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ABSTRACT 

Manipulating crop yield is the ultimate objective of crop research. Serious efforts have been directed towards increasing 
the accumulation of photo-assimilates in the economic organs of a plant. The major factors that are crucial in this 
regard are the enzymatic mechanisms active in the source and sink organs as well as the transport of photo-assimilates 
between them. Carbon partitioning determines the rate of transport and quantity of photo-assimilates that contribute to 
the increase or decrease of crop yield. However, abiotic and biotic stress conditions pose a serious challenge to 
maintaining the yield of a plant. It is well known how increased temperatures have serious impact on the molecular, 
biochemical and physiological functions of a plant. Manipulation of the source-sink factors has been found to ameliorate 
the effects of high temperature on carbon partitioning. In light of the predicted increase in global atmospheric 
temperatures, it is essential to review the impact of high temperature on plant growth and development. Understanding 
the regulation of photo-assimilates under the limiting conditions could provide management options for optimizing the 
production potential.  
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INTRODUCTION 
Plants require photo-assimilates as a source of carbon for growth and development. This is achieved 
through the process of photosynthesis which occurs in the source organs such as leaves. Source organs 
are the factories where carbon is produced in the form of sugars and are the exporters of energy for the 
rest of the plant[1]. The sink organs are the importers of this energy wherein these assimilates are stored. 
The production of the photo-assimilates as well as their accumulation is of crucial importance as the yield 
of the plant is the net accumulation of these photosynthates. Several factors come into play while 
determining the the storage capacity of a sink organ[2]. The capacity of the source organs in their rate of 
production of photo-assimilates, the rate and quantity at which these sugars are transported to the sink 
organs, and the size and capacity to store these resources in the sink organs all play a major role in this 
regard. Apart from these, several enzymes such as the invertases, sucrose and starch synthases etc.[3][4] 
are critical as the activators of conversion of the storage compounds into transportable as well as 
accumulating forms.     
High temperatures have a deleterious effect on plant growth and development. Predicted rise in 
temperatures due to global warming [5] is a major concern for researchers as maintaining the yield 
potential under increased temperatures is a challenge. The current review explores the effect of high 
temperature on the source-sink regulation, the factors involved and the ways in which their effects can be 
mitigated.  
 
EFFECT OF HEAT STRESS 
High temperature stress causes damage to proteins, disturbs protein synthesis, inactivates major 
enzymes, damages membranes, impairs cell division and causes oxidative damage. 
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1) Effect on water uptake – There is negative impact on the root conductance. Rapid reduction in leaf 
tissue water content was observed in sugarcane inspite of sufficient availability of soil water [6]. 
Increased rate of transpiration leads to loss of water impairing certain important physiological processes 
in plants. The growth of the roots is affected by heat stress leading to a reduction in the number and mass 
which leads to a limitation the supply of water and nutrients. 
 2) Effect on nutrient relations of crops - Activity of the major enzymes like nitrate reductase involved in 
the nutrient metabolism is significantly reduced under high temperature stress [7]. Reduced root mass 
and nutrient uptake per unit root areaaffects nutrient cycling, uptake and availability to plants by 
hampering the physiological functions of plants.Nitrogen limitation affects photosynthetic components 
rich in nitrogen such as chlorophyll, light-harvesting complex and Rubisco. Phosphorus limitation affects 
photosynthesis through changes in the activity of Calvin-cycle enzymes, RuBP regeneration and/or 
Rubisco activity and is also part of ATP and NADPH/NADP+ 
3)Effect on photosynthesis - Reduction in chlorophyll biosynthesis is due to deactivation of enzymes [8]. 
Increased temperature of the leaf and photon flux density effects the thermo-tolerance adjustment of the 
PSII[9]. Damage to oxygen evolving complex results in imbalanced flow of electrons to the acceptor site of 
PSII[10]. Activity of 5-aminolevulinatedehydratase, an important enzyme in the pyrrole biosynthesis 
pathway, decreased significantly in wheat under heat stress [11]. Higher temperatures caused a reduction 
in biosynthesis of the protochlorophyllide by 70%. Heat stress caused more accelerated degradation of 
chlorophyll a and b in developed leaves[12]. Net photosynthesis in many plant species is inhibited due to 
reduction in the activation state of the CO2 binding enzyme, Rubisco[9]. On the whole, the reduction in 
photosynthesis under high temperature is due to damage to chlorophyll pigments, decline in leaf nitrogen 
contents, blockage of PSII reaction center and electron flow, decreased quantum efficiency (Fv/Fm) and 
down-regulation of PSII photochemistry [13].  
4) Oxidative damage - Oxidative damage in the cells is caused by excessive production of reactive oxygen 
species (ROS). ROS affect cell functioning by damaging lipids and proteins. Antioxidant defense 
mechanisms are of two types - enzymatic and non-enzymatic. Enzymatic mechanisms involve superoxide 
dismutase (SOD), glutathione reductase (GR), peroxidase (POD) and catalase (CAT) while non-enzymatic 
enzymes include certain carotenoids and glutathione. Oxidative damage can be overcome by maintaining 
higher levels of the anti-oxidants. Phyto-hormones can be used which act as natural defense molecules. 
Exogenous application of calcium induces heat stress resistance in plants by inducing higher antioxidant 
activity [14]. Treatment of barley seeds with glycine betaine resulted in improved membrane stability, 
photosynthetic rate and leaf water status [15]. 
5) Effect on Reproductive Physiology - A number of physiological processes that occur during anthesis, 
such as pollination, pollen germination and fertilization, are highly sensitive to extremes of temperature. 
High temperature reduces the cell wall invertase (CWI) activity which is required for mediating sucrose 
hydrolysis in anthers and microspores. This leads to altered carbohydrate metabolism leading to starch 
deficiency in pollen resulting in male sterility [16].  
 
