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Abstract

Earth sustains life due to the presence of the photosynthesis process 
that produced food for other organisms on our planet. But rapidly 
changing climate of most of the continents results in losses to 
photosynthetic machinery that ultimately lead to threatening food 
security worldwide. The major limiting factor in plant growth is 
abiotic stresses which are thought to become more severe in near 
future also unabated increase in the world population the future 
potential yield of commercial crops is under serious threat. The 
global food demand is expected to double in the coming years. 
The reduction of photosynthetic capability of various crops due to 
various abiotic stresses factors like heat, salinity, drought, high light, 
and heavy metal are gathered to understand the mechanism of stress 
tolerance and wider adaptability of different crops. We highlight 
the impact of various abiotic stresses on the performance of the 
photosynthetic process in crop plants. Further, we reviewed the 
different new generation solutions for photosynthesis improvements 
include improving enzyme (Rubisco) kinetic properties, C4 pathway 
into C3 crops, reducing photorespiration, canopy architecture, 
light capture, and photosynthetic models approaches also we have 
reviewed the role of genetic engineering crops with improved 
photosynthesis process that withstand and provide significant 
yields under environmental stresses. A better understanding of the 
photosynthetic process under stress conditions could support the 
development of new crops with higher yields even under adverse 
environments.

Key Word: Abiotic stress, Photosynthesis, Photosynthesis 
Enhancement

1. Introduction

Abiotic stresses are an integral part of climate change 

and have an unpredictable impact on the environment. 

The global demand for food is expected to double in 

2005 to 2050 years (Tillman et al., 2011), thus a better 

understanding of the photosynthetic process under stress 

conditions could support the development of new crops 

with higher yield even under adverse environments. 

Photosynthesis is an important process which is presents 

from crop plants to developing embryos of aquatic and 

land plants including bacteria. Photosynthesis converts 

light energy into chemical energy and provides fuel 

to the various metabolic processes (Chen et al., 2018). 

Two reactions i.e light and dark reactions occur in the 

chloroplast, and it is very responsive to various abiotic 

stresses (Mu et al., 2016, Paunov et al., 2018). The abiotic 

stress is reported to harm photosynthetic components 

like photosystem I (PSI), Photosystem II(PS II), electron 

transport chain (ETC) of photosynthesis, and biosynthesis 

of chlorophyll (Sharma et al., 2016). Along with that 

stress, induces oxidative damage and reduced stomatal 

conductance that decreases the activity of the Rubisco 
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enzyme and hampers the process of photosynthesis (Zhang 

et al., 2014; Kohliet al., 2017). 

To develope stress-tolerant crops several genetic 

engineering approaches are in trend which helps in faster 

development abiotic stress tolerant crops as compared 

to conventional methods. One such approach is the 

manipulation of the photosynthesis process through 

altering the properties of CO2 fixation by Rubisco to 

increase the synthesis of carbohydrates required for plant 

growth and yield. These approaches also include other 

aspects of photosynthesis that can be improved such as 

light capture, CO2 diffusion into the chloroplast, and flux 

through the Calvin cycle. Therefore detailed information 

of the photosynthesis responses due to abiotic stresses is 

gathered that helps in understanding the internal affected 

components of photosynthesis. The effect of heat, drought, 

salinity and heavy metals on the photosynthetic process 

is discussed here in the current review. Some advanced 

methods to improve photosynthesis through manipulating 

enzyme (Rubisco) kinetics, introduction C4 pathway 

into C3 crops, reducing photorespiration, modification 

of canopy architecture, light capture, and photosynthetic 

models approaches under stressful conditions were also 

summarized. We believe that this information on the 

photosynthesis process under stress conditions will help 

in the development of future crops.

2.0 Photosynthesis under Abiotic Stress 
Condition 

Different abiotic stresses like heat, drought, salinity, and 

heavy metal affect the process of photosynthesis directly 

and indirectly. The direct and indirect effects include a 

reduced activity of photosynthesis enzymes, decrease in 

CO2 assimilation rate, degradation of chlorophyll content, 

etc. This effect ultimately results in the overall declined 

in crop yield (Figure 1 and Table 1).

2.1 Temperature stress 

The photosynthetic apparatus is highly susceptible to high 

temperature and it is the main and first site of inhibition 

(Mathur et al., 2010). The major components i.e. respiration 

rates, membrane-bound electron transport processes, and 

optical conditions are decline under high-temperature 

stress conditions. Optimal temperature is considered as the 

main component for the more decline in net photosynthesis 

under heat stress conditions. High temperatures alter the 

excitation energy distribution and also by changing the 

activity of the Calvin cycle, photorespiration, and product 

synthesis ultimately leading to decreased photosynthesis. 

This reduced photosynthesis in crop plants is mainly due 

to protein deactivation of the oxygen-evolving complex 

(OEC) of PS II (Photosystem II) (Dhir 2018). Similarly, 

the PQ-pool of photosynthetic ETC is also strongly 

affected by heat stress (Pshybytko et al. 2008). Natural 

heat tolerances are also reported in various crops and 

among 100 diverse wheat genotypes, some potential heat-

tolerant genotypes were successfully identified(Islam et 

al. 2017). Several studies are also conducted to evaluate 

germplasm adaptability to a particular growing zone 

environment (Sareen et. al. 2012). Genetic differences for 

cell membrane stability, triphenyl tetrazolium chloride 

test, chlorophyll fluorescence, heat response index (HRI), 

and heat susceptibility index (HSI) among genotypes of 

bread wheat are reported and several thermotolerance 

genotypes are identified( Dhanda and Munjal, 2012; 

2017). Plants in reaction to higher temperatures produce 

HSP (Heat shock protein) that is named chaperons 

and function as proper folding of misfolded proteins 

under unfavorable conditions. To enhance the stress 

tolerance through a high expression of HSP genes are 

reported in Arabidopsis and tobacco (Lee and Schoff, 

1996; Park and Hong, 2002). Recently, reported that 

Cornuscanadensis express gene superoxide reductase from 

the hyperthermophilic archaeon Pyrococcusfuriosus shows 

enhanced heat tolerance. In response to dehydration and 

heat shock stresses DREB2 transcription factor functions 

in both stresses. Overexpression of HsfA1 in tomato 

plants causes higher thermotolerance encoding the high-

temperature transcription factor (Mishra et. al. 2002). 

High-stress tolerance was reported in wheat and rice 

transgenic overexpressing HSP genes (Xiang et al. 2018). 

2.2 Photosynthesis under Water Stress 

2.2.1 Water logging

Water logging or standing water for long periods results in 

an anoxia or hypoxia condition in the field soil that also 

affects the absorption of nutrients (Araki 2006). It has been 

well reported that uptake of N, P, K and other nutrients 

in various crops is declined (Mielke and Schaffer 2010). 

The low oxygen level alters the root growth due to less 

availability of oxygen, and more soil phytotoxins (Pezeshki 

2001). Chlorophyll degradation is observed in leaves when 

plants face water logging conditions at any stage and grain 
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protein content declines (Pociechaet al. 2008; Mishra et al. 

2008). The absence of oxygen shifts the cell metabolism 

to the anaerobic mode is not much energy efficient. The 

other components such as stomatal conductance, carbon 

exchange rate, internal carbon dioxide, and transpiration 

are decreased under water logging conditions. In the 

same experiment, it was reported that photosynthesis was 

limited by stomatal as well as non-stomatal components 

along with starch and chlorophyll components, and an 

increase in membrane injury and alcohol dehydrogenase 

activity was observed under excess water conditions 

(Bansal and Srivastava 2015).

