesis. Sucrose discharged 

into the apoplastic space can either be assimilated by sink 

cells or bound to hexose and carried by specific carriers 

via invertase. In some crop species like sugar cane and 

sugar beet, sucrose can be stored in the vacuoles of storage 

cells to support sink growth and development.

4. The Fate of Sucrose in The Sink 

In some plants the incoming sucrose is hydrolyzed into 

glucose and fructose by an enzyme called invertase. The 

glucose and fructose are substrate for enzyme hexokinase. 

Plants have another enzyme called as sucrose synthase 

(SuSy) which cleaves the molecule of sucrose. Sucrose 

synthase found in the cell wall and cytoplasm of cell and 

catalyses the reversible conversion of sucrose and UDP to 

UDP-glucose and fructose. The produced UDP glucose 

become the starting point in predominate route for synthesis 

of polysaccharides such as starch. Families of enzymes 

collectively known as fructosyl transferases synthesize 

fructan directly from sucrose. Fructan are polysacharrides 

consists of linear and branched polymer unit of fructose 

having glucose unit at the the head of the chain. In plant 

kingdom there are five classes of fructan namely inulin, 

levan, mixed levan, inulin neoseries and levanneoseries 

which differ from each other in chain length, branching and 

fructosyl linkages. Van den Ende et al. (2004) reported that 

fructan is cleaved by enzyme called fructanexohydrolases 

which sequentially remove fructose monomers unit from 

the end of the fructan chain (Figure 4).

Fig 4: Fate of sucrose in sink

5. NSC in crop plants 

The capacity of plants to accumulate substantial levels 

of non-structural carbohydrates (NSC) is regarded as a 

valuable agronomic trait in crops. Plant species exhibiting 

high NSC accumulation and tolerance to abiotic stresses 

have been identified (Volaire and Lelievre1997). Both C3 

and C4 grasses typically contain sucrose concentrations 

ranging from 12 to 15% of their dry weight under 

conditions of 10°C days and 5°C nights (Chatterton et al. 

1989). Typically, C3 cool grasses tend to store fructans, 

with fructan accumulation occurring before reaching a 

threshold of 15% NSC (Chatterton et al. 1989). In contrast, 

C4 warm-season grasses do not accumulate fructans and 

may only accumulate fructooligosaccharides in small 

amounts. C3 and C4 grasses differ in their respiration 

mechanisms, allowing C4 grasses to conserve energy 
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under hot conditions, while C3 grasses tend to utilize all 

their carbohydrates. Certain tropical grasses store high 

levels of starch, while NSC levels in perennial grasses 

are relatively low (Wilson and Ford1971). Grasses such as 

Rhodes, Paspalum, and Bermuda (C4 grasses) accumulate 

significant amounts of starch in their leaves under high-

temperature stress.

5.1 Maize

Modern maize, as we know it today, has evolved from 

its ancestor, teosinte. Initially, maize cultivation focused 

on harnessing the soluble sugars found in the maize stem 

(Williamanet al. 1924). In maize, the total carbohydrate 

content in the stem consists of a combination of starch 

and reducing sugars, with sucrose being transported 

apoplastically. The allocation of sugar in maize stems is 

mediated by sucrose transporters located on the plasma 

membrane of companion cells, sieve element parenchyma 

cells, and tonoplasts. In maize, a specific sucrose 

transporter, ZmSUT1, has been identified. ZmSUT1 is 

active in maize leaves and plays a role in phloem loading 

(Slewinskiet al.2012). Manipulating the relationship 

between sources (sites of sugar production) and sinks (sites 

of sugar utilization) provides valuable insights into sugar 

partitioning in maize. For instance, defoliated maize plants 

accumulate less sucrose compared to plants with intact 

foliage ( Jones and Simmons, 1983). Similarly, removing 

the ear of a maize plant yields a similar effect compared 

to a controlled plant (Hume and Campbell 1972). Stem 

carbohydrates have limited direct impact on maize yield 

potential but play a more significant role in ensuring yield 

stability under unfavorable environmental conditions. 

High-yielding maize varieties typically exhibit lower 

levels of stem carbohydrates, which decrease over time. In 

contrast, lower-yielding maize varieties tend to accumulate 

higher levels of carbohydrates in their stems, with this 

accumulation gradually increasing during the grain-filling 

phase. Maize offers significant potential for breeding lines 

with enhanced yield and direct stem sucrose production, 

along with other desirable traits, owing to the wide range 

of genotypic and phenotypic variation available.

5.2 Sorghum

Sorghum encompasses various types, including forage, 

grain, sweet, and fiber sorghum (Dolciottiet al. 1998). 

Among these classifications, grain and sweet sorghum are 

the most commonly cultivated. The primary distinction 

between these two lies in how carbohydrates are allocated. 

In grain sorghum, carbohydrates are primarily partitioned 

into the grain, whereas sweet sorghum has two major sinks: 

the grain and the stem. This differential sugar partitioning 

results in sweet sorghum having higher carbohydrate 

levels in both the upper internodes and the apical panicle 

grain compared to grain sorghum. Sorghum employs an 

apoplastic pathway to transport, store, and remobilize 

sucrose within the stem. Genetic manipulation of leaf angle 

can contribute to achieving higher sucrose levels in sweet 

sorghum. Sorghum varieties with a “stay-green” trait tend 

to accumulate high concentrations of carbohydrates. This 

is likely due to a reduced need for sucrose mobilization 

within the stem, coupled with an enhanced photosynthetic 

capacity (Duncan et al. 1981). Grain sorghum exhibits 

a remarkable ability to tolerate drought (Massacciet al. 

1996). One plausible hypothesis for this resilience is 

that the sugars stored in the stem may assist in drawing 

water into the canopy. Consequently, the sugars within 

the vegetative tissues play a crucial role in overall water 

management within the plant, thereby contributing to its 

drought tolerance.

5.3 Sugarcane

Sugarcane is a prominent source of commercially 

produced sucrose, accounting for nearly 70% of global 

sucrose production (Carson and Botha 2002). Sugarcane 

is known for its remarkable ability to accumulate high 

concentrations of sucrose in the parenchyma cells of its 

stems. In fact, sucrose levels within the stem can reach 

up to 50% of the stem’s dry weight (Inman-Bamber et al. 