EFFECT OF HIGH NIGHT TEMPERATURE (HNT) 
High night temperature also plays a critical role in crop productivity. There is significant reduction in 
grain weight and quality under high night temperature. This is due to reduced phloem unloading to sink 
tissue (lower CWI), slower cell expansion (lower VI) and limited substrate supply for starch synthesis 
(lower SuSy) [17]. Significant decline in spikelet SuSy activity under HNT limits sucrose breakdown and 
substrate (UDP glucose/ADP glucose) supply for starch synthesis in the grain. This results in poor sink 
strength. Significant increase in intermediates of TCA cycle compounds like isocitrate and fumarate were 
recorded in rice leaves exposed to HNT, likely reflecting an increase in respiration [18]. 
Reduced assimilate production is observed during later grain filling phase in rice. This results in higher 
Rn/Pn ratio. Therefore, higher respiratory carbon losses under HNT during post-flowering phase could 
contribute to loss in biomass and grain weight [17]. Under high night temperature auxin, cytokinin and 
gibberellins were down-regulated while ethylene and abscisic acid were upregulated [19]. In Tascosa, a 
tolerant wheat cultivar, an increase in methionine due to the conversion of S-Adenosyl methionine back 
to methionine lowered ethylene production thereby countering HNT induced early senescence [20].  
For developing improved cultivars with HNT tolerance the following characters should be selected for: 
Lower maintenance respiration (Rn) during post-flowering phase, sustained supply of photo-assimilates. 
The genetic regulation of key sink enzymes such as cell wall invertase (CWI), vacuolar invertase (VI) and 
sucrose synthase (SuSy) can be explored and utilised in advanced breeding and molecular approaches, 
increased production of osmolytes such as maltose and simple sugars. 
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CARBON PARTITIONING 
Photosynthesis determines the amount of substrate available for plant growth. Carbon partitioning 
determines both the efficiency with which substrate is used and the extent of its productive investment. 
Sucrose is the primary product of source and is the substrate of sink. It is the most abundant compound 
transported in the plants. The transport of assimilates occurs from photosynthetically active source 
tissues such as mature leaves to non-photosynthetic sink tissues such as fruits or reproductive organs, 
tubers, meristems or roots. Assimilates are converted into sucrose in the cytosol. Alternately, transitory 
starch is synthesized in the plastids, which is in turn degraded into glucose and maltose at night during 
respiration. There are three key factors that regulate carbon partitioning – i) Production of photo-
assimilates (source capacity) ii) Transport of photo-assimilates iii) Utilization of photo-assimilates in sink 
organs.  
i) Source Capacity - Carbon partitioning in source organs depends on the efficiency of photosynthetic 
activity. It is also controlled by the metabolism of photo-assimilates and the rate of transport to sink 
tissues. Reduced fruit set and decreased growth rate was reported in transgenic tomatoes which 
expressed reduced sucrose synthase (SuSy) activity [21].Fructose-2,6-bisphosphate, a signal metabolite 
caused accumulation of phosphorylated intermediates resulting in activation of ADP-glucose 
pyrophosphorylase (AGPase) which led to feedback inhibition of sucrose synthesis [22]. These studies 
show how the control of assimilates at the sink determines the carbon allocation at the source. 
ii) Transport of photo-assimilates - All the photo-assimilates that are not required for the support of leaf 
function are converted into sucrose or amino acids and loaded into the phloem for translocation to the 
sink organs. Various transporters are required for efficient movement of sucrose across plasma 
membranes. Rapid phloem loading in source leaves and phloem unloading in sink organs is possible 
through the apoplastic pathway. The efficient export into cell wall spaces is mediated by sucrose 
facilitators such as AtSWEET11 and 12  [23]. Uptake of sucrose in cells as mediated by 
Suc/H+symporters[24]. Sucrose is loaded from the cytosol into storage vacuoles by 
hexose/Suc/H+antiporters[25]. The transporters fine-tune sucrose/hexose flux to maintain homoeostasis 
as well as regulate intra-organellarsignaling. 
iii) Sink Unloading - Photosynthesis and sink utilization of carbohydrates are tightly coordinated. When 
the active sink organs are removed or if a deficiency in a particular nutrient is caused, it leads to 
decreased sink activity. This causes the accumulation of carbohydrates in the leaves resulting in the 
inhibition of photosynthesis [26]. The remaining sink capacity and the restricted transport capacity 
determine the degree of phloem unloading. Both, development as well as fruit growth is limited by 
sucrose available from phloem unloading [27]. Sucrose is broken down into glucose and fructose by cell 
wall invertase resulting in increased apoplasmic levels of hexoses. This causes a gradient of translocation 
from source-to-sink and hence the net import into the fruit. 
 
ROLE OF ENZYMES  
The enzymes that play an important role in the grain filling are starch synthase, sucrose synthase, starch 
branching enzyme and ADP glucose pyrophosphorylase  [28]. Invertases (INV) and sucrose synthase 
(SuSy) are considered as key enzymes that determine sink strength. They maintain the sucrose gradient 
from source to sink tissue by cleaving sucrose into hexoses. Abortion of kernel growth by high 
temperature is mainly due to impairing the process of sucrose unloading in the pedicel by indirectly 
inhibiting cytoplasmic invertase (CI) activity, which may prevent starch synthesis in the endosperm [29]. 
Cell wall invertases (CWI) are insoluble proteins ionically bound to cell wall and plays key role in phloem 
unloading by cleaving sucrose in the apoplast [30][31]. As symplastic connection is absent between 
developing grain and maternal tissue, low CWI activity hampers sucrose unloading. Vacuolar invertase 
(VI) is a key player of sink initiation and expansion by supporting cell division during pre-storage phase 
in the grain. It regulates overall sucrose pool in the cytosol and its availability for export from the source 
tissue. Lower VI affects early grain development. It reduces cell expansion with lower hexose-based 
turgor pressure required for normal cell expansion. 
Sucrose synthase (SUSy) is a key enzyme regulating phloem loading of sucrose. It provides substrate 
(UDP glucose/ADP glucose) for starch synthesis in developing grain. It catalyses the first step for sucrose 
to starch conversion in grain [32]. ADP-glucose pyrophosphorylase (AGP) catalyses the formation of ADP-
glucose, which is a direct substrate for starch synthesis synthesized from glucose-1-phosphate and ATP. 
Granule Bound Starch Synthase (GBSSI) is responsible for amylose synthase while Branching Enzyme IIb 
(BEIIb) generates short chains of amylopectin. The down-regulation of GBSSI and BEIIb alters the fine 
structure of amylose and amylopectin, leading to changes in starch characteristics that degrade the 
cooking and eating properties of rice [33]. 