2.2.2 Water deficient condition

Water stress negatively affects the process of photosynthesis 

in C3 plants. Low water availability imposes limited 

growth due to disturbance in the balance between 

photosynthesis and respiration. Under stress conditions 

more than half of the carbon assimilated by the process 

of photosynthesis is lost in respiration which is needed for 

growth and maintenance. For example, photosynthesis 

may completely halt under severe water deficit conditions, 

whereas respiration rate may either decrease or increase 

but never come to zero. Water deficiency also hinders 

the transport of internal carbon dioxide, enzyme activity, 

and photosynthetic capacity. In the condition of water 

stress, plants close their stomata to reduce respiratory 

losses but the closing of stomata also decreases the CO2 

concentrations and transportation of non-structural 

carbohydrates (McDowell and Sevanto 2010; Sevanto 

2014) that leads to carbon starvation. Photosynthesis is 

a universally important physiological process and is the 

main process that gets altered by drought stress (Sun et al. 

2013). Photosynthesis is greatly influenced by severe water 

deficits (Hui et al. 2018). Water stress induces non-stomatal 

mechanisms which ultimately limit photosynthesis by 

disturbance of membrane, less ATP synthesis, inhibition 

of RUBISCO activity. It also negatively affects PS II 

in plants (Tattini et al. 2014), Regeneration of NADP+ 

(Nishiyama and Murata 2014), therefore, is less available 

for physiological processes. Two genes AhPORA and 

AhGLK1 responsible for the chlorophyll biosynthesis 

are significantly down-regulated under water-deficit 

conditions. Transcription factor DREB 1A which binds 

with dehydration-responsive elements (DRE) gets 

upregulated under drought (Kudo et al. 2017). In transgenic 

maize over expression of the genes for the kinase domain 

of NPK1 results in a high photosynthetic rate and drought 

tolerance (Shou et al.2004).

2.2.3 Photosynthesis under Saline Conditions 

Salinity affects photosynthesis both directly and indirectly. 

Photosynthetic rate is lowered when plants are exposed 

to saline conditions especially to sodium chloride. The 

effect of salinity on photosynthesis is considered under two 

categories (i) Stomatal closure (ii) Effects on the capacity 

for CO2 fixation. The rate of photosynthesis under saline 

conditions depends upon the (i) salinization which is the 

total amount of salts (in form of osmotic effect) and (ii) 

ionic compositions of the cells (specific ion effect). Salinity 

alters the assimilating organs (Glagoleva et al. 1992) which 

includes thylakoid membranes dilation, without grana, 

and enlarged mesophyll cells ultimately resulting in 

decreased photosynthesis (Mitsuya et al. 2000).

2.2.4 Photosynthesis under Heavy Metal Stress

Stress caused by heavy metals is one of the common 

abiotic stress leading to losses in productivity of plants 

and hazardous health concerns (Kumar et al. 2019). 

Heavy metals like cadmium (Cd), lead (Pb), arsenic (As), 

chromium (Cr), and mercury (Hg) are not necessary 

for plant growth and development and also they alter 

physiological and biochemical pathways when entering 

the plant (Hands et al. 2018; Khanna et al. 2019; Kohli 

et al. 2019). It is found that heavy metals also disturb 

the ultrastructure of chloroplasts. Various experiments 

carried on different plants suggested excess Cd metal 

ions leading to reduced number and size of chloroplasts, 

less accumulation of starch, and degraded chlorophyll 

but enriched plasto globuli accumulation (Kapoor et al. 

2019). Different researchers also reported Cd that acts 

as a potential inhibitor of photosynthesis as it modifies 

the shape of chloroplast (Najeebet al. 2011). Lipid 

content of chloroplast and thylakoid membrane lipids 

like digalactosyldiacyl- glycerol, monogalacto syldiacyl 

glycerol, and phosphatidyl glycerol get reduced due to 

heavy metal stress. It is also reported that Cd can alter the 

photosystem donor site by substituting Ca in the oxygen 

evolving complex (OEC) chain (Pagliano et al. 2006). Cr 

toxicity reduces photosynthesis as it binds to the heme 

group of cytochrome and thus alters the electron transport 

chain (Dixit et al. 2002). Some heavy metals also hinders 

the uptake of other ions for example limiting the uptake of 
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Table 1. Effect of abiotic stress on photosynthesis in different crops

Crop Abiotic stress Photosynthesis effect References

Wheat High temperature Reduction in chlorophyll biosynthesis 
destroying enzymatic activities

Efeoglu and Terzioglu 2009

Wheat High temperature Chlorophyll content and photochemical 
activity of PS II decreased

Chen et al. 2017

Wheat High temperature Decreased net photosynthetic rate Djanaguiraman et al. 2018

Wheat High temperature Decrease in CO2 assimilation rate Hlaváčová et al. 2018

Wheat Low temperature Photosynthesis Inhibition Li et al. 2014

Wheat Low temperature Decline in photosynthesis Djanaguiraman et al. 2018

Wheat Ni Decrease in chlorophyll contents Gajewska and Sklodowska 
2007

Wheat Ni A decline in chlorophyll contents and net 
photosynthesis

Yusuf et al. 2011

Durum Wheat Cd Decrease in the energy transformation 
efficiency of PS II

Paunov et al. 2018

elements like iron (Fe) and Mg (Sharma and Dubey 2005) 

which increase the activity of enzymes like chlorophyllase 

fastening the process of chlorophyll degradation 

(Drazkiewicz 1994). Pb is also identified to adversely affect 

CO2 fixation altering the activity of enzyme RuBisCO in 

the C3 cycle and phosphoenolpyruvate carboxylase in the 

C4 cycle (Sharma and Dubey 2005). Other heavy metals 

like Hg, Ni, Cd, Pb, Cu, also can substitute the central 

Mg of the porphyrin head of the chlorophyll making it 

inactive during the photosynthesis process (Bertrand and 

Poirier 2005).

Figure1. Effect of different abiotic stresses on photosynthesis
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2.2.5 Photosynthesis under elevated CO2 and 
O3 

Carbon dioxide (CO2) and ozone (O3) are the rich 

greenhouse gases in the atmosphere, and the concentrations 

will increase with time in the coming future. There is 

short-term stimulation of photosynthesis to elevated CO2 

(Drake et al.1997) it affects the activity of rubisco. Rubisco 

activity increases as CO2 is the limiting factor for rubisco 

activity and the net CO2 uptake efficiency will increase 

as a result of inhibition of the oxygenation reaction. The 

loss of CO2during photorespiration will decrease, and a 

larger part of the energy achieved from the light reactions 

will be used for assimilation (Long et al. 2004). The strong 

oxidizing nature of O3it causes decreases in photosynthesis 

as a consequence of loss of Rubisco activity (Farage et al. 

1991). It is found that approximately 40 ppb of O3 present 

in the environment and it can suppress photosynthesis by 

an average of 11 % when compared with pre-industrial 

levels of O3(10 ppb), whereas stomatal conductance 

suppresses by an average of 13 % in comparison to pre-

industrial ozone levels (Wittig et al. 2007). 