2009). Unlike sorghum and maize, sugarcane employs 

a different transport mechanism. Sugarcane relies on a 

symplasmic transport pathway (Walsh et al.2005). Within 

sugarcane, the ShSUT1 sucrose transporter is situated 

on the plasma membrane of storage parenchyma cells. 

This transporter plays a critical role in the storage and 

mobilization of sucrose. While hexose transporters are 

significantly expressed in sugarcane, their precise functions 

have yet to be fully elucidated. Additionally, the flux of 

sugars across the tonoplast membrane is regulated by 

sugarcane orthologs of AtSUC4, AtTMT1, and AtTMT2, 

and their activities are influenced by the concentrations 

of sucrose and hexose inside the cell (Schulz et al. 

2011). Conventional breeding methods for improving 

sugar yield in sugarcane have reached a plateau. This 
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limitation may be attributed to sugarcane having reached 

its physiological limit in terms of sucrose concentration. 

Further enhancements in yield can potentially be achieved 

through modifications in plant morphology rather than 

physiological processes. Hybridization of sugarcane 

with other closely related genera such as Erianthus, 

Sclerostachya, Narenga, and Miscanthus has shown 

promise. Notably, hybrids of Saccharum (sugarcane) and 

Miscanthus have demonstrated cold tolerance, making 

them suitable for cultivation in subtropical regions.

5.4 Rice

Rice stands as one of the most vital food crops, providing 

a substantial portion of the calories (ranging from 35% to 

60%) consumed by nearly half of the global population 

(Fageria et al., 2003). What sets rice apart from other plants 

is its distinctive carbohydrate partitioning strategy. In rice, 

carbohydrates are stored in the form of sucrose within the 

leaves and as a combination of starch and sucrose within 

the stem (Scofield et al. 2009). The transport mechanism 

in rice operates through symplasmic pathways. Notably, 

the management practices employed in rice cultivation 

have a significant impact on carbohydrate partitioning. For 

instance, rice production accounts for approximately 80% 

of water usage in Asia. Future rice cultivation practices 

may increasingly involve partial drying of the crop during 

its life cycle. This partial drying process enhances the 

mobilization of carbohydrates from the stem, resulting 

in higher yields and improved harvest indices. Research 

by Park et al. in 2011 found that rice cultivars grown 

under normal conditions tend to accumulate high levels 

of non-structural carbohydrates (NSCs) left in the straw. 

Additionally, studies have shown that NSCs present in 

the stem before anthesis can have a significant impact on 

the final sink strength, increasing the survival of spikelets 

under unfavorable conditions. The accumulation of high 

levels of NSCs can also influence the size of cells and 

starch granules within the spikelets. Despite these insights, 

there remain significant gaps in our understanding of 

carbohydrate partitioning in rice and how the dynamics 

of its life cycle affect rice yields.

5.5 Wheat and Barley

Wheat and barley are two crucial crops that provide a 

substantial portion of grain-based calories in temperate 

and cooler regions across the globe. Carbohydrate storage 

mechanisms and remobilization processes in wheat stems 

have been extensively studied, more so than in any 

other grass species (Blum et al. 1994). This heightened 

research focus may be attributed to the early discovery 

of a direct correlation between the ability to maintain 

stable yields and carbohydrate storage in wheat under 

various environmental stresses (Bindingeret al. 1977; 

Asseng and Herwaarden2003). Wheat genotypes that 

accumulate high levels of non-structural carbohydrates 

(NSCs) typically exhibit shorter stature, produce fewer 

but more fertile tillers, and undergo early flowering. High 

NSC wheat lines boast a higher harvest index because a 

significant portion of photosynthates is allocated to grain 

development (Rebetzkeet al. 2016). In optimal conditions, 

photosynthesis alone can support grain development 

(Slafer and Andrade1991). However, when unfavorable 

conditions cause a drop in photosynthesis rates, the stem’s 

stored carbohydrates become crucial for maintaining the 

maximum fill rate of the kernels. One of the primary 

reasons for yield losses in wheat is floret abortion and 

sterility, often resulting from carbohydrate deficiencies. 

Addressing these issues remains a key objective in wheat 

cultivar improvement (Gonzalez et al. 2011). Wheat 

cultivars with high NSC accumulation demonstrate 

better grain filling and yield stability when grown under 

water-deficient conditions. However, when cultivated 

under normal conditions, the yield of wheat cultivars 

with high stem NSC is comparable to that of low NSC 

lines, indicating that there are no inherent yield penalties 

associated with high NSC levels in the absence of stress 

(Foulkes et al. 2007). In the case of barley, carbohydrates 

in the stem play a pivotal role in sustaining photosynthesis 

Table 1: Composition of Different NSC in Some Major Crops (Halford et al. 2010)

Plants Glucose Fructose Maltose Sucrose

Wheat (Triticum aestivum) 1.49–4.84 0.80–1.89 2.81–6.40 21.90–25.65

Rye (Secale cereale) 0.64–33.43 0.61–7.02 0.74–21.05 26.81–49.52

Maize (Zea mays) 0.66–6.92 0.56–3.46 ND 12.91–89.60

Rice (Oryza sativa) 6.60–14.90 (Total reducing sugars) 15.10–58.60
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during the later phases of grain filling. In wheat, barley, 

and oats, stem NSCs predominantly exist in the form of 

fructans. Other types of carbohydrates have a minimal 

impact on NSC reserves and show little variation between 

high and low stem NSC lines (Ruuska et al. 2006).

7. Stem Carbohydrate Storage and Utilization 
for Grain Production

To effectively mobilize stem reserves into grains, it is 

imperative to have ample carbohydrate storage in place 

before the onset of grain loading. This prerequisite is 

closely related to traits that enhance the potential for 

high yield even before the flowering stage (anthesis). In 

the stems of wheat plants, the predominant type of non-

structural carbohydrates (NSCs) is comprised of fructans, 

constituting the majority of these reserves (Ruuska et al. 