Stephen and Beena 



ABR Vol 12 [4] July 2021                                                                     298 | P a g e              © 2021 Society of Education, India 

SINK FACTORS 
The export of assimilates from source to sink generally depends on the rate of photosynthesis and 
sucrose concentration in leaves. Carbohydrates supporting grain growth during the grain filling stage are 
derived from the current photo-assimilate as well as the stored carbohydrate reserves in vegetative 
organs [34]. High temperature accelerated the remobilization of stored reserves from the leaf sheaths. 
The starch and dry matter content in the grains increased significantly faster under high temperature 
than in the control [35]. The important factors affecting grain filling are the shortening of the grain filling 
duration, loss of activity of source or sink and the panicle contribution to the grain weight [36]. 
Early termination of grain filling in temperate rice was not due to lack of assimilate because of leaf 
senescence but due to loss of sink activity owing to the earlier senescence of panicle. Dry matter 
partitioning to the leaf sheath and culm continued even after termination of grain filling. This indicates 
that leaves were still maintaining photosynthetic capacity and supplying assimilates into the other plant 
tissues [37]. Sink senescence leads to reduction of translocation ability and loss of activity of starch 
synthesis-related enzymes. Slower panicle senescence allows grains to accumulate more assimilates. 
There was no source limitation as photosynthesis-related proteins [Rubisco, RCA and oxygen evolving 
enhancer protein (OEEP)] were sufficiently upregulated. Activity of soluble starch synthase was reduced 
which could have imposed a sink limitation effect [38]. 
Sink capacity can be increased by enhancing the activities of starch synthesis-related enzymes which 
cause enhanced starch biosynthesis. Transgenic wheat plants overexpressing the rice starch synthase 1 
(OsSSI) gene altered source–sink relationships and extended grain-filling period [39]. Improvements of 
ovary or endosperm cell development results in larger cells with greater potential for assimilate storage 
[40]. The number and size of the cells formed and the capacity of endosperm cells determines the yield in 
wheat. Interaction of phyto-hormones such as cytokinins and hormonal regulation is an important means 
to improve sink capacity in this regard [41]. 
 
ADAPTATION MECHANISMS 
Preconditioning of plants - Preconditioned tomato plants showed better performance under the heat 
stress by making better osmotic and stomatal adjustments [42]ii) Application of hormones - Exogenous 
application of brassinosteroid on L. chinensis improves the stress tolerance by improving the plant 
growth, synthesis of photosynthetic pigments and antioxidant enzymes activity [43] iii) Partial removal of 
sink organs - When rice panicles were partly clipped to about 30%, it increased assimilate supply to the 
remaining grains. This is attributed to upregulation of expression of OsSUT1 and starch synthesis-related 
genes [35] iv) Pre-anthesis heat treatment - Enhanced carbohydrate remobilization from stems to grains 
led to less changed starch content and starch granule size through enhancing the fructancatalyzing 
enzyme (i.e. SST and FFT) activities [44] 
Apart from agronomic measures, the best way to combat high temperature stress is to breed for tolerant 
varieties. In this regard, the following approaches can be followed –  
1) Conventional Breeding – The varieties being bred should be selected for the following characters: 
improved morpho-physiological traits, minimal damage to photosynthetic machinery, increased 
biosynthesis of the protective compounds, higher membrane thermo-stability, higher fruit setting rate, 
increased grain filling duration and grain weight. 
2) Modern Breeding - Identifying QTLs related to different traits involved in heat tolerance can be useful 
in incorporating them in breeding programmes. Simple sequence repeat markers linked with different 
heat tolerance characters were used in marker assisted selection among 25 wheat genotypes for heat 
tolerance [45].  
3) Transgenic approaches - Transgenic approaches involve modifications in the qualitative as well as the 
quantitative traits through transfer of desired genes. Genes which encode growth regulators, compatible 
solutes and antioxidants involved in stress tolerance are important targets in this technique. Genetic 
manipulations for over-expression of SOD under heat stress have been proven to be successful [46]. A 
transgenic tobacco plant showing a better photosynthetic activity under heat stress has been produced by 
alteration of the chloroplast membranes (Murakami et al., 2000) [47]. HSFs and DREB2A genes have been 
identified to engineer heat tolerant transgenic plants [48]. 
4) Metabolomic approaches - Metabolomics could be a useful selection tool to identify associations 
between genotype and phenotype. It could lead to a better understanding of the genetic basis of plant 
responses to stresses. Some of the metabolites can be used as stress markers and utilised in breeding 
[49]. Identifying the rate limiting step/enzyme in the metabolite pathway would be useful in developing 
gene based markers targeting the specific enzyme. Li et al.[50] integrated metabolomic and 
transcriptomic analyses of heat-tolerant (N22) and heat-sensitive (Moroberekan) rice. They found that 
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sugar metabolism was the crucial metabolic and transcriptional component that differentiated floral 
organ susceptibility or tolerance to stress. 
 
CONCLUSION 
In view of the rising global warming in the current climate change scenario, we can expect that the 
temperatures in the coming decades are going to rise steeply. Therefore, in order to adapt crop 
production to the changing scenario, understanding the regulation of photo-assimilates under high 
temperature conditions is critical to develop new varieties or solutions to overcome the deleterious 
effects. Marker assisted selection (MAS) or transgenic interventions would play an important role in this 
regard. Spraying of phyto-hormones or chemicals to ameliorate the damaging effects would also be 
crucial. 
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ABSTRACT 