Durum Wheat Zn Decrease in the energy transformation 
efficiency of PS II

Paunov et al. 2018

Rice Low temperature Reduction in chlorophyll content Han et al. 2017

Rice Cr Inhibition of photosynthesis Hussain et al. 2018

Maize High temperature Decrease in Rubisco activase activity Salvucci et al. 2001

Maize High temperature Inhibition of net photosynthesis rate Crafts-Brandner and 
Salvucci 2002

Soybean High temperature Rates of photosynthesis increased Xu et al. 2016

Soybean Low temperature Down-regulation of photosynthesis Xu et al. 2016

Indian Mustard Pb Chlorophyll content decreases Handa et al. 2018

Rapeseed Cd Decrease in photosynthetic rate and 
transpiration rate

Ali et al. 2018

Tomato Low temperature Net photosynthetic rate reduced Liu et al. 2017

Tomato Low temperature Injury in the thylakoid membrane Yang et al. 2018

Tomato Low temperature reduced chlorophyll content and proteins 
involved in photosynthesis

Khan et al. 2019

Cotton High temperature Less activity of RUBP and declining overall 
photosynthesis

Wise et al. 2004

Pea High temperature CO2 assimilation decreased Abdulmajeed et al. 2017

Sugarcane Low temperature chloroplast structure disrupted and overall 
photosynthetic efficiency reduced

Li et al. 2018a

Blackberry Cd Photosynthetic pigments content declined Fidalgo et al. 2011

2.3 Photosynthesis Enhancement 

2.3.1 Improving Rubisco kinetic properties

Rubisco is a rich protein as it accounts for about 90 % 

of the degraded proteins (Miller and Huffaker 1985). 

It assimilates CO2by carboxylation of ribulose-1, 

5-bisphosphate (RuBP) (Ellis 1979). Rubisco has low 

turnover as compared to other calvin cycle enzymes, 

low turnover means a relatively large amount of carbon 

dioxide is needed to sustain sufficient rates and it is called 

catalytic limitations of Rubisco which compromise the 

photosynthetic efficiency (Parry et al. 2007). Another 

problem with Rubisco is that it also competes with oxygen 

catalyzing a wasteful reaction of photorespiration that 

leads to a loss in fixed carbon and consumes more energy. 

Under stress conditions, reactive oxygen species produced 

in chloroplast causes oxidative damage to thylakoid and 

stromal-bound proteins. Oxidative stress also modifies 

specific residues on Rubisco and spot the enzyme for 

degradation (Moreno et al. 2008). Due to these three 

reasons catalytic limitation, the process of photorespiration 

and rubisco degradation photosynthesis is greatly affected. 
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Improvement in the catalytic properties of Rubisco has 

been suggested as one of the most energetically effective 

approaches for improving photosynthesis efficiency. In 

nature different forms of Rubisco exist that possess varying 

catalytic qualities thus there are sufficient scopes to find 

a better version of Rubisco that is suitable in changing 

environments. Strategies employed for the improvement 

of Rubisco are classified into two categories (i) Direct 

enzyme engineering and (ii) Raising CO2concentrations 

within the chloroplast. Attempts to manipulate plant 

Rubisco by nuclear transformation had limited success 

whereas modifying its catalysis by targeted changes to 

its catalytic large subunit via chloroplast transformation 

has been much more successful. However, the success 

rate of this is less and the need for development for 

most major food crops including maize, wheat, and 

rice. Other bioengineering approaches for improving 

Rubisco’s performance include improving the activity 

of its ancillary protein, Rubisco activase, in addition to 

modulating the synthesis and degradation of Rubisco’s 

inhibitory sugar-phosphate ligands (Parry et al. 2012). 

In maize over expressed Rubisco through transgenic 

approach resulted in a 15% increase in assimilation rate but 

not yield due to the increased metabolic load. Expression 

of 2-carboxyd-arabinitol-1-phosphate phosphatase which 

removes Rubisco inhibitor, 2-carboxy-d-arabinitol-1-

phosphate in wheat resulted in high yield (Lobo et al. 

2019). It is documented that manipulation of Rubisco is 

not a straightforward approach to enhance photosynthesis 

and yield as many complexities associated with it are not 

fully analyzed.

2.3.2 Introduction of the C4 pathway into C3 crops

The plant adopts three types of biochemical mechanisms 

to fix carbon dioxide. C4 photosynthesis is one of three 

other than C3 and CAM pathways. More than 66 times 

independently at least in 19 families have evolved C4 

photosynthesis. C4 photosynthesis evolution entails 

alteration in cellular structure and biochemistry. The 

introduction of the C4 pathway into C3 crops is suggested 

because a specialized form of photosynthesis has 

developed a carbon concentration mechanism around 

the Rubisco enzyme thus eliminating photorespiration. 

Other benefits associated with C4 plants are higher water 

use efficiency because of higher concentration gradient 

for CO2 diffusion that can be maintained through partly 

closed stomata, higher radiation use efficiency as it does 

not get saturated at a high light intensity, and higher 

nitrogen use efficiency as it requires less Rubisco and 

hence less nitrogen, Plants having C4 photosynthesis are 

more productive at high temperature. To take all these 

advantages there are efforts toward inserting the C4 

mechanism from C4 plants like maize to C3 plants like 

wheat or rice. C4 genes such as PEPC, CA, NADP-ME, 

and NADP-MDH are cloned from maize and transformed 

into rice. Also, transporters like 2- oxoglutarate/malate 

transporter, dicarboxylate transporter1 and 2, mesophyll 

envelope protein, and triosephosphatetranslocators 

which are overexpressed in C4 plants are also expressed 

in C3 plants like rice. Promising genes which control 

Kranz anatomy were also introduced in rice that has 

been engineered with C4 biochemical pathway genes. 

Another enzyme of the Calvin cycle that could be 

targeted is sedoheptulose 1,7-bisphosphatase (SBPase). 

The introduction of novel pigment synthesis pathways 

is also an interesting proposal consisting of engineered 

crops to express a complete red-shifted cyanobacterial 

PSII complex with a PSII-like an oxygenic reaction center 

using bacteriochlorophyll b (ort et al. 2015). 

2.3.3 Reduction in photorespiration 

In C3 plants during carbon fixation, ribulose 

1,5bisphosphate(RuBP) bind with Rubisco and CO2 to 

form phosphoglycerate, but under low CO2concentration 

and high temperature, it also has an affinity to bind with 

oxygen greater than carbon dioxide catalyzing a reaction 

between RuBP and oxygen results in the formation 

of 2-phosphoglycolate and phosphoglycerate. The 2 

phosphoglycerates converted back to phosphoglycerate 

by a process called photorespiration which uses previously 

fixed carbon dioxide and extra energy is used thus it is 

a wasteful process limiting the photosynthetic efficiency. 

Scientists are trying to minimize this wasteful process to 

increase photosynthetic efficiency. There are different 

ways to reduce photorespiration. One way is to reduce 

glycine decarboxylase protein in mesophyll cells and 

restrict its accumulation in bundle sheath cells so that 

decarboxylation of glycine occurs in bundle sheath only 

and thus generates high carbon dioxide concentration 

in bundle sheath cell. Another approach is to capture 

photorespirationCO2 by transferring the (E. coli I) glycolate 

catabolic pathway to the chloroplast, in which glycolate 
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in the chloroplast is directly converted to glycerate with 

reduced photorespiration and enhanced photosynthesis.

2.3.4 Relaxation from photoprotection

Relaxation from photoprotectionis a broad term that 

covers all the mechanisms which prevent damage caused 

by reactive oxygen species (ROS) which might have 

harmful effects on photosynthetic efficiency and other 

processes in the leaf ultimately reducing plant growth 

and fitness. Manipulation of photoprotective pathways 

can enhance both photosynthetic productivity and stress 

tolerance in plants. There should be a need to balance 

between photoprotection that limits damage from higher 

lighting a way to enhance productivity. Photoprotection 

can be accomplished by avoidance of excess light 

absorption by altering the orientation of leaves to optimize 

light absorption and reduce leaf temperature. Chloroplast 

adjusts themselves in the periclinal walls perpendicular to 

the light under low light conditions, however, in high light 

conditions, chloroplast shifts towards the anticlinal walls 

that decrease excitation and saturation of the photosystem. 

