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Abstract

Radiation Use Efficiency (RUE) refers to how efficiently plants capture 
solar energy through their canopy and convert it into biomass or 
grain. Crop yield is determined by three factors: the amount of 
intercepted radiation (IR), radiation use efficiency, and the harvest 
index (HI). Significant efforts have been made to enhance IR and 
HI in crop breeding, but these have nearly reached their limits. 
Therefore, improving RUE presents another promising avenue for 
increasing yield. Currently, RUE in crops ranges from 2-3%, leaving 
considerable room for improvement in crop breeding. RUE varies 
across different species and crops, with C3 crops generally having 
lower RUE compared to C4 crops. RUE is influenced by radiation 
interception, which is in turn, affected by incoming radiation and 
the traits that contribute to photosynthesis. However, the availability 
of these comprehensive information on RUE is still scanty. Hence, 
the present review compiles various physiological, molecular, 
anatomical, biochemical and agronomical approaches which can be 
used for improving RUE. This compiled information will be useful 
for researchers and breeders for improving RUE in various crops 
for increasing yield to meet the future food demand. 

Abbreviations

IPAR: Intercepted Photosynthetically Active Radiation

fAPAR: Fraction of Absorbed Photosynthetically Active Radiation 

APAR: Absorbed Photosynthetically Active Radiation

HI: Harvest Index

Key words:	Radiation use efficiency, Crop improvement, 
Photosynthetically active radiation , C3 crops, C4 crops, 
Canopy orientation

1. Introduction

The current rates of increasing crop yield are insufficient to 

meet the global food demands anticipated by 2050 (Grafton 

et al., 2015; Roy et al., 2024). In 2023, approximately 733 

million people experienced hunger, representing about 

one in every eleven individuals worldwide, according to 

the most recent State of Food Security and Nutrition in the 

World (SOFI) report (FAO, 2024). To feed the growing 

population, we must either expand agricultural land 

for crop cultivation or enhance crop yields on existing 

farmland. Extreme weather events driven by climate 

change have reduced arable land through soil degradation, 

and additional shifts in dietary choices have a detrimental 
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effect on agricultural output (Dawson et al., 2016; Yuan et 

al., 2024). Agronomic techniques and advancements in 

the harvest index (HI) have been largely responsible for 

the growth in agricultural productivity since the Green 

Revolution (Fischer et al. 1998). Conversely, source-related 

characteristics like as increased stomatal conductance and 

photosynthetic rate have been linked to improvements in 

crop output (Fischer et al., 1998; Fischer, 2007; Yu Wang, 

2024). Other photosynthesis-related parameters, including 

biomass (above ground), radiation use efficiency (RUE), 

stem water-soluble carbohydrate content (WSC), and crop 

growth rate (CGR), have been linked to increased yield in 

various crops (Shearman et al. 2005; Aisawi 2011). 

RUE (g MJ−1) is widely used to estimate the efficiency of 

photosynthesis, biomass accumulation and yield of crops. 

RUE is calculated as the amount of dry matter produced 

over a specific time period per unit of intercepted 

radiation, and it is frequently divided in important 

developmental stages of the crop’s life cycle. The slope 

of the relationship between the amount of crop biomass 

accumulated and the amount of radiation collected 

represents the RUE. It changes more between years than 

within a growing season across a variety of management 

variations, as observed in corn and soybean (Hatfield, 

2014). Plant productivity in terms of primary production of 

biomass is simply a measure of the total photosynthesis of 

the plants subtracting respiration, which occurred during 

its growth (Mukherjee et al., 2014). The accessibility of 

these radiation dynamics is associated with the leaf area 

index (LAI) and crop canopy characteristics in order to 

maximise the crop yield. Thus, both photosynthetically 

active radiation (PAR) and RUE are the key players in 

crop growth, development and in improving overall crop 

productivity. Furthermore, increasing photosynthesis at 

the single-leaf level would be a beneficial goal for raising 

agricultural productivity and output, as seen by the high 

positive association found between photosynthesis at 

the leaf level, total plant dry mass, and grain production 

(Yamori et al., 2016). Similarly, improving the vertical 

distribution of photosynthetic resources and optimising 

the architecture of the canopy will increase RUE. At crop 

level RUE will be enhanced by prolonging the canopy 

cover duration attained by early vigour and stay green 

types while concurrently reducing crop respiration losses 

(Yin and Struik, 2015). There are several external and 

internal factors which affect RUE. External factors include 

environmental factors such as radiation, temperature, 

air humidity and fertilisers along with plant’s nutritional 

and water status (Stöckle and Kemanian, 2009), internal 

factors includes plant morphology, leaf traits and plant 

processes (Fig. 1).