Manipulating crop yield is the ultimate objective of crop research. Serious efforts have been directed towards increasing 
the accumulation of photo-assimilates in the economic organs of a plant. The major factors that are crucial in this 
regard are the enzymatic mechanisms active in the source and sink organs as well as the transport of photo-assimilates 
between them. Carbon partitioning determines the rate of transport and quantity of photo-assimilates that contribute to 
the increase or decrease of crop yield. However, abiotic and biotic stress conditions pose a serious challenge to 
maintaining the yield of a plant. It is well known how increased temperatures have serious impact on the molecular, 
biochemical and physiological functions of a plant. Manipulation of the source-sink factors has been found to ameliorate 
the effects of high temperature on carbon partitioning. In light of the predicted increase in global atmospheric 
temperatures, it is essential to review the impact of high temperature on plant growth and development. Understanding 
the regulation of photo-assimilates under the limiting conditions could provide management options for optimizing the 
production potential.  
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INTRODUCTION 
Plants require photo-assimilates as a source of carbon for growth and development. This is achieved 
through the process of photosynthesis which occurs in the source organs such as leaves. Source organs 
are the factories where carbon is produced in the form of sugars and are the exporters of energy for the 
rest of the plant[1]. The sink organs are the importers of this energy wherein these assimilates are stored. 
The production of the photo-assimilates as well as their accumulation is of crucial importance as the yield 
of the plant is the net accumulation of these photosynthates. Several factors come into play while 
determining the the storage capacity of a sink organ[2]. The capacity of the source organs in their rate of 
production of photo-assimilates, the rate and quantity at which these sugars are transported to the sink 
organs, and the size and capacity to store these resources in the sink organs all play a major role in this 
regard. Apart from these, several enzymes such as the invertases, sucrose and starch synthases etc.[3][4] 
are critical as the activators of conversion of the storage compounds into transportable as well as 
accumulating forms.     
High temperatures have a deleterious effect on plant growth and development. Predicted rise in 
temperatures due to global warming [5] is a major concern for researchers as maintaining the yield 
potential under increased temperatures is a challenge. The current review explores the effect of high 
temperature on the source-sink regulation, the factors involved and the ways in which their effects can be 
mitigated.  
 
EFFECT OF HEAT STRESS 
High temperature stress causes damage to proteins, disturbs protein synthesis, inactivates major 
enzymes, damages membranes, impairs cell division and causes oxidative damage. 
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1) Effect on water uptake – There is negative impact on the root conductance. Rapid reduction in leaf 
tissue water content was observed in sugarcane inspite of sufficient availability of soil water [6]. 
Increased rate of transpiration leads to loss of water impairing certain important physiological processes 
in plants. The growth of the roots is affected by heat stress leading to a reduction in the number and mass 
which leads to a limitation the supply of water and nutrients. 
 2) Effect on nutrient relations of crops - Activity of the major enzymes like nitrate reductase involved in 
the nutrient metabolism is significantly reduced under high temperature stress [7]. Reduced root mass 
and nutrient uptake per unit root areaaffects nutrient cycling, uptake and availability to plants by 
hampering the physiological functions of plants.Nitrogen limitation affects photosynthetic components 
rich in nitrogen such as chlorophyll, light-harvesting complex and Rubisco. Phosphorus limitation affects 
photosynthesis through changes in the activity of Calvin-cycle enzymes, RuBP regeneration and/or 
Rubisco activity and is also part of ATP and NADPH/NADP+ 
3)Effect on photosynthesis - Reduction in chlorophyll biosynthesis is due to deactivation of enzymes [8]. 
Increased temperature of the leaf and photon flux density effects the thermo-tolerance adjustment of the 
PSII[9]. Damage to oxygen evolving complex results in imbalanced flow of electrons to the acceptor site of 
PSII[10]. Activity of 5-aminolevulinatedehydratase, an important enzyme in the pyrrole biosynthesis 
pathway, decreased significantly in wheat under heat stress [11]. Higher temperatures caused a reduction 
in biosynthesis of the protochlorophyllide by 70%. Heat stress caused more accelerated degradation of 
chlorophyll a and b in developed leaves[12]. Net photosynthesis in many plant species is inhibited due to 
reduction in the activation state of the CO2 binding enzyme, Rubisco[9]. On the whole, the reduction in 
photosynthesis under high temperature is due to damage to chlorophyll pigments, decline in leaf nitrogen 
contents, blockage of PSII reaction center and electron flow, decreased quantum efficiency (Fv/Fm) and 
down-regulation of PSII photochemistry [13].  
4) Oxidative damage - Oxidative damage in the cells is caused by excessive production of reactive oxygen 
species (ROS). ROS affect cell functioning by damaging lipids and proteins. Antioxidant defense 
mechanisms are of two types - enzymatic and non-enzymatic. Enzymatic mechanisms involve superoxide 
dismutase (SOD), glutathione reductase (GR), peroxidase (POD) and catalase (CAT) while non-enzymatic 
enzymes include certain carotenoids and glutathione. Oxidative damage can be overcome by maintaining 
higher levels of the anti-oxidants. Phyto-hormones can be used which act as natural defense molecules. 
Exogenous application of calcium induces heat stress resistance in plants by inducing higher antioxidant 
activity [14]. Treatment of barley seeds with glycine betaine resulted in improved membrane stability, 
photosynthetic rate and leaf water status [15]. 
5) Effect on Reproductive Physiology - A number of physiological processes that occur during anthesis, 
such as pollination, pollen germination and fertilization, are highly sensitive to extremes of temperature. 
High temperature reduces the cell wall invertase (CWI) activity which is required for mediating sucrose 
hydrolysis in anthers and microspores. This leads to altered carbohydrate metabolism leading to starch 
deficiency in pollen resulting in male sterility [16].  
 