These days progress has been made to identify genes that 

confer the movement of stomata away and toward the 

source of light sources. Another way for photoprotection 

includes changes in amounts of soluble enzymes of 

photosynthesis and modifies pigment-protein complexes 

of the photosystem. Enhancement of non-photochemical 

quenching is also a possible way to attain optimum 

photosynthesis. non-photochemical quenching involves 

the conversion of ROS like singlet oxygen produced 

due to excess light into less reactive species with the 

help of biomolecules like xanthophylls and carotenoids. 

This inactivation of PSII is thought to be caused by 

unavoidable photooxidation and is followed by a repair 

cycle thus more rapid and efficient repair system can 

lead to enhanced photosynthetic efficiency. Flavodi iron 

proteins were naturally lost in the ancestor to all flowering 

plants but ubiquitous found in all cyanobacteria and are 

found in many plants (Iliket al. 2017). Flv reintroduced 

in Arabidopsis by (Yamamoto et al. 2016) and in tobacco 

(Gomez et al. 2017) speed up recovery under fluctuating 

light. A high level of photoprotection is found in the green 

alga and diatoms. Green algae (Chlorella ohadii) can grow 

in high light conditions with minimum photodamage 

(Ananyevet al. 2017; Treves et al. 2016). Similar to that 

diatom has resistance to photodamage around PSII and it 

can also activate NPQ (Feikema et al. 2006). Plants can also 

be introduced with foreign photosystems and antennae 

components as foreign photosystems have distinct subunits 

which are considered to be more stress-tolerant. Cardona 

et al. (2015) found that Chroococcidiopsisthermalis PCC 

7203 which encode six subunits of D1 can be expressed 

differentially expressed as par the suitability to the 

environment One divergent type of D1 subunit (ChlF) 

that permit growth in far-red light (Ho et al. 2016), another 

copy of D1 might be expressed under low or high-light 

conditions to enhance the function of the PSII complex 

as reported in other cyanobacteria (Muloet al. 2009; 

Vinyardet al. 2013). Transformed tobacco plants having 

synthetic glycolate metabolic pathways to inhibit glycolate 

export increased photosynthetic quantum yield by 20% 

and enhanced biomass productivity by >40% field trials.

These can be used as a model to improve photoprotection 

in plants to improve photosynthesis and yield.

2.3.5 Improve canopy architecture

Manipulating photosynthesis at the chloroplast or leaf 

level will only be beneficial if it confers an improvement 

at the level of the plant canopy. Cultivars with more 

erect leaves, especially at the top of the canopy, have 

led to improved light environments inside a canopy and 

hence, improved canopy photosynthetic CO2 uptake 

rate (Long et al. 2006). The challenge is to identify the 

ideal canopy architectural and leaf metabolic features to 

breed or engineer for increased canopy photosynthesis 

for current, and more importantly, for future conditions. 

This is a challenge, partially due to the lack of efficient 

methods to measure canopy photosynthesis although 

many efforts have been devoted to developing canopy 

photosynthesis chambers (Steduto et al. 2002) many 

canopy photosynthesis models with different levels of 

detail have been developed to date. Depending on the 

level of complexity, these models can be roughly divided 

into three categories: (i) The big-leaf model (Lloyd et al. 

1995); (ii) The sunlit–shaded model (Dai et al. 2004); (iii) 

and the multi-layer model.

2.3.6 Improving light capture 

One of the potential approaches to enhance photosynthesis 

is to improve light capturing and converting this energy 

to yield. Both photosystem I and II are made up of 

chlorophylls and carotenoids (Su et al. 2017; Mazoret al. 
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2017). It is believed that reduced antenna systems allow 

uniform and better light capture resulting in enhanced 

photosynthesis (Kirst et al. 2017). It is reported that 

mutation which results in reduced antenna accumulate 

more biomass compare to wild type. Another way 

to improve light capture is to use a light-harvesting 

system from other plants. It is believed that extending 

photosynthetically active radiation toward far-red light 

could cause an increase in available photons by 19% 

(Chen and Blankenship 2011). This can be achieved by 

the introduction of cyanobacterial genes responsible for 

chlorophyll d or chlorophyll f synthesis into plants (Ho 

et al. 2016). These approaches will help to convert solar 

energy into more valuable yield terms.

2.3.7 Photosynthetic models approach

Models associated with photosynthesis are the better way to 

identify the limiting step in enhancing photosynthesis. Wu 

et al. (2019) developed a model of diurnal photosynthesis 

stomatal conductance. It connects photosynthesis of leaf 

to yield of crop associated with Australian cropping region 

for limited and non-limited water condition for crops like 

wheat and sorghum. The model is mainly based on the 

wheat and sorghum biomass and stimulated by canopy 

response for diverse field data set. The data subset includes 

parameters like Maximum carboxylation rate of Rubisco 

electron transport capacity, and mesophyll conductance for 

CO2for enhancing C3 and C4 photosynthesis to improve 

crop yields. By increasing the entire three components 

under irrigated conditions yield improvements at 9.2% 

and 12.2% for sorghum and wheat, respectively.

2.3.8 High through approach to improve photosynthesis 

High through put approach for measuring Chlorophyll 

fluorescence (ChlF) a powerful non-invasive technique 

for probing photosynthesis allowed assessment of the 

native genetic diversity in ChlF traits while considering 

the diurnal dynamics of photosynthesis (Zendonadi et al. 

2021). The light-induced fluorescence transient (LIFT) 

sensor provides active ChlF data for rapid and remote 

characterization of plant photosynthetic performance. 

The LIFT fluorometer (Kolber et al. 2005) has emerged 

as an alternative high-throughput approach for continuous 

remote measurement of the photosynthetic status of 

terrestrial vegetation. LIFT-measured ChlF empirically 

provides not only PAM-analogous photosynthetic 

parameters but also measures the downstream electron 

transport rates (ETR) from the primary quinone 

acceptor (QA) to the plastoquinone (PQ) pool, and 

ultimately, towards PSI (Osmond et al. 2019). Using the 

LIFT method for automated plant phenotyping under 

semi-field conditions Keller et al. (2019) demonstrated 

that the ChlF-based parameters not only facilitated the 

understanding of photosynthetic interactions with varying 

environmental factors but also identified differences 

between and within crop species. A link between remote 

sensing and photosynthetic physiology can be applied to 

agricultural species for studying phenotypic variation in 

photosynthetic capacity among hundreds of thousands of 

plants representing genotypic variation within a reasonable 

time. This can be done by utilizing agricultural models 

and to identify variation in photosynthetic physiology for 

breeding efforts. Partial least squares regression (PLSR) 

model is used to predict photosynthetic capacity from leaf 

hyperspectral reflectance. PLSR based spectral models 

predict photosynthetic capacity in genetically modified 

plants, across growing seasons, and can predict Vc,max 

and Jmax independent of leaf nitrogen. Tobacco was 

chosen as a model crop species to test the effectiveness 

of modifications to the photosynthetic pathway based on 

the ease of genetic transformation, short growing seasons, 

and large number of seeds produced (Kromdijk et al. 

2016). In recent years, due to the continual innovation of 

molecular breeding methods, many excellent genes have 

been applied for increasing yields. The hexokinase gene 

OsHXK1 was knocked out via the CRISPR/Cas9 gene-

editing method in the indica rice varieties increased light 

saturation points, stomatal conductance, light tolerance, 

photosynthetic products, and rice yields. Moreover, 

transcriptome analysis showed that the expression of 

photosynthesis-related genes significantly increased. Thus 

knocking out OsHXK1 via the CRISPR/Cas9 gene-

editing method could effectively lead to the cultivation 

of high-photosynthetic efficiency and high-yielding rice 

varieties (Zheng et al. 2021). 