2006; Joudi et al. 2012). Fructans can make up as much 

as 85% of the total NSCs during the peak accumulation 

stage (Goggin et al. 2004), whereas sucrose accounts for 

a mere 10% (Cruz-Aguado et al. 2000). Notably, research 

by Drecceret al. in 2009 revealed that in wheat lines with 

high water-soluble carbohydrate (WSC) content, both 

individual grain weight and the contribution of WSCs to 

overall yield were significantly greater compared to lines 

with low WSC content. Consequently, in harvests with 

high WSC content, the pool of stored stem carbohydrates 

played a more substantial role in determining the final 

average individual grain weight (11.5% compared to 8.2% 

in low WSC lines). Furthermore, drought-tolerant wheat 

cultivars tend to have taller stems with higher NSC levels 

compared to sensitive cultivars under both normal and 

stressful conditions (Drecceret al. 2009).

The accumulation of NSCs in wheat stems typically occurs 

during the period from jointing to grain filling, although 

the total amount varies depending on the specific wheat 

genotype and prevailing environmental conditions (Gupta 

et al. 2011). Different internodes within the stem exhibit 

varying levels of NSC accumulation and subsequent 

remobilization ( Joudi et al. 2012). Interestingly, the 

peduncle and penultimate internode together make up 

approximately 45% of the total mass of the stem, while 

the lower internodes account for the remaining 55% 

(Goggin et al.2004). It is noteworthy that the peduncle 

and penultimate internode serve as primary sites for NSC 

accumulation (Zhang et al. 2015). During the anthesis 

stage under normal conditions and in the middle of the 

grain-filling period under water-deficient conditions, the 

concentration of WSCs in the lower internodes displayed 

highly significant associations with thousand-grain weight 

(TGW). Thus, it is crucial for the length of lower internodes 

to be sufficient to store an adequate quantity of stem 

NSCs to provide assimilates during the grain-filling phase 

(Ehdaieet al. 2008).

8. Role of NSC in abiotic stress tolerance

8.1 Drought

Drought stress poses a significant challenge to agricultural 

ecosystems, disrupting the carbon balance and potentially 

leading to plant mortality. Investigating how plants can 

withstand drought stress has become a crucial focus for 

agricultural improvement. Drought events are becoming 

more frequent and severe, causing vegetation to become 

transient and transforming crops from carbon sinks into 

carbon sources (Kannenberg et al. 2020). During drought, 

plants experience a shortage of available water, leading 

to reduced stomatal conductance and photosynthesis. 

This reduction significantly limits the availability of 

carbon for essential plant metabolic processes (Sala et al. 

2020). Additionally, drought-induced xylem cavitation 

and embolism hinder the transport of nutrients and non-

structural carbohydrates (NSCs) between plant organs 

(Deng et al. 1990). As a result, maintaining carbon balance 

and hydraulic transport in plants under water stress 

becomes extremely challenging (Galiano et al. 2011). Non-

structural carbohydrates (NSCs), including soluble sugars 

like glucose, fructose, and sucrose, as well as insoluble 

starch, play a pivotal role in plant metabolism. They 

provide energy, regulate substrate metabolism, and serve 

as a source-to-sink system for carbon transport. NSCs also 

play a significant role in buffering the effects of changes in 

carbon balance, helping plants cope with environmental 

stress (Halford et al. 2011; McDowell et al. 2011; Dietze et 

al. 2014; Quentin et al. 2015). The relationship between 

NSC distribution and drought stress remains not fully 

understood. Abid et al. (2017) conducted a study on wheat 

to explore whether pre-anthesis drought priming enhances 

grain filling response to post-anthesis drought stress by 

modifying carbohydrate-metabolizing enzyme activities 

in wheat source and sink parts. Their research revealed 

that drought stress during grain filling affected enzymatic 

activities, leading to reduced carbohydrate translocation 

from the source and limited grain accumulation in 
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wheat. However, the impact of drought stress was less 

severe in primed plants (under mild drought conditions) 

than in non-primed plants (under control conditions). 

Primed plants exhibited higher NSC levels, including 

fructan and sucrose, and more active enzymes, such as 

sucrose-phosphate synthase, sucrose fructosyltransferase, 

and soluble-acid invertase in the stem. These findings 

suggest that pre-drought priming can alter source-sink 

relationships, enhancing dry weight accumulation during 

grain filling under post-anthesis drought stress in wheat. 

Stored non-structural carbohydrates (NSCs) significantly 

influence the grain yield of cereal crops, contributing 

more than 50% under stressful conditions and 5-33% in 

non-stressful conditions (Hirano et al. 1998; Wardlaw and 

Willenbrink 2000; Zhang et al. 2009). This holds true not 

only for cereals like rice and wheat but also for vegetables 

such as potatoes. During reproductive drought, grain yield 

becomes more reliant on reserves in lower leaves and 

culms rather than flag leaves, emphasizing the transfer 

of stem reserves to the grain under stressful conditions. 

These findings suggest that culm and leaf reserves serve as 

a short-term buffer to maintain a source of photosynthate 

for developing organs (Wardlaw and Willenbrink 2000). 

Previous research has suggested that carbohydrate 

deficiency can accelerate plant aging. This is supported 

by several studies, including Thimannet al. (1997) and 

Fujiki et al. (2000). Drought stress has been shown to 

reduce photosynthesis and chlorophyll content in leaves, 

hasten leaf senescence (Yang et al., 2002), and promote the 

mobilization of stored carbohydrates in stems, potentially 

resulting in earlier loss of stem weight (Kaur et al., 2012). 

Additionally, drought stress can shorten the grain-filling 

period (Wardlaw et al. 2000)leading to reduced 1000 grain 

weight, fewer grains per spike, and decreased straw yield.