EFFECT OF HIGH NIGHT TEMPERATURE (HNT) 
High night temperature also plays a critical role in crop productivity. There is significant reduction in 
grain weight and quality under high night temperature. This is due to reduced phloem unloading to sink 
tissue (lower CWI), slower cell expansion (lower VI) and limited substrate supply for starch synthesis 
(lower SuSy) [17]. Significant decline in spikelet SuSy activity under HNT limits sucrose breakdown and 
substrate (UDP glucose/ADP glucose) supply for starch synthesis in the grain. This results in poor sink 
strength. Significant increase in intermediates of TCA cycle compounds like isocitrate and fumarate were 
recorded in rice leaves exposed to HNT, likely reflecting an increase in respiration [18]. 
Reduced assimilate production is observed during later grain filling phase in rice. This results in higher 
Rn/Pn ratio. Therefore, higher respiratory carbon losses under HNT during post-flowering phase could 
contribute to loss in biomass and grain weight [17]. Under high night temperature auxin, cytokinin and 
gibberellins were down-regulated while ethylene and abscisic acid were upregulated [19]. In Tascosa, a 
tolerant wheat cultivar, an increase in methionine due to the conversion of S-Adenosyl methionine back 
to methionine lowered ethylene production thereby countering HNT induced early senescence [20].  
For developing improved cultivars with HNT tolerance the following characters should be selected for: 
Lower maintenance respiration (Rn) during post-flowering phase, sustained supply of photo-assimilates. 
The genetic regulation of key sink enzymes such as cell wall invertase (CWI), vacuolar invertase (VI) and 
sucrose synthase (SuSy) can be explored and utilised in advanced breeding and molecular approaches, 
increased production of osmolytes such as maltose and simple sugars. 
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CARBON PARTITIONING 
Photosynthesis determines the amount of substrate available for plant growth. Carbon partitioning 
determines both the efficiency with which substrate is used and the extent of its productive investment. 
Sucrose is the primary product of source and is the substrate of sink. It is the most abundant compound 
transported in the plants. The transport of assimilates occurs from photosynthetically active source 
tissues such as mature leaves to non-photosynthetic sink tissues such as fruits or reproductive organs, 
tubers, meristems or roots. Assimilates are converted into sucrose in the cytosol. Alternately, transitory 
starch is synthesized in the plastids, which is in turn degraded into glucose and maltose at night during 
respiration. There are three key factors that regulate carbon partitioning – i) Production of photo-
assimilates (source capacity) ii) Transport of photo-assimilates iii) Utilization of photo-assimilates in sink 
organs.  
i) Source Capacity - Carbon partitioning in source organs depends on the efficiency of photosynthetic 
activity. It is also controlled by the metabolism of photo-assimilates and the rate of transport to sink 
tissues. Reduced fruit set and decreased growth rate was reported in transgenic tomatoes which 
expressed reduced sucrose synthase (SuSy) activity [21].Fructose-2,6-bisphosphate, a signal metabolite 
caused accumulation of phosphorylated intermediates resulting in activation of ADP-glucose 
pyrophosphorylase (AGPase) which led to feedback inhibition of sucrose synthesis [22]. These studies 
show how the control of assimilates at the sink determines the carbon allocation at the source. 
ii) Transport of photo-assimilates - All the photo-assimilates that are not required for the support of leaf 
function are converted into sucrose or amino acids and loaded into the phloem for translocation to the 
sink organs. Various transporters are required for efficient movement of sucrose across plasma 
membranes. Rapid phloem loading in source leaves and phloem unloading in sink organs is possible 
through the apoplastic pathway. The efficient export into cell wall spaces is mediated by sucrose 
facilitators such as AtSWEET11 and 12  [23]. Uptake of sucrose in cells as mediated by 
Suc/H+symporters[24]. Sucrose is loaded from the cytosol into storage vacuoles by 
hexose/Suc/H+antiporters[25]. The transporters fine-tune sucrose/hexose flux to maintain homoeostasis 
as well as regulate intra-organellarsignaling. 
iii) Sink Unloading - Photosynthesis and sink utilization of carbohydrates are tightly coordinated. When 
the active sink organs are removed or if a deficiency in a particular nutrient is caused, it leads to 
decreased sink activity. This causes the accumulation of carbohydrates in the leaves resulting in the 
inhibition of photosynthesis [26]. The remaining sink capacity and the restricted transport capacity 
determine the degree of phloem unloading. Both, development as well as fruit growth is limited by 
sucrose available from phloem unloading [27]. Sucrose is broken down into glucose and fructose by cell 
wall invertase resulting in increased apoplasmic levels of hexoses. This causes a gradient of translocation 
from source-to-sink and hence the net import into the fruit. 
 
ROLE OF ENZYMES  
The enzymes that play an important role in the grain filling are starch synthase, sucrose synthase, starch 
branching enzyme and ADP glucose pyrophosphorylase  [28]. Invertases (INV) and sucrose synthase 
(SuSy) are considered as key enzymes that determine sink strength. They maintain the sucrose gradient 
from source to sink tissue by cleaving sucrose into hexoses. Abortion of kernel growth by high 
temperature is mainly due to impairing the process of sucrose unloading in the pedicel by indirectly 
inhibiting cytoplasmic invertase (CI) activity, which may prevent starch synthesis in the endosperm [29]. 
Cell wall invertases (CWI) are insoluble proteins ionically bound to cell wall and plays key role in phloem 
unloading by cleaving sucrose in the apoplast [30][31]. As symplastic connection is absent between 
developing grain and maternal tissue, low CWI activity hampers sucrose unloading. Vacuolar invertase 
(VI) is a key player of sink initiation and expansion by supporting cell division during pre-storage phase 
in the grain. It regulates overall sucrose pool in the cytosol and its availability for export from the source 
tissue. Lower VI affects early grain development. It reduces cell expansion with lower hexose-based 
turgor pressure required for normal cell expansion. 
Sucrose synthase (SUSy) is a key enzyme regulating phloem loading of sucrose. It provides substrate 
(UDP glucose/ADP glucose) for starch synthesis in developing grain. It catalyses the first step for sucrose 
to starch conversion in grain [32]. ADP-glucose pyrophosphorylase (AGP) catalyses the formation of ADP-
glucose, which is a direct substrate for starch synthesis synthesized from glucose-1-phosphate and ATP. 
Granule Bound Starch Synthase (GBSSI) is responsible for amylose synthase while Branching Enzyme IIb 
(BEIIb) generates short chains of amylopectin. The down-regulation of GBSSI and BEIIb alters the fine 
structure of amylose and amylopectin, leading to changes in starch characteristics that degrade the 
cooking and eating properties of rice [33]. 
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SINK FACTORS 
The export of assimilates from source to sink generally depends on the rate of photosynthesis and 
sucrose concentration in leaves. Carbohydrates supporting grain growth during the grain filling stage are 
derived from the current photo-assimilate as well as the stored carbohydrate reserves in vegetative 
organs [34]. High temperature accelerated the remobilization of stored reserves from the leaf sheaths. 
The starch and dry matter content in the grains increased significantly faster under high temperature 
than in the control [35]. The important factors affecting grain filling are the shortening of the grain filling 
duration, loss of activity of source or sink and the panicle contribution to the grain weight [36]. 
Early termination of grain filling in temperate rice was not due to lack of assimilate because of leaf 
senescence but due to loss of sink activity owing to the earlier senescence of panicle. Dry matter 
partitioning to the leaf sheath and culm continued even after termination of grain filling. This indicates 
that leaves were still maintaining photosynthetic capacity and supplying assimilates into the other plant 
tissues [37]. Sink senescence leads to reduction of translocation ability and loss of activity of starch 
synthesis-related enzymes. Slower panicle senescence allows grains to accumulate more assimilates. 
There was no source limitation as photosynthesis-related proteins [Rubisco, RCA and oxygen evolving 
enhancer protein (OEEP)] were sufficiently upregulated. Activity of soluble starch synthase was reduced 
which could have imposed a sink limitation effect [38]. 
Sink capacity can be increased by enhancing the activities of starch synthesis-related enzymes which 
cause enhanced starch biosynthesis. Transgenic wheat plants overexpressing the rice starch synthase 1 
(OsSSI) gene altered source–sink relationships and extended grain-filling period [39]. Improvements of 
ovary or endosperm cell development results in larger cells with greater potential for assimilate storage 
[40]. The number and size of the cells formed and the capacity of endosperm cells determines the yield in 
wheat. Interaction of phyto-hormones such as cytokinins and hormonal regulation is an important means 
to improve sink capacity in this regard [41]. 
 