3. Conclusion and Future Perspective 

Abiotic stresses are the main reason for crop yield losses all 

over the globe. These stresses reduced the average yields 

of the major crop by more than 50%. Plants being sessile 

are constantly exposed to abiotic stresses like high and 

low temperatures, water logging and deficits, salinity, and 

carbon dioxide (CO2), and ozone (O3) concentrations. 
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The best strategy to increase crop production is through 

improving photosynthetic potential to support yield. 

High photosynthetic efficiency is achieved by improving 

rubisco kinetic properties, the introduction of the C4 

pathway into C3 crops, reduced photorespiration, and 

relaxation from photoprotection, increased activity of 

sedoheptulosebisphosphatase, including improved canopy 

architecture. In the future, the reduction of the Rubisco 

oxygenase reaction will be a target for future improvement 

of photosynthesis. As the improvement of the C3 cycle 

is not just about increasing CO2 fixation but should also 

aim to increase both nitrogen use efficiency and water use 

efficiency while maintaining high productivity, therefore, 

manipulation of the C3 cycle to improve these parameters 

is an important goal in the future also the discovery of 

genes related to Kranz anatomy. There is a timely need 

to accelerate understanding of the photosynthetic process 

in crops to allow informed and guided improvements.

 

Conflict of interest

There is no Conflict of interest among authors 

4. References 

1. Asseng S, F Ewert, C Rosenzweig, JW Jones, JL 

Hatfield, AC Ruane, KJ Boote, PJ Thorburn, 

RP Rötter, D Cammarano and N Brisson. 2013. 

Uncertainty in simulating wheat yields under climate 

change. Nature Climate Change 3: 827–832

2. Abdulmajeed A.M, S.R Derby, S.K Strickland and 

M.M Qaderi. 2017. Interactive effects of temperature 

and UVB radiation on methane emissions from 

different organs of pea plants grown in the 

hydroponic system. Journal of Photochemistry and 

Photobiology166:193-201.

3. Ali E, N Hussain, I.H Shamsi, Z. Jabeen, M.H 

Siddiqui and L. X. Jiang. 2018. Role of jasmonic 

acid in improving tolerance of rapeseed (Brassica 

napus L.) to Cd toxicity. Journal of Zhejiang University. 

Science19(2):130.

4. Ananyev G, C. Gates, A Kaplan and G.C Dismukes. 

2017. Photosystem II-cyclic electron flow powers 

exceptional photoprotection and record growth 

in the microalga Chlorella ohadii. Biochimicaet 

BiophysicaActa (BBA)-Bioenergetics 1858(11): 873-883.

5. Araki, H. 2006. Water uptake of soybean (Glycine 

max L. Merr.) during exposure to O2 deficiency and 

field level CO2 concentration in the root zone. Field 

crops research 96(1):98-105.

6. Bansal R. and J.P Srivastava. 2015. Effect of 

water logging on photosynthetic and biochemical 

parameters in pigeon pea. Russian Journal of Plant 

Physiology 62(3):322-327.

7. Bertrand, M. and I. Poirier. 2005. Photosynthetic 

organisms and excess metals. Photosynthetica 

43(3):345-353.

8. Cardona T. 2015. A fresh look at the evolution and 

diversification of photochemical reaction centers. 

Photosynthesis Research 126(1): 111-134.

9. Cardona T, J.W Murray and A.W Rutherford. 2015. 

Origin and evolution of water oxidation before the 

last common ancestor of the cyanobacteria. Molecular 

biology and evolution 32(5):1310-1328.

10. Chen M. and R.E Blankenship. 2011. Expanding 

the solar spectrum used by photosynthesis. Trends 

in plant science 16(8): 427-431.

11. Chen X, L Qiu, H Guo, H Wang, Y. Yuan, H. 

Yan and B. Zheng. 2017. Spermidine induces 

physiological and biochemical changes in southern 

high bush blueberry under drought stress. Brazilian 

Journal of Botany 40(4):841-851.

12. Chen Y, B Zhou, J. Li, H. Tang, J. Tang and Z. Yang. 

2018. Formation and change of chloroplast-located 

plant metabolites in response to light conditions. 

International Journal of Molecular Sciences 19(3):654.

13. Crafts-Brandner, S.J. and M.E. Salvucci. 2002. 

Sensitivity of photosynthesis in a C4 plant, maize, to 

heat stress. Plant physiology 129(4): 1773-1780.

14. Dai Y, R.E Dickinson and Y.P Wang. 2004. A 

two-big-leaf model for canopy temperature, 

photosynthesis, and stomatal conductance. Journal 

of Climate 17(12): 2281-2299.

15. Dhanda S. S and R. Munjal. 2017. Genetic Diversity 

in Bread Wheat for Heat Tolerance.Ekin Journal of 

Crop Breeding 3(2):60–78.

16. Dhanda S.S. and R. Munjal. 2012. Heat tolerance in 

relation to acquired thermotolerance for membrane 

lipids in bread wheat. Field Crops Research 135: 30-37.



Journal of Cereal Research 14 (Spl-1): 53-66

62

17. Dixit V, V Pandey and R. Shyam. 2002. Chromium 

ions inactivate electron transport and enhance 

superoxide generation in vivo in pea (Pisum sativum 

L. cv. Azad) root mitochondria. Plant, Cell & 

Environment 25(5):687-693.

18. Djanaguiraman M, D.L.Boyle, R.Welti, S.V.K 

Jagadish and P.V.V. 2018. Decreased photosynthetic 

rate under high temperature in wheat is due to lipid 

desaturation, oxidation, acylation, and damage of 

organelles. BMC plant biology 18(1): 1-17.

19. Drazkiewicz M. 1994. Chlorophyllase: occurrence, 

functions, mechanism of action, effects of external 

and internal factors. Photosynthetica 30: 321–331.

20. Efeoglu B. and S. Terzioglu, S. 2009. Photosynthetic 

responses of two wheat varieties to high temperature. 

EurAsia Journal of BioScience 3 : 97-106.

21. Ellis, R.J. 1979. The most abundant protein in the 

world. Trends in biochemical sciences 4(11): 241-244.

22. Farage P.K, S.P Long, E.G Lechner and N.R. 

Baker. 1991. The sequence of change within the 

photosynthetic apparatus of wheat following short-

term exposure to ozone. Plant Physiology 95(2):529-

535.

23. Feikema W.O, M.A Marosvölgyi, J. Lavaud 

and H.J Van Gorkom. 2006. Cyclic electron 

transfer in photosystem II in the marine diatom 

Phaeodactylumtricornutum. Biochimicaet Biophysica 

Acta Bioenergetics 1757(7): 829-834.

24. Feikema W.O, M.A Marosvölgyi, J. Lavaud and 

H.J. Van Gorkom. 2006. Cyclic electron transfer in 

photosystem II in the marine diatom Phaeodactylum 

tricornutum. Biochimicaet Biophysica Acta (BBA)-

Bioenergetics 1757(7):829-834.

25. Fidalgo F, R. Freitas, R. Ferreira, A.M. Pessoa and J. 

Teixeira. 2011. Solanum nigrum L. antioxidant defense 

system isozymes are regulated transcriptionally 

and post translationally in Cd-induced stress. 

Environmental and experimental botany 72(2): 312-319.

26. Gajewska E. and M. Skłodowska. 2007. Effect of 

nickel on ROS content and antioxidative enzyme 

activities in wheat leaves. Biometals 20(1):27-36.

27. Glagoleva T.A, M.V Chulanovskaya, M.V 

Pakhomova and E.V. Voznesenskaya. 1993. Effect 

of salinity on the structure of assimilating organs and 

14C labeling patterns in C3 and C4 plants of Ararat 

plain. Photosynthetica 26: 363–369

28. Gratão P.L, C.C Monteiro, M.L. Rossi, A.P 

Martinelli, L.E. Peres, L.O. Medici, P.J. Lea and R.A. 