8.2 Heat Stress

Carbohydrates, particularly non-structural carbohydrates 

(NSCs) such as starch and sugars, play a critical role in 

plant metabolism, serving as indicators of the balance 

between carbon supply through photosynthesis and its 

utilization for plant growth. During vegetative growth, 

the stem acts as a temporary sink, storing excess photo-

assimilates, and later transitions to a source during grain-

filling and maturation, supplying carbohydrates to support 

growth (Slewinski 2012). Heat stress can significantly 

impact wheat grain yield by reducing photosynthesis and 

altering carbohydrate metabolism, with the extent of the 

impact varying depending on the cultivar and growth 

stage. For wheat, the ideal temperature range for anthesis 

and grain filling falls between 12°C and 22°C (Shewry 

2009). Exposure to temperatures above 24°C during the 

reproductive stage can substantially reduce yield (Prasad 

and Djanaguiraman 2014). Wheat grain filling primarily 

relies on current photosynthesis in plant leaves and ears, 

along with the mobilization of stored carbohydrates to 

support growing grains. Under stress conditions, pre-

anthesis stem carbohydrate reserves can be mobilized to 

mitigate yield losses. Wheat grains are composed of 65-

75% starch, while rice grains contain 80-90% starch (Stone 

and Morell 2009; Costa et al.2021). Research indicates 

that starch accumulation in wheat kernels peaks between 

12 and 35 days after anthesis (Lu et al. 2019). However, 

high temperatures can negatively affect starch synthesis, 

particularly the activity of soluble starch synthase (SSS) 

(Denyer et al. 1994; Jenner 1994). Short periods of very 

high temperatures (35°C to 40°C) can detrimentally impact 

grain quality during grain filling. However, acclimation has 

been shown to enhance carbohydrate remobilization from 

the culm to developing grains during anthesis (Zhen et al. 

2020). Elevated night temperatures can reduce transcript 

levels of ADP-glucose pyrophosphorylase and increase 

the synthesis of starch-degrading enzymes such as iso-

amylase III, alpha, and beta-amylase in developing grains. 

Higher night temperatures can also shorten the duration 

of grain filling and reduce grain size more significantly 

than day temperatures (Impaet al. 2020). Wheat species 

exhibit a wide genetic diversity in their tolerance to high 

temperatures, affecting grain starch content, amylose and 

amylopectin deposition, and starch granule formation. 

High temperatures during grain filling have been reported 

to reduce starch content and alter the size distribution of 

starch granules in wheat grains (Hurkmanet al.2003). In 

rice, high-temperature stress negatively impacts yield, 

closely associated with reduced NSC translocation 

(Zhen et al. 2020). Stem NSC content increases, while 

panicle and stem NSC translocation efficiency decreases, 

resulting in a reduced contribution of stem-derived NSCs 

to grain yield. Severe heat stress transforms the stem into 

a carbohydrate sink during grain filling, and temperature 

stress at the booting stage inhibits NSC translocation due 

to reduced sink size (Zhen et al. 2020).
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8.3 Salinity

Wheat is renowned for its moderate salt tolerance, 

with the ability to thrive even in the presence of high 

salinity levels in the field, reaching up to 100 mM NaCl 

(~10 dS m−1) (Maas and Hoffman1977). Salinity stress 

imposes osmotic stress, triggers increased reactive 

oxygen species (ROS) production, and results in ion 

toxicity (Sreenivasulu et al. 2000). Salt-tolerant plants 

respond to these challenges through various mechanisms, 

including ion compartmentalization, salt reduction, 

osmotic regulation, activation of antioxidant enzymes, 

and the synthesis of osmoprotective compounds (Sadak 

et al.2015). Osmoprotectants function as safeguarding 

agents by participating in ROS detoxification, maintaining 

cellular osmotic balance, stabilizing proteins and 

enzymes, and preserving membrane integrity (Bohnert 

and Jensen 1996). Efforts have been made to enhance 

plant salinity tolerance by applying osmoprotectants, 

such as proline, trehalose, glycine-betaine, and other 

carbohydrates (Dawood and Sadak 2014). Trehalose 

(Tre), a non-reducing sugar, plays a significant role in 

stress tolerance across various plant species. Research has 

shown that foliar application of Tre can enhance wheat 

growth under salinity stress. It leads to increased levels of 

hydrogen peroxide free radicals, compatible osmolytes, 

antioxidant compounds (phenolics), and improved 

membrane stability (Sadak et al. 2019). Trehalose possesses 

unique properties that stabilize proteins, enzymes, and 

lipid membranes, shielding them from damage during 

desiccation (Fernandez et al. 2010). Studies indicate that 

foliar Tre treatment increases phenol concentrations 

in wheat leaves, a phenomenon also observed in other 

plants under salinity stress. Phenols play a crucial role 

in metabolic regulation and overall plant development, 

acting as substrates for antioxidant enzymes and assisting 

in mitigating salt stress injuries (Rady et al. 2011; Dawood 

and Sadak 2014; Abd Allah et al. 2015). In experiments 

conducted by Yan and Zheng (2016) Duman et al. (2011) 

and Luo et al. (2010), pre-treatment with Tre alleviated 

salt stress symptoms in wheat, with positive effects on 

physiological parameters like chlorophyll content, dry 

weight, biomass per plant, nitrogen content, and growth 

rate. Tre supplementation also improved potassium (K+) 

accumulation, the K+/sodium (Na+) ratio, and proline 

accumulation. The external application of Tre in wheat 

has been found to mitigate salinity stress by increasing 

the concentration of osmoprotectant solutes, including 

total soluble sugars, glucose, trehalose, proline, and free 

amino acids. Concurrently, it reduces lipoxygenase (LOX) 

enzymatic activity and malondialdehyde (MDA) content 

(Hasanuzzamanet al. 2017). The rise in carbohydrate 

concentration in leaf tissues is a response to the excessive 

accumulation of monovalent ions in the vacuoles. This 

accumulation lowers the vacuole’s osmotic potential, 

which is counterbalanced by the accumulation of 

organic solutes, such as carbohydrates and proline, in the 

cytoplasm. These organic solutes function as osmolytes 

and protect enzyme systems and membranes. Another 

explanation for the increase in soluble carbohydrates 

(SCs) in flag leaves under salinity stress is their altered 

distribution between growing and storage tissues. Different 

wheat genotypes have demonstrated varying efficiency 

in transporting soluble carbohydrates to grains under 

salinity stress. For instance, the translocation of assimilates 

from the flag leaf to grains was less affected in CR and 

Kharchia cultivars compared to Ghods cultivar (Kafi et 

al. 2003). In a study involving two bread wheat cultivars 

(Inia-66 and Shole), salinity stress reduced the distribution 

of assimilates, leading to a decrease in the percentage of 

14C translocated from the flag leaves to the grains and, 

consequently, reduced 14C content in the grains of both 

genotypes (Poustini 1990). Another investigation focused 

on the impact of salt stress on water-soluble carbohydrate 

(WSC) content in wheat seedlings from four different 

varieties. The study revealed that salt-tolerant wheat 

genotypes accumulated more WSC compared to sensitive 

genotypes. Salinity stress increased the content of sucrose, 

fructans, and reducing sugars, suggesting the potential 

of WSC as a marker for selecting salt-tolerant wheat 

genotypes (Kerepesi and Galiba2000).