ADAPTATION MECHANISMS 
Preconditioning of plants - Preconditioned tomato plants showed better performance under the heat 
stress by making better osmotic and stomatal adjustments [42]ii) Application of hormones - Exogenous 
application of brassinosteroid on L. chinensis improves the stress tolerance by improving the plant 
growth, synthesis of photosynthetic pigments and antioxidant enzymes activity [43] iii) Partial removal of 
sink organs - When rice panicles were partly clipped to about 30%, it increased assimilate supply to the 
remaining grains. This is attributed to upregulation of expression of OsSUT1 and starch synthesis-related 
genes [35] iv) Pre-anthesis heat treatment - Enhanced carbohydrate remobilization from stems to grains 
led to less changed starch content and starch granule size through enhancing the fructancatalyzing 
enzyme (i.e. SST and FFT) activities [44] 
Apart from agronomic measures, the best way to combat high temperature stress is to breed for tolerant 
varieties. In this regard, the following approaches can be followed –  
1) Conventional Breeding – The varieties being bred should be selected for the following characters: 
improved morpho-physiological traits, minimal damage to photosynthetic machinery, increased 
biosynthesis of the protective compounds, higher membrane thermo-stability, higher fruit setting rate, 
increased grain filling duration and grain weight. 
2) Modern Breeding - Identifying QTLs related to different traits involved in heat tolerance can be useful 
in incorporating them in breeding programmes. Simple sequence repeat markers linked with different 
heat tolerance characters were used in marker assisted selection among 25 wheat genotypes for heat 
tolerance [45].  
3) Transgenic approaches - Transgenic approaches involve modifications in the qualitative as well as the 
quantitative traits through transfer of desired genes. Genes which encode growth regulators, compatible 
solutes and antioxidants involved in stress tolerance are important targets in this technique. Genetic 
manipulations for over-expression of SOD under heat stress have been proven to be successful [46]. A 
transgenic tobacco plant showing a better photosynthetic activity under heat stress has been produced by 
alteration of the chloroplast membranes (Murakami et al., 2000) [47]. HSFs and DREB2A genes have been 
identified to engineer heat tolerant transgenic plants [48]. 
4) Metabolomic approaches - Metabolomics could be a useful selection tool to identify associations 
between genotype and phenotype. It could lead to a better understanding of the genetic basis of plant 
responses to stresses. Some of the metabolites can be used as stress markers and utilised in breeding 
[49]. Identifying the rate limiting step/enzyme in the metabolite pathway would be useful in developing 
gene based markers targeting the specific enzyme. Li et al.[50] integrated metabolomic and 
transcriptomic analyses of heat-tolerant (N22) and heat-sensitive (Moroberekan) rice. They found that 
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sugar metabolism was the crucial metabolic and transcriptional component that differentiated floral 
organ susceptibility or tolerance to stress. 
 
CONCLUSION 
In view of the rising global warming in the current climate change scenario, we can expect that the 
temperatures in the coming decades are going to rise steeply. Therefore, in order to adapt crop 
production to the changing scenario, understanding the regulation of photo-assimilates under high 
temperature conditions is critical to develop new varieties or solutions to overcome the deleterious 
effects. Marker assisted selection (MAS) or transgenic interventions would play an important role in this 
regard. Spraying of phyto-hormones or chemicals to ameliorate the damaging effects would also be 
crucial. 
 
REFERENCES 
1. Smith, M.R., Rao, I.M. & Merchant, A. (2018). Source-sink relationships in crop plants and their influence on yield 

development and nutritional quality. Front. Plant Sci., 9:1889. 
2. Anuradha, R.K. &Bishnoi, C. (2017). Assimilate partitioning and distribution in fruit crops: A review. J. 

Pharmacognosy and Phytochemistry, 6(3):479-484. 
3. Jiang, N., Yu, P., Fu, W., Li, G., Feng, B., Chen, T., Li, H., Tao, L. & Fu, G. (2020). Acid invertase confers heat tolerance 

in rice plants by maintaining energy homoeostasis of spikelets. Plant, Cell Environ., 43(5):1273-1287. 
4. Ruan, Y.L. (2012). Signaling role of sucrose metabolism in development. Mol. Plant, 5(4):763-765. 
5. IPCC (2018). Summary for policymakers. In: Masson-Delmotte V, Zhai P, Pörtner H-O, et al., eds. Global warming 

of 1.5 °C. An IPCC special report on the impacts of global warming of 1.5 °C above pre-industrial levels and 
related global greenhouse gas emission pathways, in the context of strengthening the global response to the 
threat of climate change, sustainable development, and efforts to eradicate poverty. Geneva, Switzerland: World 
Meteorological Organization, 32. 

6. Wahid, A. & Close, T.J. (2007). Expression of dehydrins under heat stress and their relationship with water 
relations of sugarcane leaves. Biol. Plant., 51:104–109.  

7. Klimenko, S., Peshkova, A. &Dorofeev, N. (2006). Nitrate reductase activity during heat shock in winter wheat. J. 
Stress Physiol. Biochem., 2:50–55. 

8. Dutta, S., Mohanty, S. &Tripathy, B.C. (2009). Role of temperature stress on chloroplast biogenesis and protein 
import in pea. Plant Physiol., 150(2):1050-1061. 