Azevedo. 2009. Differential ultrastructural changes 

in tomato hormonal mutants exposed to cadmium. 

Environmental and Experimental Botany 67(2): 387-394.

29. Gratão P.L, A. Polle, P.J. Lea and R.A Azevedo. 

2005. Making the life of heavy metal-stressed plants 

a little easier. Functional plant biology 32(6): 481-494.

30. Gu J, Z. Zhou, Z. Chen, Y. Wang and H. Zhang. 

2017. Rice (Oryza sativa L.) with reduced chlorophyll 

content exhibit a higher photosynthetic rate and 

efficiency, improved canopy light distribution, and 

greater yields than normally pigmented plants. Field 

Crops Research 200: 58-70.

31. Han Q, H. B. Huang, C.B Ding, Z.W. Zhang, Y.E. 

Chen, C. Zhou, L.J. Huang, Liao, Y. Yuan, J.Q. and 

M. Yaun. 2017. Effects of melatonin on antioxidative 

systems and photosystem II in cold-stressed rice 

seedlings. Frontiers in Plant Science 8: 785.

32. Handa N, S.K Kohli, A. Sharma, A.K Thukral, 

R. Bhardwaj, M.N. Alyemeni, L. Wijaya and P. 

Ahmad P. 2018. Selenium ameliorates chromium 

toxicity through modifications in pigment system, 

antioxidative capacity, osmotic system, and metal 

chelators in Brassica juncea seedlings. South African 

Journal of Botany 119:1-10.

33. Hlaváčová M, K. Klem, B. Rapantová, K. Novotná, 

O. Urban, P. Hlavinka, P. Smutná, V. Horáková, 

P. Škarpa, E. Pohanková and Wimmerová M. 

2018. Interactive effects of high temperature and 

drought stress during stem elongation, anthesis 

and early grain filling on the yield formation and 

photosynthesis of winter wheat. Field crops research 

221: 182-195.

34. Ho M.Y, G. Shen, D.P Canniffe, C. Zhao and 

D.A. Bryant. 2016. Light-dependent chlorophyll f 

synthase is a highly divergent paralog of PsbAof 

photosystem II. Science. 353: 6302.

35. Hui D, C.L Yu, Q. Deng, E.K. Dzantor, S. Zhou, S. 

Dennis, R. Sauve, T.L . Johnson, P.A Fay, W. Shen 

and Y. 2018. Effects of precipitation changes on 



Targeting Photosynthesis under Abiotic Stress

63

switchgrass photosynthesis, growth, and biomass: 

A mesocosm experiment. PloS one 13(2): .e0192555.

36. Hussain A , S. Ali, M. Rizwan, M.Z. Rehman, A. 

Hameed, F. Hafeez, S.A. Alamri, M.N. Alyemeni, 

and L. Wijaya, L. 2018. Role of zinc–lysine on growth 

and chromium uptake in rice plants under Cr stress. 

Journal of Plant Growth Regulation 37(4):1413-1422.

37. Ilík P, A. Pavlovič, R. Koučil, A. Alboresi, T. 

Morosinotto, Y. Allahverdiyeva, E.M Aro, H. 

Yamamoto and T. Shikanai. 2017. Alternative 

electron transport mediated by flavodiiron proteins 

is operational in organisms from cyanobacteria up 

to gymnosperms. New Phytologist 214(3): 967-972.

38. Islam A.U, A.K. Chhabra, S.S Dhanda and R. 

Munjal, R. 2017. Cell membrane stability-an 

important criterion for selection of heat-tolerant 

genotypes in wheat (Triticum aestivum L.). Journal of 

Applied and Natural Science 9(4): 1894-1900.

39. Janská A. P, Maršík, S. Zelenková and J. Ovesná. 

2010. Cold stress and acclimation–what is important 

for metabolic adjustment?. Plant Biology 12(3): 395-

405.

40. Kapoor D, M.P. Singh, S. Kaur, R. Bhardwaj, B. 

Zheng and A. Sharma. 2019. Modulation of the 

functional components of growth, photosynthesis, 

and anti-oxidant stress markers in cadmium exposed 

Brassica juncea L. Plants 8(8): 260- 266.

41. Keller B, I. Vass, S. Matsubara, K, Paul,C. Jedmowski, 

R. Pieruschka, L. Nedbal, U. Rascher and O. Muller. 

2019. Maximum fluorescence and electron transport 

kinetics determined by light-induced fluorescence 

transients (LIFT) for photosynthesis phenotyping. 

Photosynthesis research 140(2) : 221-233.

42. Khan T, A. M. Yusuf, A. Ahmad, Z. Bashir, T. Saeed, 

Q. Fariduddin, S. Hayat, H.P. Mock. and T. Wu. 

2019. Proteomic and physiological assessment of 

stress-sensitive and tolerant variety of tomato treated 

with brassinosteroids and hydrogen peroxide under 

low-temperature stress. Food chemistry 289: 500-511.

43. Khanna K, V.L Jamwal, A. Sharma, S.G Gandhi, P. 

Ohri, R. Bhardwaj, A.A Al-Huqail, M.H Siddiqui, 

H.M Ali, and P. Ahmad 2019. Supplementation 

with plant growth promoting rhizobacteria (PGPR) 

alleviates cadmium toxicity in Solanum lycopersicum 

by modulating the expression of secondary 

metabolites. Chemosphere 230: 628-639.

44. Kirst H, S.T Gabilly, K.K Niyogi, P.G Lemaux. and 

A. Melis. 2017. Photosynthetic antenna engineering 

to improve crop yields. Planta 245(5):1009-1020.

45. Kohli S, K. N. Handa, S.Bali, K. Khanna, S. Arora, 

A. Sharma and R. Bhardwaj. 2019. Current scenario 

of Pb toxicity in plants: unraveling plethora of 

physiological responses. Reviews of Environmental 

Contamination and Toxicology (249): 153-197.

46. Kohli S, K. N. Handa, S.Bali, K. Khanna, S. Arora, 

A. Sharma and R. Bhardwaj. 2018. Interaction 

of 24-epibrassinolide and salicylic acid regulates 

pigment contents, antioxidative defense responses, 

and gene expression in Brassica juncea L. seedlings 

under Pb stress. Environmental Science and Pollution 

Research 25(15):15159-15173.

47. Kolber Z, D. Klimov, G. Ananyev, U. Rascher, 

J. Berry and B. Osmond. 2005. Measuring 

photosynthetic parameters at a distance: laser 

induced fluorescence transient (LIFT) method for 

remote measurements of photosynthesis in terrestrial 

vegetation. Photosynthesis research 84(1):121-129.

48. Kromdijk J, K. L. Głowacka, Leonelli, S.T Gabilly, 

M. Iwai, K.K Niyogi and S.P Long. 2016. Improving 

photosynthesis and crop productivity by accelerating 

recovery from photoprotection. Science 354(6314): 

857-861.

49. Kudo M, S. Kidokoro, T. Yoshida, J. Mizoi, J. 

Todaka, D. Fernie, K. Shinozaki and K. Yamaguchič

Shinozaki. 2017. Double overexpression of DREB 

and PIF transcription factors improves drought stress 

tolerance and cell elongation in transgenic plants. 

Plant biotechnology journal 15(4): 458-471.

50. Kumar V, R.D Parihar, A. Sharma, P. Bakshi, G.P.S 

Sidhu, A.S. Bali, A. Karaouzas, I. Bhardwaj, R. 

Thukral, Y. Gyasi-Agyei and J. Rodrigo-Comino. 

2019. Global evaluation of heavy metal content in 

surface water bodies: A meta-analysis using heavy 

metal pollution indices and multivariate statistical 

analyses. Chemosphere 236:124364.