8.4 Logging and lodging 

Waterlogging is a condition that poses adverse effects 

on plant growth and development, primarily by 

diminishing cellular energy levels through a reduction in 

total carbohydrate content. It occurs when soil becomes 

saturated with water, depriving plant roots of oxygen. 

This leads to severe hypoxia or anoxia within the roots, 

resulting in significant biological consequences (Hossain 

and Uddin 2011). When plant tissues experience oxygen 

deprivation due to waterlogging, they switch from 
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aerobic respiration to low-ATP-yielding fermentation. 

This transition triggers an energy crisis that inhibits 

root growth and function and disrupts the transport of 

nutrients and water to the shoot. In some cases, it can 

even lead to the death of certain roots. Notably, in wheat, 

waterlogging induces the accumulation of non-structural 

carbohydrates (NSCs), particularly sugars, in the shoots. 

According to Herzog et al. (2016), wheat plants showed 

a twofold increase in NSC levels within three days of 

soil waterlogging. This NSC boost was attributed to the 

buildup of fructans in both the roots and shoots of ten-

day-old wheat seedlings during root hypoxia, providing 

an energy-efficient means of carbohydrate storage.

Plants that exhibit tolerance to flooding possess a critical 

trait: the ability to store high levels of non-structural 

carbohydrates (NSCs) in their shoots before, during, 

and after submergence. These plants achieve this by 

preserving chlorophyll in their leaves and slowing down 

shoot growth while submerged. Flood-tolerant varieties 

adopt a quiescent strategy during extended flooding 

to conserve carbohydrates and energy. Some varieties 

also employ an escape mechanism by modifying their 

anatomical and morphological traits, facilitating gaseous 

exchange between submerged and non-submerged organs 

through elongation. Consistent carbohydrate supply 

during submersion is essential for their survival. Research 

has shown that the carbohydrate content shortly after 

submersion is positively correlated with plant survival, in 

contrast to carbohydrate levels during submersion itself 

(Oladosu et al. 2020).

Plants endowed with abundant non-structural carbohydrates 

(NSCs) and controlled elongation rates are more likely to 

endure prolonged flooding and deepwater stagnation. The 

capacity to store substantial NSCs and conserve energy 

by limiting underwater elongation are pivotal factors for 

survival in submerged conditions. Maintaining adequate 

energy levels during submersion takes precedence over the 

initial carbohydrate status before submersion. Additionally, 

down-regulating gibberellic acid (GA) biosynthesis during 

submersion may enhance survival, provided that the 

cultivars possess the potential to accumulate significant 

non-structural carbohydrates.

Fig 5: Role NSC in abiotic stress tolerance

Conclusion

Non-structural carbohydrates (NSCs) are like essential 

ingredients in all parts of a plant. They help us know how 

well a plant can handle tough environmental conditions. 

It’s really important to study how NSCs are spread out 

in plants, especially in crops like cereals, to see how well 

they’re growing. NSCs are like the plant’s way of keeping 

everything in balance when the weather changes. But, we 

still have a lot to learn about how NSCs work, like how 

they are controlled and used when plants are stressed. If 

we figure out how sugar transporters in plants respond 

and make sure things are balanced, we can make crops 

grow better. Making NSCs work more efficiently when 

plants are stressed is super important for their survival and 

how much they can produce. So, if we focus our research 

on NSCs, we can get better at understanding how plants 

make, move, and use sugar. This will give us valuable 

insights for making improvements in farming in the future.



Journal of Cereal Research 16 (2): 113-128

124

Author contributions

The review was written and enriched by PS, RM and 

AK. All authors read, edited, and approved the final 

manuscript.

Conflict of interest

No

Declaration

The authors declare no conflict of interest.

References 

1.	 Abd Allah MMS, HMS EI-Bassiouny, BA Bakry 

and MS Sadak. 2015. Effect of arbuscular mycorrhiza 

and glutamic acid on growth, yield, some chemical 

composition and nutritional quality of wheat plant 

grown in newly reclaimed sandy soil. Research Journal 

of Pharmaceutical Biological and Chemical Sciences 

6(3):1038-1054.

2.	 Abid M, Z Tian, J Hu, A Ullah and T Dai. 2017. 

Activities of carbohydrate-metabolism enzymes in 

pre-drought primed wheat plants under drought 

stress during grain filling, carbohydrate metabolism 

in drought primed wheat plants. Journal of Integrative 

Plant Biology46:783-795.

3.	 Asseng S, and AF Van Herwaarden. 2003. Analysis 

of the benefits to wheat yield from assimilates stored 

prior to grain filling in a range of environments. Plant 

and Soil256(1): 217-229.

4.	 Bidinger F, RB Musgrave and RA Fischer. 1977. 

Contribution of stored pre-anthesis assimilate to 

grain yield in wheat and barley. Nature 270(5636): 

431-433.

5.	 Blum A, B Sinmena, J Mayer, G Golan and L 

Shpiler. 1994. Stem reserve mobilisation supports 

wheat-grain filling under heat stress. Functional Plant 

Biology21(6):771-781.

6.	 Bohnert HJ and RJ Jensen. 1996. Strategies for 

engineering water stress tolerance in plants. Trends 

in Biotechnology14(3):89–97.

7.	 Carson D and F Botha. 2002. Genes expressed 

in sugarcane maturing internodal tissue. Plant cell 

reports20(11), 1075-1081.

8.	 Chatterton NJ, PA Harrison & JH Bennett. 1986. 

Environmental effects on sucrose and fructan 

concentrations in leaves of Agropyron spp. Plant 

biology (USA).

9.	 Costa NB, GDA Bezerra, GDO Pinheiro Filho and 

MGD Moraes. 2021. Distribution of non-structural 

carbohydrates in the vegetative organs of upland 

rice. Ciência e Agrotecnologia 45.

10.	 Cruz–Aguado JA, R Rodés, IP Pérez and M Dorado. 

2000. Morphological characteristic and yield 

components associated with accumulation and loss 

of dry mass in the internodes of wheat. Field Crops 

Research66: 129–139.