9. Crafts-Brandner, S.J. &Salvucci, M.E. 2002. Sensitivity of photosynthesis in a C4 plant maize to heat stress. Plant 
Physiol., 129:1773–1780. 

10. De Ronde, J.A.D., Cress, W.A., Kruger, G.H.J., Strasser, R.J. &Staden, J.V. (2004). Photosynthetic response of 
transgenic soybean plants containing an Arabidopsis P5CR gene, during heat and drought stress. J. Plant 
Physiol.,61:1211–1244.  

11. Mohanty, S., Baishna, B.G. &Tripathy, C. (2006). Light and dark modulation of chlorophyll biosynthetic genes in 
response to temperature. Planta, 224:692–699.  

12. Karim, M.A., Fracheboud, Y. & Stamp, P. (1999). Photosynthetic activity of developing leaves mays is less affected 
by heat stress than that of developed leaves. Physiol. Plant., 105:685–693.  

13. Fahad, S., Bajwa, A.A., Nazir, U., Anjum, S.A., Farooq, A., Zohaib, A., Sadia, S., Nasim, W., Adkins, S., Saud, S. &Ihsan, 
M.Z. (2017). Crop production under drought and heat stress: plant responses and management options. 
Frontiers Plant Sci. 8:1147-1163. 

14. Kolupaev, Y., Akinina, G. &Mokrousov, A. (2005). Induction of heat tolerance in wheat coleoptiles by calcium ions 
and its relation to oxidative stress. Russ. J. Plant Physiol., 52:199–204.  

15. Wahid, A. &Shabbir, A. (2005). Induction of heat stress tolerance in barley seedlings by pre-sowing seed 
treatment with glycinebetaine. Plant Growth Regul., 46:133–141. 

16. Jain, M., Chourey, P.S., Boote, K.J. & Allen Jr, L.H. (2010). Short-term high temperature growth conditions during 
vegetative-to-reproductive phase transition irreversibly compromise cell wall invertase-mediated sucrose 
catalysis and microspore meiosis in grain sorghum (Sorghum bicolor). J. Plant Physiol., 167(7):578-582. 

17. Bahuguna, R.N., Solis, C.A., Shi, W. &Jagadish, K.S. (2016). Post‐flowering night respiration and altered sink 
activity account for high night temperature‐induced grain yield and quality loss in rice (Oryzasativa L.). 
Physiologia Plant., 159(1):59-73. 

18. Glaubitz, U., Li, X., Schaedel, S., Erban, A., Sulpice, R., Kopka, J., Hincha, D.K. &Zuther, E. (2017). Integrated analysis 
of rice transcriptomic and metabolomics responses to elevated night temperatures identifies sensitivity and 
tolerance-related profiles. Plant Cell  Environ., 40:121-137. 

19. Bita, C.E. &Gerats, T. (2013). Plant tolerance to high temperature in a changing environment: scientific 
fundamentals and production of heat stress-tolerant crops. Frontier Plant Sci., 4:273-289. 

20. Impa, S.M., Sunoj, V.J., Krassovskaya, I., Bheemanahalli, R., Obata, T. &Jagadish, S.K. (2019). Carbon balance and 
source‐sink metabolic changes in winter wheat exposed to high night‐time temperature. Plant Cell 
Environ.,42(4):1233-1246. 

21. D’Aoust, M.A.,Yelle, S. & Nguyen-Quoc, B. (1999). Antisense inhibition of tomato fruit sucrose synthase decreases 
fruit setting and the sucrose unloading Capacity of young fruit. Plant Cell, 11:2407–2418.  

Stephen and Beena 



ABR Vol 12 [4] July 2021                                                                     300 | P a g e              © 2021 Society of Education, India 

22. Hädrich, N., Gibon,Y., Schudoma, C., Altmann, T., Lunn, J.E. &Stitt, M. (2011). Use of TILLING and robotised 
enzyme assays to generate an allelic series of Arabidopsis thaliana mutants with altered ADP-glucose 
pyrophosphorylase activity. J. Plant Physiol., 168:1395-1405.  

23. Chen, L.Q., Qu, X.Q., Hou, B.H., Sosso, D., Osorio, S., &Fernie, A.R. (2012). Sucrose efflux mediated by SWEET 
proteins as a key step for phloem transport. Sciences, 335:207–211. 

24. Carpaneto, A., Geiger, D., Bamberg, E., Sauer, N., Fromm, J. &Hedrich, R. (2005). Phloem-localized, proton-coupled 
sucrose carrier ZmSUT1 mediates sucrose efflux under the control of the sucrose gradient and the proton motive 
force. J. Biol. Chem., 280:21437–21443. 

25. Ruan, Y., Patrick, J. & Brady, C. (1997). Protoplast hexose carrier activity is a determinate of genotypic difference 
in hexose storage in tomato fruit. Plant Cell Environ., 20:341–349. 

26. Osorio, S., Ruan, Y.L. &Fernie, A.R. 2014. An update on source-to-sink carbon partitioning in tomato. Front. Plant 
Sci., 5:516. 

27. Ma, S., Li, Y., Li, X., Sui, X. & Zhang, Z. (2019). Phloem unloading strategies and mechanisms in crop fruits. J. Plant 
Growth Regulation, 38(2):494-500. 

28. Taiz, L. and Zeiger, E. 2006.  Plant Physiology (4th Ed.).  Sinauer Associates Inc. Publishers, Sunderland, MA 
pp.675 

29. Suwa, R., Hakata, H., Hara, H., El-Shemy, H.A., Adu-Gyamfi, J.J., Nguyen, N.T., Kanai, S., Lightfoot, D.A., Mohapatra, 
P.K. & Fujita, K. (2010). High temperature effects on photosynthate partitioning and sugar metabolism during ear 
expansion in maize (Zea mays L.) genotypes. Plant Physiol. Biochem., 48(2-3):124-130. 

30. Wang, L. &Ruan, Y.L. 2012. New insights into roles of cell wall invertase in early seed development revealed by 
comprehensive spatial and temporal expression patterns of GhCWIN1 in cotton. Plant Physiol., 160:777–787 

31. Liao, S., Wang, L., Li, J., &Ruan, Y. L. (2020). Cell wall invertase is essential for ovule development through sugar 
signaling rather than provision of carbon nutrients. Plant Physiol., 183(3):1126-1144. 