Fig. 1: Different factors affecting radiation use efficiency.

Crop production in every farming system depends largely 

on the interception of PAR of the crop canopy and the 

conversion of collected radiation into biomass (Yuan et 

al., 2020) while the area of arable land has been declining 

for decades due to damage caused by erosion, pollution, 

sea level rise, urban development, soil salinization, and 

water scarcity driven by global climate change. In order 

to overcome this conflict, there is an urgent need to adapt 

conventional agriculture to water-limited and hotter 

conditions with plant crop systems that display higher 

water-use efficiency (WUE). It has been revealed that 

the amount of dry matter produced is linearly related to 

the amount of PAR that crop absorbs (Monteith, 1972). 

The intercepted PAR is the most important factor in crop 

growth and 39% of extra terrestrial solar energy is in 

400700 nm wavelength range (Gueymard, 2004). RUE, is 

a fundamental measure based on resource use efficiency 

which has been employed in crop growth studies (Stöckle 

and Kemanian, 2009). According to Sadras et al., (2016), 

photosynthesis accounts for the majority (85–90%) of the 

dry matter accumulated in a crop. The energy efficiency of 

photosynthesis, i.e. the ratio of energy stored in chemical 

form and incoming solar radiation, which has a maximum 

value of around 6 %, but actual efficiency in agricultural 

crops usually, does not exceed 2–3% (Geeta et al., 2022). 

The leaf absorbs 85–90% of the PAR, with the remaining 

15 % is reflected or transmitted. RUE is important in 

plant physiology because of its strong connection with 
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yield, which explains around 40% of its variability and 

highlights the roles of light capture and key plant processes 

connected to leaf biochemistry that drive biomass and 

yield (Hubbart et al. 2018; Molero et al. 2019). Enhancing 

RUE, which is less than half of its theoretical maximum, 

remains a major challenge in increasing yields for many 

key food crops (Slattery and Ort, 2015). However, the 

comprehensive information on different approaches 

to improve RUE are still scanty. Hence, this review 

aims to compile physiological, molecular, anatomical, 

biochemical, agronomical, and plant breeding approaches 

to improve RUE. This knowledge can assist researchers 

in various crop improvement programs to enhance yield.

2. Approaches to improve RUE

2.1. Physiological approaches 

Increasing RUE is more easily attained through increased 

photosynthetic capacity and efficiency (Furbank et al., 

2020). The radiation intercepted by a plant is affected 

by leaf angle, leaf surface properties, leaf thickness, 

chlorophyll concentration, leaf phyllotaxy, vertical 

stratification of crop, and radiation distribution. Targets 

for traits engineering includes Rubisco improvement, 

increased Rubisco expression (Salesse-Smith et al., 

2018), reduction of photorespiration, CO2 concentrating 

mechanisms (Long et al., 2015; Von Caemmerer et al., 

2012), photorespiratory bypasses (Shen et al., 2019; South 

et al., 2019) etc. Increased expression of the thylakoid 

cytochrome b6f complex for ATP production (Ermakova 

et al., 2019; Simkin et al., 2017), enzymes crucial for 

ribulose-1,5-bisphosphate (RuBP) and sedoheptulose 

bisphosphatase regeneration (Driever et al., 2017; 

Lefebvre et al., 2005), and adjustments to photoprotection 

mechanisms may also enhance the RUE (Kromdijk 

and et al., 2016). Recently attempts have been made for 

improving the functionality and effectiveness of light 

harvesting by increasing the absorption spectrum (by 

around 25 nm) in the near infra-red range that improved 

the RUE (Elias et al., 2021; Giraldo et al., 2014). The 

use of alternative pigments can be used to enhance the 

wavelength of light absorbed by plants, and additionally 

to optimise light interception and use (Slattery and Ort, 

2021). Modification of mesophyll conductance and 

stomatal conductance provide better access of CO2 to 

Rubisco has also been explored as an engineering target 

using proposed CO2 porins to improve RUE (Condon, 

2020; Groszmann et al., 2017). 