11.	 Dawood MG and MS Sadak. 2014. Physiological role 

of glycinebetaine in alleviating the deleterious effects 

of drought stress on canola plants (Brassica napus L.). 

Middle East Journal of Agriculture3(4):943-954.

12.	 Deng X, RJ Joly and DT Hahn. 1990. The influence 

of plant water deficit on photosynthesis and 

translocation of 14C-labeled assimilates in cacao 

seedlings. Physiologia Plantarum78(4):623-627.

13.	 Denyer K, CM Hylton and AM Smith. 1994.The 

effect of high temperature on starch synthesis and 

the activity of starch synthase. Functional Plant 

Biology21(6):783-789.

14.	 Dietze MC, A Sala, MS Carbone, CI Czimczik, 

JA Mantooth, AD Richardson and R Vargas. 2014. 

Nonstructural carbon in woody plants. Annual Review 

of Plant Biology65: 667-687.

15.	 Dolciotti I, S Mambelli, S Grandi & G Venturi. 1998. 

Comparison of two sorghum genotypes for sugar 

and fiber production. Industrial Crops and Products, 

7(2-3), 265-272.

16.	 Dreccer MF, AF Herwaarden and SC Chapman. 

2009. Grain number and grain weight in wheat lines 

contrasting for stem water soluble carbohydrate 

concentration. Field Crops Research112: 43–54.

17.	 Duman F, A Aksoy, Z Aydin and R Temizgul. 2011.

Effects of exogenous glycinebetaine and trehalose 

on cadmium accumulation and biological responses 

of an aquatic plant (Lemna gibba L.). Water, Air, & 

Soil Pollution217(1), 545-556.

18.	 Duncan RR, AJ Bockholt and FR Miller. 1981. 

Descriptive Comparison of Senescent and 



Plant Carbohydrates, Keys to Survival

125

Nonsenescent Sorghum Genotypes 1. Agronomy 

Journal73(5): 849-853.

19.	 Ehdaie B, GA Alloush and JG Waines. 2008. 

Genotypic variation in linear rate of grain growth 

and contribution of stem reserves to grain yield in 

wheat. Field Crops Research106: 34–43

20.	 Eom JS, JI Cho, A Reinders, SW Lee, Y Yoo, PQ 

Tuan, SB Choi, G Bang, YI Park and MH Cho. 2011. 

Impaired function of the tonoplast-localized sucrose 

transporter in rice, OsSUT2, limits the transport of 

vacuolar reserve sucrose and affects plant growth. 

Plant physiology 157: 109–119.

21.	 Fernandez-Aunion C,  TB Hamouda,  F Iglesias-

Guerra,  M Argandona,  M Reina-Bueno,  J Nieto, 

ME J Aouani and C Vargas. 2010. Biosynthesis of 

compatible solutes in rhizobial strains isolated from 

Phaseolus vulgaris nodules in Tunisian fields. BMS 

Microbiology 10: 192 1471-2180.

22.	 Foulkes MJ, R Sylvester-Bradley, R Weightman 

and JW Snape. 2007. Identifying physiological traits 

associated with improved drought resistance in 

winter wheat. Field crops research103(1):11-24.

23.	 Fujiki Y, M Ito, I Nishida and A Watanabe. 2000. 

Multiple signaling pathways in gene expression 

during sugar starvation. Pharmacological analysis 

of din gene expression in suspension-cultured cells 

of Arabidopsis. Plant Physiology124(3): 1139-1148.

24.	 Galiano L, J Martínez-Vilalta. and F Lloret. 2011. 

Carbon reserves and canopy defoliation determine 

the recovery of Scots pine 4 yr after a drought 

episode. New Phytologist190(3): 750-759.

25.	 Goggin DE and TL Setter. 2004. Fructosyltransferase 

activity and fructan accumulation during 

development in wheat exposed to terminal drought. 

Functional Plant Biology31: 11–21.

26.	 González FG, DJ Miralles and GA Slafer. 2011. 

Wheat floret survival as related to pre anthesis 

spike growth. Journal of experimental botany62(14): 

4889-4901.

27.	 Gupta AK, K Kaur and N Kaur. 2011. Stem 

reserve mobilization and sink activity in wheat 

under drought conditions. American Journal of Plant 

Science2:70–77.

28.	 Halford NG, TY Curtis, N Muttucumaru, J Postles 

and DS Mottram. 2011. Sugars in crop plants. Annals 

of Applied Biology158(1): 1-25.

29.	 Hasanuzzaman M, K Nahar, A Rahman, TI 

Anee, MU Alam, TF Bhuiyan and M Fujita. 2017. 

Approaches to enhance salt stress tolerance in wheat. 

In Wheat Improvement, Management and Utilization5: 

151-187.

30.	 Herms DA and WJ Mattson. 1992. The dilemma 

of plants: to grow or defend. The quarterly review of 

biology67(3): 283-335.

31.	 Herzog M, GG Striker, TD Colmer and O Pedersen. 

2016. Mechanisms of waterlogging tolerance in 

wheat–a review of root and shoot physiology. Plant, 

Cell & Environment39(5): 1068-1086.

32.	 Hirano M, M Sugiyama, Y Hatakeyama, E Kuroda 

and T Murata. 1998. Effect of the application of rice 

bran on the carbohydrate metabolism in leaves and 

stems of rice variety hitomebore cultured with the 

practice of no nitrogen application at basal dressing 

accompanied with sparse planting. Japanese Journal 

of Crop Science67(2): 208-215.

33.	 Hossain MA. and SN Uddin. 2011. Mechanisms 

of waterlogging tolerance in wheat: Morphological 

and metabolic adaptations under hypoxia or anoxia. 

Australian Journal of Crop Science5(9): 1094-1101.

34.	 Hume DJ and DK Campbell. 1972. Accumulation 

and translocation of soluble solids in corn stalks. 

Canadian Journal of Plant Science52(3): 363-368.

35.	 Hurkman WJ, KF McCue, SB Altenbach, A Korn, 

CK Tanaka, KM Kothari and FM Du Pont. 2003. 

Effect of temperature on expression of genes 

encoding enzymes for starch biosynthesis in 

developing wheat endosperm. Plant Science164(5): 

873-881.