51. Li S.L, Z.G Li, L.T Yang, Y.R Li and Z.L He. 2018. 

Differential effects of cold stress on chloroplasts 

structures and photosynthetic characteristics in cold-



Journal of Cereal Research 14 (Spl-1): 53-66

64

sensitive and cold-tolerant cultivars of sugarcane. 

Sugar technology 20(1):11-20.

52. Kumar V, RD Parihar, A Sharma, P Bakshi, GPS 

Sidhu, AS Bali, I Karaouzas, R Bhardwaj, AK 

Thukral, Y Gyasi-Agyei and J Rodrigo-Comino. 

2019. Global evaluation of heavy metal content in 

surface water bodies: A meta-analysis using heavy 

metal pollution indices and multivariate statistical 

analyses. Chemosphere 236: 124364.

53. Li SL, ZG Li, LT Yang, YR Li and ZL He. 2018. 

Differential effects of cold stress on chloroplasts 

structures and photosynthetic characteristics in cold-

sensitive and cold-tolerant cultivars of sugarcane. 

Sugar technology 20(1): 11-20.

54. Li X, J Cai, F Liu, T Dai, W Cao and D Jiang. 2014. 

Cold priming drives the sub-cellular antioxidant 

systems to protect photosynthetic electron transport 

against subsequent low temperature stress in winter 

wheat. Plant Physiology and Biochemistry 82: 34-43.

55. Li, Z., Wakao, S., Fischer, B.B. and Niyogi, K.K., 

2009. Sensing and responding to excess light. 

Annual review of plant biology 60: 239-260.

56. Liu G, Q Du and J Li. 2017. Interactive effects of 

nitrate-ammonium ratios and temperatures on 

growth, photosynthesis, and nitrogen metabolism 

of tomato seedlings. Scientia Horticulturae 214: 41-50.

57. Lloyd,J, J Grace, AC Miranda, P Meir, SC Wong, 

HS Miranda, IR Wright, JHC Gash and J McIntyre. 

1995. A simple calibrated model of Amazon rainforest 

productivity based on leaf biochemical properties. 

Plant, Cell & Environment18(10): 1129-1145.

58. Lobo AKM, DJ Orr, MO Gutierrez, PJ Andralojc, 

C Sparks, MA Parry and E Carmo-Silva. 2019. 

Overexpression of ca1pase decreases rubisco 

abundance and grain yield in wheat. Plant 

physiology181(2): 471-479.

59. Long SP, EA Ainsworth, AD Leakey, J Nösberger 

and DR Ort. 2006. Food for thought: lower-than-

expected crop yield stimulation with rising CO2 

concentrations. Science312(5782): 1918-1921.

60. Long SP, EA Ainsworth, A Rogers and DR 

Ort. 2004. Rising atmospheric carbon dioxide: 

plants FACE the future. Annual Review of Plant 

Biology55:591-628.

61. Long SP, S Humphries and PG Falkowski. 1994. 

Photoinhibition of photosynthesis in nature. Annual 

review of plant biology 45(1): 633-662.

62. Mazor Y, A Borovikova, I Caspy and N Nelson. 2017. 

Structure of the plant photosystem I supercomplex 

at 2.6 Å resolution. Nature plants 3(3): 1-9.

63. McDowell NG and S Sevanto. 2010. The mechanisms 

of carbon starvation: how, when, or does it even 

occur at all?.New Phytologist 186(2): 264-266.

64. Meacham-Hensold K, CM Montes, J Wu, K 

Guan, P Fu, EA Ainsworth, T Pederson, CE 

Moore, KL Brown, C Raines and CJ Bernacchi. 

2019. High-throughput field phenotyping using 

hyperspectral reflectance and partial least squares 

regression (PLSR) reveals genetic modifications 

to photosynthetic capacity. Remote sensing of 

environment231:111176.

65. Mielke MS and B Schaffer. 2010. Photosynthetic and 

growth responses of Eugenia uniflora L. seedlings 

to soil flooding and light intensity. Environmental and 

Experimental Botany68(2): 113-121.

66. Miller BL and RC Huffaker. 1985. Differential 

induction of endoproteinases during senescence of 

attached and detached barley leaves. Plant physiology 

78(3): 442-446.

67. Mishra SK, L Patro,PK Mohapatra and B Biswal. 

2008. Response of senescing rice leaves to flooding 

stress. Photosynthetica46(2): 315.

68. Mitsuya S, Y Takeoka and H Miyake. 2000. Effects 

of sodium chloride on foliar ultrastructure of sweet 

potato (Ipomoea batatas Lam.) plantlets grown 

under light and dark conditions in vitro. Journal of 

plant physiology157(6): 661-667.

69. Moreno J, MJ García-Murria and J Marín-Navarro. 

2008. Redox modulation of Rubisco conformation 

and activity through its cysteine residues. Journal of 

experimental botany59(7): 1605-1614.

70. Mu X, Q Chen, F Chen, L Yuan and G Mi. 2016. 

Within-leaf nitrogen allocation in adaptation to low 

nitrogen supply in maize during grain-filling stage. 

Frontiers in plant science7: 699.

71. Mu X, Q Chen, F Chen, L Yuan and G Mi. 2017. A 

RNA-seq analysis of the response of photosynthetic 



Targeting Photosynthesis under Abiotic Stress

65

system to low nitrogen supply in maize leaf. 

International journal of molecular sciences18(12): 2624.

72. Mulo  P ,  C S icora  and  E M Aro .  2 00 9 . 

CyanobacterialpsbA gene family: optimization of 

oxygenic photosynthesis. Cellular and Molecular Life 

Sciences 66(23): 3697-3710.

73. Najeeb U, G Jilani, S Ali, M Sarwar, L Xu and 

W Zhou. 2011. Insights into cadmium induced 

physiological and ultra-structural disorders in 

Juncuseffusus L. and its remediation through 

exogenous citric acid. Journal of Hazardous Materials 

186(1): 565-574.

74. Nishiyama Y and N Murata. 2014. Revised scheme 

for the mechanism of photoinhibition and its 

application to enhance the abiotic stress tolerance 

of the photosynthetic machinery. Applied microbiology 

and biotechnology98(21): 8777-8796.

75. Ort DR, SS Merchant, J Alric, A Barkan, RE 

Blankenship, R Bock, R Croce, MR Hanson, JM 

Hibberd, SP Long and TA Moore. 2015. Redesigning 

photosynthesis to sustainably meet global food and 

bioenergy demand. Proceedings of the national academy 

of sciences 112(28): 8529-8536.

76. Osmond B, WS Chow, BJ Pogsonand SA Robinson. 

2019. Probing functional and optical cross-sections 

of PSII in leaves during state transitions using fast 

repetition rate light induced fluorescence transients. 

Functional Plant Biology 46(6): 567-583.

77. Pagliano C, M Raviolo, F DallaVecchia, R Gabbrielli, 

C Gonnelli, N Rascio, R Barbato and N La Rocca. 

2006. Evidence for PSII donor-side damage and 

photoinhibition induced by cadmium treatment on 

rice (Oryza sativa L.). Journal of Photochemistry and 

Photobiology B: Biology 84(1): 70-78.

78. Parry MAJ, PJ Madgwick, JFC Carvalho and 

PJ Andralojc. 2007. Prospects for increasing 

photosynthesis by overcoming the limitations of 

Rubisco. The Journal of Agricultural Science 145(1): 31.

79. Paunov M, L Koleva, AVassilev, J Vangronsveld 

and V Goltsev. 2018. Effects of different metals on 

photosynthesis: cadmium and zinc affect chlorophyll 

fluorescence in durum wheat. International journal of 

molecular sciences 19(3): 787.