The fractions of incident radiation at various depths in the 

canopy profile have also increased with year of cultivar 

release in the case of wheat varieties representing five 

decades of breeding in Australia, which have favoured 

the RUE of individual leaves (Sadras et al., 2016). The 

most crucial stage for determining RUE is between 

stem elongation and anthesis stage. In this instance, 

lightsaturated photosynthesis and respiration measured 

in the flag leaf at anthesis were unrelated to year of 

cultivar release (Sadras et al., 2012). Giunta et al., (2009) 

observed that triticale has higher RUE than durum wheat, 

which could be due to the higher stomatal conductance 

of triticale. Major plant functions like transpiration 

and photosynthesis are influenced by the quantity and 

quality of light. Triticale produced more biomass than 

durum wheat with comparable amounts of radiation 

intercepted and water used due to its higher RUE and 

higher stomatal conductance in pre-anthesis (Motzo et al., 

2013). Despite having a similar transpiration efficiency at 

the leaf level, triticale had higher transpiration efficiency 

at the crop level. Zhang et al. (2020) proposed that, ear 

photosynthesis, along with proper spike light interception 

and RUE needs to be incorporated into crop models.

2.2. Anatomical approaches to improve RUE

Kranz structure and vein thickness are expected to 

improve the working of C4 chemistry into the C3 

framework (Feldman et al., 2014; Mckown and Dengler, 

2007; Smillie et al., 2012). All C4 crop plants show 

decreased mesophyll:bundle sheath cells proportion 

which shortens the way length of photosynthesis and 

speeds up quick dispersion of metabolites (Mckown and 

Dengler, 2007). According to these studies, high vein 

thickness is regarded as an essential component of the 

photoassimilate movement. To foster C4 rice, Worldwide 

C4 Rice Consortium was laid out in 2006 and extended 

that 15 years of trials will be expected to present C4 

pathway which is not considered to accomplish by 

customary rearing methodologies (Mitchell and Sheehy, 

2008). Venation patterns might affect how C4 metabolism 

is incorporated into C3 plants. In order to engineer 

venation patterns in C3 crops, potential regulators of C4 

vein density operating early in vascular development 

can be explored (Kumar and Kellogg, 2019; Rizal et al., 
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2015). According to Lundgren et al., (2019), developmental 

proliferation of veins can be sufficient with the required 

morphological preconditions to establish a viable C4 leaf 

morphology, providing an evolutionary entry point into 

sophisticated C4 metabolism which intern can be used to 

improve RUE in crops.

2.3. Molecular approaches to improve RUE

Molecular approaches include the identification of genes 

and QTLs associated with the different processes which 

contributes to RUE. In wheat Molero et al. (2018) has 

identified 94 single nucleotide polymorphisms (SNPs) 

through marker-trait-association, which are significantly 

associated with yield, agronomic and phenology related 

traits along with RUE and biomass at various growth 

stages that showed 7–17% of phenotypic variation. 

Common SNP markers were identified for grain yield, 

final biomass and RUE on chromosomes 5A and 7A. 

Marker-Trait Associations (MTAs) related to source 

traits were discovered at various stages of development, 

including biomass accumulation, RUE and light 

interception (Molero et al. 2019). MTAs for biomass and 

physiological maturity (BM & PM) were discovered 

on chromosomes 6A, 7B, and 7D, as well as multi-trait 

markers on 5A and 5B and 7A is also linked to RUE at 

various stages and yields. The identification of MTAs 

associated with biomass and RUE at different growth 

stages is key to optimize the photosynthetic potential of 

the plant along the whole crop cycle if all the genomic 

regions of interest are presented together in a single 

genotype. MTAs for RUE were discovered at different 

developmental stages on chromosomes 1A, 1D, 2A, 

2D, 3B, 5A, 6A, and 7A (Table 1). The marker for grain 

filling is located on 5A which likely plays a significant 

role in biomass accumulation in the later stages of plant 

development. During candidate gene search, discovered 

the coleoptile phototrophism 1 (CPT1) gene, which has 

been shown to affect phototropism in rice and may have 

an effect on RUE (Haga et al., 2005). The genetic control 

of leaf angle is found to be complex, with only a few genes 

controlling it. In rice, wheat, and other crops, genomic 

regions (QTL) and genes (e.g., D61/OsBRI1, ILI1, LC2, 

ILA1, RAV6, OsARF19, OsBCL2 and SLG) governing 

leaf angle or erectness have been outlined which in-turn 

affects RUE (Hirano et al., 2017; Jang et al., 2021; Liu et 

al., 2019; Marone et al., 2020; Zhi et al., 2022).