36.	 Impa SM, AR Vennapusa, R Bheemanahalli, D 

Sabela, D Boyle, H Walia and SK Jagadish. 2020. 

High night temperature induced changes in grain 

starch metabolism alters starch, protein, and 

lipid accumulation in winter wheat. Plant, Cell & 

Environment43(2): 431-447.

37.	 Inman-Bamber NG, GD Bonnett, MF Spillman, ML 

Hewitt and J Xu. 2009. Source–sink differences in 

genotypes and water regimes influencing sucrose 



Journal of Cereal Research 16 (2): 113-128

126

accumulation in sugarcane stalks. Crop and Pasture 

Science60(4): 316-327.

38.	 Jenner CF. 1994. Starch synthesis in the kernel of 

wheat under high temperature conditions. Functional 

Plant Biology21(6): 791-806.

39.	 Jones R J and SR Simmons. 1983. Effect of Altered 

Source-Sink Ratio on Growth of Maize Kernels 1. 

Crop Science23(1): 129-134.

40.	 Joudi M, Al Ahmadib, V Mohadi, A Abbasib, R 

Vergauwen and H Mohammadi. 2012. Comparison 

of fructan dynamics in two wheat cultivars 

with different capacities of accumulation and 

remobilization under drought stress. Physiologia 

Plantarum144: 1–12.

41.	 Kafi M, WS Stewart and AM Borland. 2003.

Carbohydrate and proline contents in leaves, roots, 

and apices of salt-tolerant and salt-sensitive wheat 

Cultivars1. Russian Journal of Plant Physiology50(2): 

155-162.

42.	 Kannenberg SA, CR Schwalm and WR Anderegg. 

2020. Ghosts of the past: how drought legacy effects 

shape forest functioning and carbon cycling. Ecology 

Letters23(5): 891-901.

43.	 Kaur K, AK Gupta and N Kaur. 2012. Effect 

of drought and sowing time on stem reserve 

mobilization and sink activity in wheat (Triticum 

aestivum L.). Agrochimica56(1): 42-54.

44.	 Kerepesi I and G Galiba. 2000. Osmotic and salt 

stress-induced alteration in soluble carbohydrate 

content in wheat seedlings. Crop Science40(2):482-487.

45.	 Luo Y, F Li, GP Wang, XH Yang and W Wang. 2010. 

Exogenously-supplied trehalose protects thylakoid 

membranes of winter wheat from heat-induced 

damage. Biologia Plantarum54(3): 495-501.

46.	 Maas EV and GJ Hoffman. 1977. Crop salt 

tolerance—current assessment. Journal of the Irrigation 

and Drainage Division103(2): 115-134.

47.	 Massacci A, A Battistelli and F Loreto. 1996. Effect 

of drought stress on photosynthetic characteristics, 

growth and sugar accumulation of field-grown sweet 

sorghum. Functional Plant Biology23(3): 331-340.

48.	 McDowell NG. 2011. Mechanisms linking drought, 

hydraulics, carbon metabolism, and vegetation 

mortality. Plant Physiology155(3):1051-1059.

49.	 Milne RJ, JM Perroux, AL Rae, A Reinders, JM 

Ward, CE Offler, JW Patrick and CP Grof. 2017. 

Sucrose transporter localization and function in 

phloem unloading in developing stems. Plant 

Physiology173:1330–1341.

50.	 Münch E. Die Stoffbewegungen in Der Pflanze.  Jena: 

G. Fischer; 1930.

51.	 Oladosu Y, MY Rafii, F Arolu, SC Chukwu, I 

Muhammad, I Kareem and IW Arolu. 2020. 

Submergence tolerance in rice: Review of 

mechanism, breeding and, future prospects. 

Sustainability12(4), 1632.

52.	 Panda D, SG Sharma and RK Sarkar. 2007. 

Chlorophyll fluorescence transient analysis and 

its association with submergence tolerance in 

rice  (Oryza sativa).  Indian Journal of Agricultural 

Sciences 77(3):344-8.

53.	 Park JY, E Kanda, A Fukushima, K Motobayashi, K 

Nagata, M Kondo and K Tokuyasu. 2011. Contents of 

various sources of glucose and fructose in rice straw, 

a potential feedstock for ethanol production in Japan. 

Biomass and Bioenergy35(8): 3733-3735.

54.	 Pollock C, J Farrar, D Tomos, J Gallagher, C Lu and 

O Koroleva. 2003. Balancing supply and demand: 

the spatial regulation of carbon metabolism in 

grass and cereal leaves. Journal of Experimental 

Botany54(382): 489-494.

55.	 Poustini K. 1990. Salinity and translocation of 

carbohydrates to growing grains. PhD Thesis: 

London University, 1990.

56.	 Prasad PV and M Djanaguiraman. 2014. Response 

of floret fertility and individual grain weight of wheat 

to high temperature stress: sensitive stages and 

thresholds for temperature and duration. Functional 

Plant Biology41(12): 1261-1269.

57.	 Quentin AG, EA Pinkard, MG Ryan, DT Tissue, LS 

Baggett, HD Adams and DR Woodruff. 2015. Non-

structural carbohydrates in woody plants compared 

among laboratories. Tree physiology35(11): 1146-1165.



Plant Carbohydrates, Keys to Survival

127

58.	 Rady MM, MS Sadak, HMS El-Bassiouny and 

AAA El-Monem. 2011. Alleviation the adverse 

effects of salinity stress in sunflower cultivars using 

nicotinamide and αtocopherol. Australian Journal of 

Basic and Applied Sciences5(10):342-355.

59.	 Rebetzke GJ, DG Bonnett and MP Reynolds. 

2016. Awns reduce grain number to increase grain 

size and harvestable yield in irrigated and rainfed 

spring wheat. Journal of Experimental Botany67(9): 

2573-2586.

60.	 Ruuska SA, GJ Rebetzke, AF Van Herwaarden, RA 

Richards, NA Fettell, L Tabe and CL Jenkins. 2006. 

Genotypic variation in water-soluble carbohydrate 

accumulation in wheat. Functional plant biology33(9): 

799-809.