32. Li, J., Baroja-Fernández, E., Bahaji, A., Muñoz, F.J., Ovecka, M., Montero, M., Sesma, M.T., Alonso-Casajús, N., 
Almagro, G., Sánchez-López, A.M. & Hidalgo, M. (2013) Enhancing sucrose synthase activity results in increased 
levels of starch and ADP-glucose in maize (Zea mays L.) seed endosperms. Plant Cell Physiol., 54:282–294 

33. Wei, K. S., Cheng, F. M., Zhang, Q. F., & Liu, K. G. (2009). Temperature stress at grain filling stage mediates 
expression of three isoform genes encoding starch branching enzymes in rice endosperm. Rice Science, 16(3): 
187-193. 

34. Gebbing, T., Schnyder, H. &Kuhbauch, W. (1999). The utilization of pre‐anthesis reserves in grain filling of wheat. 
Assessment by steady‐state 13CO2/12CO2 labelling. Plant Cell Environ., 22(7):851-858. 

35. Phan, T.T.T., Ishibashi, Y., Miyazaki, M., Tran, H.T., Okamura, K., Tanaka, S., Nakamura, J., Yuasa, T. &Iwaya‐Inoue, 
M. (2013). High temperature‐induced repression of the rice sucrose transporter (ossut1) and starch 
synthesis‐related genes in sink and source organs at milky ripening stage causes chalky grains. J. Agron. Crop Sci. 
199(3):178-188 

36. Morita, S., Shirutsughi, K., Takahashi, J. & Fujita, K. (2004). Effect of high temperature on grain ripening in rice 
plant-analysis of high night and high day temperature applied to panicle and other parts of the plant. Jpn. J. Crop 
Sci., 73:77–83. 

37. Kim, J., Shon, J., Lee, C.K., Yang, W., Yoon, Y., Yang, W.H., Kim, Y.G. & Lee, B.W. (2011). Relationship between grain 
filling duration and leaf senescence of temperate rice under high temperature. Field Crops Res., 122(3):207-213. 

38. Kumar, R.R., Goswami, S., Shamim, M., Mishra, U., Jain, M., Singh, K., Singh, J.P., Dubey, K., Singh, S., Rai, G.K. & 
Singh, G.P. (2017). Biochemical defense response: characterizing the plasticity of source and sink in spring wheat 
under terminal heat stress. Front. Plant Sci., 8:1603-1623.  

39. Tian, B., Talukder, S.K., Fu, J., Fritz, A.K. & Trick, H.N. (2018). Expression of a rice soluble starch synthase gene in 
transgenic wheat improves the grain yield under heat stress conditions. In Vitro Cell. Dev. Biol. Plant, 54(3):216-
227. 

40. Fahy, B., Siddiqui, H., David, L.C., Powers, S.J., Borrill, P., Uauy, C. & Smith, A.M. (2018). Final grain weight is not 
limited by the activity of key starch-synthesising enzymes during grain filling in wheat. J. Exp. Bot. 69(22):5461-
5475. 

41. Lawlor, D.W. & Paul, M.J. (2014). Source/sink interactions underpin crop yield: the case for trehalose 6-
phosphate/SnRK1 in improvement of wheat. Front. Plant Sci.,5:418-432. 

42. Morales, D., Rodrıguez, P., Dell’amico, J., Nicolas, E., Torrecillas, A. & Sanchez-Blanco, M.J. (2003). High-
temperature preconditioning and thermal shock imposition affects water relations, gas exchange and root 
hydraulic conductivity in tomato. Biol. Plant., 47:203–208.  

43. Niu, J.H., Ahmad Anjum, S., Wang, R., Li, J.H., Liu, M.R., Song, J.X., Zohaib, A., Lv, J., Wang, S.G. &Zong, X.F. (2016). 
Exogenous application of brassinolide can alter morphological and physiological traits of Leymuschinensis (Trin.) 
Tzvelev under room and high temperatures. Chilean J. Agric. Res., 76(1):27-33. 

44. Wang, X., Cai, J., Liu, F., Jin, M., Yu, H., Jiang, D., Wollenweber, B., Dai, T. & Cao, W. (2012). Pre-anthesis high 
temperature acclimation alleviates the negative effects of post-anthesis heat stress on stem stored 
carbohydrates remobilization and grain starch accumulation in wheat. J. Cereal Sci. 55(3): 331-336. 

45. Sadat, S., Saeid, K.A., Bihamta, M.R., Torabi, S., Salekdeh, S.G.H. &Ayeneh, G.A.L. (2013). Marker assisted selection 
for heat tolerance in bread wheat. World Appl. Sci. J., 21:1181–1189. 

46. Sairam, R.K. &Tyagi, A. (2004). Physiology and molecular biology of salinity stress tolerance in plants. Curr. Sci., 
86: 407–421. 

Stephen and Beena 



ABR Vol 12 [4] July 2021                                                                     301 | P a g e              © 2021 Society of Education, India 

47. Murakami, Y., Tsuyama, M., Kobayashi, Y., Kodama, H. &Iba, K. (2000). Trienoic fatty acids and plant tolerance of 
high temperature. Sciences, 287:476–479.  

48. Ohama, N., Sato, H., Shinozaki, K. & Yamaguchi-Shinozaki, K. (2017). Transcriptional regulatory network of plant 
heat stress. Trend Plant Sci., 22:53–65. 

49. Abdelrahman, M., Burritt, D.J., Gupta, A., Tsujimoto, H. & Tran, L.S.P. (2019). Heat stress effects on source–sink 
relationships and metabolome dynamics in wheat. J. Exp. Bot., 71(2):543-554. 

50. Li, X., Lawas, L.M., Malo, R., Glaubitz, U., Erban, A., Mauleon, R., Heuer, S., Zuther, E., Kopka, J., Hincha, D.K. 
&Jagadish, K.S. (2015). Metabolic and transcriptomic signatures of rice floral organs reveal sugar starvation as a 
factor in reproductive failure under heat and drought stress. Plant Cell Environ., 38(10):2171-2192. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright: © 2021 Society of Education. This is an open access article distributed under the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.  

Stephen and Beena 