80. Pezeshki SR. 2001. Wetland plant responses to soil 

flooding. Environmental and Experimental Botany 

46(3): 299-312.

81. PociechaE, J Kočcielniak and W Filek. 2008. Effects 

of root flooding and stage of development on the 

growth and photosynthesis of field bean (Viciafaba 

L. minor). ActaPhysiologiaePlantarum 30(4): 529-535.

82. Ram K,R Munjal, P Sunita and N Kumar. 2017. 

Evaluation of chlorophyll content index and 

normalized difference vegetation index as indicators 

for combine effects of drought and high temperature 

in bread wheat genotypes. Global Journal of Bio-

Science and BioTechnology 6(3): 528-37.

83. Reich PB. 1987. Quantifying plant response to ozone: 

a unifying theory. Tree physiology 3(1): 63-91.

84. Salvucci ME, KW Osteryoung, SJ Crafts-Brandner 

and E Vierling. 2001. Exceptional sensitivity of 

Rubiscoactivase to thermal denaturation in vitro and 

in vivo. Plant physiology127(3): 1053-1064.

85. Sareen S, R Munjal, NB Singh, BN Singh, RS Verma, 

BK Meena, J Shoran, AK Sarial and SS Singh. 2012. 

Genotype× environment interaction and AMMI 

analysis for heat tolerance in wheat.Cereal Research 

Communications 40(2): 267-276.

86. Sevanto S. 2014. Phloem transport and drought. 

Journal of experimental botany 65(7): 1751-1759.

87. Sharma A, S Thakur, V Kumar, MK Kanwar, AK 

Kesavan, AK Thukral, R Bhardwaj, P Alamand 

P Ahmad. 2016. Pre-sowing seed treatment with 

24-epibrassinolide ameliorates pesticide stress in 

Brassica juncea L. through the modulation of stress 

markers. Frontiers in plant science 7: 1569.

88. Sharma P and RS Dubey. 2005. Lead toxicity in 

plants. Brazilian journal of plant physiology17: 35-52.

89. Shou H, P Bordallo and K Wang. 2004. Expression 

of the Nicotiana protein kinase (NPK1) enhanced 

drought tolerance in transgenic maize. Journal of 

experimental Botany 55(399): 1013-1019.

90. Steduto P, O Çetinkökü, R Albrizio and R Kanber. 

2002. Automated closed-system canopy-chamber 

for continuous field-crop monitoring of CO2 and 

H2O fluxes. Agricultural and Forest Meteorology 111(3): 

171-186.



Journal of Cereal Research 14 (Spl-1): 53-66

66

91. Steppe K, F Sterck and A Deslauriers. 2015. Diel 

growth dynamics in tree stems: linking anatomy and 

ecophysiology. Trends in plant science 20(6): 335-343.

92. Su X, J Ma, X Wei, P Cao, D Zhu, W Chang, Z Liu, 

X Zhang and M Li. 2017. Structure and assembly 

mechanism of plant C2S2M2-type PSII-LHCII 

supercomplex. Science 357(6353): 815-820.

93. Sun J, J Gu, J Zeng, S Han, A Song, F Chen, W 

Fang, J Jiang and S Chen. 2013. Changes in leaf 

morphology, antioxidant activity and photosynthesis 

capacity in two different drought-tolerant cultivars 

of chrysanthemum during and after water stress. 

Scientiahorticulturae161:249-258.

94. Tattini M, V Velikova, C Vickers, C Brunetti, M 

Di Ferdinando, A Trivellini, S Fineschi, G Agati, F 

Ferrini, and F Loreto. 2014. Isoprene production in 

transgenic tobacco alters isoprenoid, nončstructural 

carbohydrate and phenylpropanoid metabolism, 

and protects photosynthesis from drought stress. 

Plant, Cell & Environment 37(8): 1950-1964.

95. Treves H, H Raanan, I Kedem, O Murik, N Keren, 

H Zer, SM Berkowicz, M Giordano, A Norici, Y 

Shotland, and I Ohad. 2016. The mechanisms whereby 

the green alga Chlorella ohadii, isolated from desert soil 

crust, exhibits unparalleled photodamage resistance. 

New Phytologist 210(4): 1229-1243.

96. Vinyard DJ ,J Gimpel, GM Ananyev, MA Cornejo, 

SS Golden, SP Mayfield, and GC Dismukes. 2013. 

Natural Variants of Photosystem II Subunit D1 Tune 

Photochemical Fitness to Solar Intensity. Journal of 

Biological Chemistry 288(8): 5451-5462.

97. Wang P, R Khoshravesh, S Karki, R Tapia, CP 

Balahadia, A Bandyopadhyay, WP Quick, R 

Furbank, TL Sage, and JA Langdale. 2017. Re-

creation of a key step in the evolutionary switch 

from C3 to C4 leaf anatomy. Current Biology 27(21): 

3278-3287.

98. Wise RR, AJ Olson, SM Schrader, and TD Sharkey. 

2004. Electron transport is the functional limitation 

of photosynthesis in fieldčgrown Pima cotton plants 

at high temperature. Plant, Cell & Environment 27(6): 

717-724.

99. Wittig,VE, EA Ainsworth, and SP Long. 2007. To 

what extent do current and projected increases in 

surface ozone affect photosynthesis and stomatal 

conductance of trees? A meta-analytic review of 

the last 3 decades of experiments. Plant, cell & 

environment 30(9): 1150-1162.

100. Wu A, GL Hammer, A Doherty, S von Caemmerer, 

and GD Farquhar. 2019. Quantifying impacts of 

enhancing photosynthesis on crop yield. Nature 

plants 5(4): 380-388.

101. Xu G, SK Singh, VR Reddy, JY Barnaby, RC 

Sicher, and T Li. 2016. Soybean grown under 

elevated CO2 benefits more under low temperature 

than high temperature stress: varying response of 

photosynthetic limitations, leaf metabolites, growth, 

and seed yield. Journal of Plant Physiology205: 20-32.

102. Yang XL, H Xu,D Li, X Gao, TL Li, and R Wang. 

2018. Effect of melatonin priming on photosynthetic 

capacity of tomato leaves under low-temperature 

stress. Photosynthetica 56(3): 884-892.

103. Yusuf M, Q Fariduddin, S Hayat, SA Hasan, 

and A Ahmad. 2011. Protective response of 

28-homobrassinolide in cultivars of Triticumaestivum 

with different levels of nickel. Archives of environmental 

contamination and toxicology 60(1): 68-76.

104.  Zendonadi dos Santos N, HP Piepho, , GE 

Condorelli, E LicieriGroli, M Newcomb, R Ward, R 

Tuberosa, M Maccaferri, F Fiorani, U Rascher, and 

O Muller. 2021. Highčthroughput field phenotyping 

reveals genetic variation in photosynthetic traits in 

durum wheat under drought. Plant, cell & environment 

44(9): 2858-2878.

105.  Zhang Q. 2007. Strategies for developing green 

super rice. Proceedings of the national Academy of Sciences 

104(42):16402-16409.

106.  Zhang X, X Zhang, B Gao, Z Li, H Xia, Li,&J Li. 

2014. Effect of cadmium on growth, photosynthesis, 

mineral nutrition and metal accumulation of an 

energy crop, king grass (Pennisetum americanum× 

P. purpureum). Biomass and bioenergy 67: 179-187.

107.  Zheng S, C Ye, J Lu, J Liufu , L Lin , Z Dong , J Li 

,C Zhuang. 2021. Improving the rice photosynthetic 

efficiency and yield by editing OsHXK1 via 

CRISPR/Cas9 system. International journal of 

molecular sciences 22(17):9554.