61.	 Sadak M, MT Abdelhamid and U Schmidhalter. 2015. 

Effect of foliar application of aminoacids on plant yield 

and some physiological parameters in bean plants 

irrigated with seawater. ActabiológicaColombiana20(1): 

141-152

62.	 Sadak MS. 2019. Physiological role of trehalose on 

enhancing salinity tolerance of wheat plant. Bulletin 

of the National Research Centre43(1): 1-10.

63.	 Sadras VO and RF Denison. 2009. Do plant parts 

compete for resources? An evolutionary viewpoint. 

New Phytologist183(3): 565-574.

64.	 Sala A, F Piper and G Hoch. 2010. Physiological 

mechanisms of drought-induced tree mortality are 

far from being resolved. The New Phytologist186(2): 

274-281.

65.	 Schulz A, D Beyhl, I Marten, A Wormit, E Neuhaus, 

G Poschet and R Hedrich. 2011. Proton-driven 

sucrose symport and antiport are provided by the 

vacuolar transporters SUC4 and TMT1/2. The Plant 

Journal 68(1): 129-136.

66.	 Scofield GN, SA Ruuska, N Aoki, DC Lewis, LM 

Tabe and CL Jenkins. 2009. Starch storage in the 

stems of wheat plants: localization and temporal 

changes. Annals of botany 103(6): 859-868.

67.	 Shewry PR. 2009. Wheat. Journal of Experimental 

Botany60(6): 1537-1553.

68.	 Slafer GA and FH Andrade. 1991. Changes in 

physiological attributes of the dry matter economy 

of bread wheat (Triticum aestivum) through genetic 

improvement of grain yield potential at different 

regions of the world. Euphytica58(1): 37-49.

69.	 Slafer GA. 2003. Genetic basis of yield as viewed 

from a crop physiologist’s perspective. Annals of 

Applied Biology 142(2):117-128.

70.	 Slewinski TL. 2012. Non-structural carbohydrate 

partitioning in grass stems: a target to increase yield 

stability, stress tolerance, and biofuel production. 

Journal of Experimental Botany63(13): 4647-4670.

71.	 Slewinski TL. 2012. Non-structural carbohydrate 

partitioning in grass stems: a target to increase yield 

stability, stress tolerance, and biofuel production. 

Journal of Experimental Botany63(13): 4647-4670.

72.	 Sreenivasulu N, B Grimm, U Wobus and W 

Weschke. 2000. Differential response of antioxidant 

compounds to salinity stress in salt-tolerant and salt-

sensitive seedlings of foxtail millet (Setariaitalica). 

Physiologia Plantarum 109(4): 435-442.

73.	 Stone BMMK and MK Morell. 2009. Carbohydrates. 

Wheat: Chemistry and Technology 4.

74.	 Thimann KV, RM Tetley and BM Krivak. 1977. 

Metabolism of oat leaves during senescence: V. 

Senescence in light. Plant Physiology59(3): 448-454.

75.	 Van den Ende W, B De Coninck and A Van Laere. 

2004. Plant fructanexohydrolases: a role in signaling 

and defense? Trends in plant science9(11): 523-528.

76.	 Volaire F and F Lelièvre. 1997. Production, 

persistence, and water-soluble carbohydrate 

accumulation in 21 contrasting populations of 

Dactylis glomerata L. subjected to severe drought in 

the south of France. Australian Journal of Agricultural 

Research48(7): 933-944.

77.	 Walsh KB, RC Sky and SM Brown. 2005. The 

anatomy of the pathway of sucrose unloading within 

the sugarcane stalk. Functional Plant Biology32(4): 

367-374.

78.	 Wardlaw IF. 1990. Tansley Review No. 27 The 

control of carbon partitioning in plants. New 

phytologist 116(3): 341-381.

79.	 Wardlaw IF and J Willenbrink. 2000. Mobilization of 

fructan reserves and changes in enzyme activities in 



Journal of Cereal Research 16 (2): 113-128

128

wheat stems correlate with water stress during kernel 

filling. New Phytologist148(3): 413-422.

80.	 Willaman JJ, GO Burr and FR Davison. 1924. 

Cornstalk Sirup Investigations.  Industrial & 

Engineering Chemistry16(7): 734-739.

81.	 Wilson JR and CW Ford. 1971. Temperature 

influences on the growth, digestibility, and 

carbohydrate compositions of two tropical 

grasses, Panicum maximum var Trichoglume 

and Setariasphacelata, and two cultivars of the 

temperate grass Lolium perenne. Australian Journal 

of Agricultural Research22(4): 563- 571.

82.	 Yan D and B Zheng. 2016. Effects of soaking 

seeds in trehalose on physiological characteristics 

of wheat Yangmai-19 under salt stress. Acta 

AgriculturaeZhejiangensis28(8): 1271-1276.

83.	 Yang J, J Zhang, L Liu, Z Wang and Q Zhu. 2002. 

Carbon remobilization and grain filling in Japonica/

Indica hybrid rice subjected to post anthesis water 

deficits. Agronomy Journal94(1): 102-109.

84.	 Yang J and J Zhang. 2010. Crop management 

techniques to enhance harvest index in rice. Journal 

of experimental botany61(12): 3177-3189.

85.	 Zhang C and R Turgeon. 2009. Downregulating 

t h e  s u c r o s e  t r a n s p o r t e r  VpS UT1  i n 

Verbascumphoeniceum does not inhibit phloem 

loading. Proceedings of National Academy of Sciences, 

USA106: 18849–18854.

86.	 Zhang J, W Chen, B Dell, R Vergauwen, X Zhang, J 

Mayer and W Van den Ende. 2015. Wheat genotypic 

variation in dynamic fluxes of WSC components in 

different stem segments under drought during grain 

filling. Frontiers in Plant Science6: 624.

87.	 Zhen F, J Zhou, A Mahmood, W Wang, X Chang, 

B Liu, L Liu, W Cao, Y Zhu and L Tang. 2020. 

Quantifying the effects of short-term heat stress 

at booting stage on nonstructural carbohydrates 

remobilization in rice. The Crop Journal 8(2): 194-212.

88.	 Zhen F, J Zhou, A Mahmood, W Wang, X Chang, 

B Liu and L Tang. 2020. Quantifying the effects 

of short-term heat stress at booting stage on 

nonstructural carbohydrates remobilization in 

rice. The Crop Journal 8(2): 194-212.