Table 1:	 Marker-Trait Associations (MTAs) with 
RUE in wheat

Trait Number 
of MTAs

Chromosomes

RUE_E40InB (g/MJ) 4 2A, 2D, 3B. 6A

RUE_GF (g/MJ) 5 1A, 1D, 2A, 5A, 6A

RUET (g/MJ) 5 3D, 5A(2), 6A, 7A
RUE_E40InB: Radiation use efficiency from canopy closure to initiation of 
booting

RUE_GF: RUE from 7 days after anthesis until physiological maturity

RUET: Radiation use efficiency from canopy closure to physiological maturity

2.4. Biochemical approaches to improve RUE

RUE can also be increased by Non photochemical 

quenching (NPQ), which is regulated by the xanthophyll 

cycle and involves the pigment violaxanthin being 

reversibly deep oxidized to zeaxanthin via antheraxanthin 

(Demmig-Adams et al., 1989; Jahns et al., 2009). The 

enzyme violaxanthin deepoxidase (npq1) influences 

the amount of zeaxanthin, which converts violaxanthin 

(inactive in quenching) to zeaxanthin (active in quenching) 

and vice versa (npq2). Mutants lacking npq1, lack the 

ability to protect themselves from light in Arabidopsis. 

Mutants of npq2 (allelic to aba1) overproduce zeaxanthin 

but are deficient in ABA (Niyogi et al., 1998). The precise 

manipulation of these genes in both upper and lower 

leaves to boost RUE can contribute to better performance. 

Photochemical Reflectance Index (PRI) can be used to 

monitor the xanthophyll cycle, and PRI expresses the 

relative down regulation of RUE, caused primarily by 

high light intensities. PRI is a an optical index used to 

measure photosynthetic light use efficiency, particularly 

by monitoring changes in carotenoid pigments, including 

xanthophylls, which are indicative of photosynthetic 

activity. It is a potential measure to detect conversion of 

the xanthophyll cycle in photosystem II (Mohamed et al., 

2025). Solar-induced fluorescence (SIF) primarily involves 

the release of photons from photosynthetic membranes, 

it is closely related to the flux of photons absorbed by 

chlorophyll and the biochemical processes that regulate 

how these photons are processed by PSII. Overexpression 

of PsbS protein which is a light-stress sensor essential for 

plant photo protection and a crucial non-photochemical 

quenching (NPQ) regulator, is found to boost thylakoid 

photoprotection and enhances RUE and grain yield 

(Hubbart et al., 2018).
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2.5. Agronomical approaches 

2.5.1. Intercropping systems: The simultaneous cultivation 

of two or more crops in the same area, in intercropping 

system, can increase the utilisation of solar radiation due 

to canopy characteristics (Awal et al., 2006; Lithourgidis 

et al., 2011). Intercropping can boost solar interception, 

radiation usage efficiency, and production per unit 

incident radiation (Wang et al., 2015). The greater the 

light intake into the canopy and light harvesting area, 

the greater the photosynthetic activity. In intercropping 

systems, the combined plant canopies can quickly 

cover the planting area which resulted in maximal light 

interception into the plant canopies and minimum light 

escape. Tsubo et al. (2001) discovered that, PAR was 

greater in intercropping maize and legumes than in maize 

monoculture. Intercropping increases the RUE and 

biological yield of an intercropping system (Nassiri et al., 

2015). Selecting the ideal crop mix to increase production 

is crucial (Yadav et al., 2017), select the crops that have 

the least amount of plant competition possible by using 

effective soil nutrient extraction techniques, as well as 

thoughtful planting density and spatial layout (Seran et 

al., 2010).

2.5.2. Canopy structure and leaf orientation: Canopy 

structure and its distribution influences the amount of light 

intercepted on plant leaves as well as its ability to absorb 

light (Zhu et al., 2008). The vertical leaf canopy has a better 

photosynthetic efficiency (up to 40%) than the horizontal 

leaf canopy (Long et al., 2006). Vertical orientation 

of maize leaves at the canopy’s top, boost the light 

penetration to the canopy’s bottom and photosynthetic 

rate is more uniform throughout the canopy(Hammer 

et al., 2009). Photosynthetic rate is also affected by leaf 

position and its arrangement (Hatfield and Dold, 2019). 

Canopies with upright leaf angles permit the penetration 

of radiation to the lower canopy layers, ensuring a more 

homogenous light distribution over different canopy 

layers and consequently higher canopy photosynthesis 

(Marchiori et al., 2010). This improved light distribution 

is typically associated with low light extinction coefficient 

and high biomass (Zhu et al., 2020).

The relationships between WUE and RUE were linear 

across the leaf and canopy scales under different soil 

drying patterns in maize. Water stress and nutrition 

reduce leaf area index to a smaller size and greater leaf 

senescence. The smaller size of LAI agrees with light 

capture and thus crop growth, decreasing the efficiency 

of radiation (Bhattacharya Amitav, 2019; Zhou et al., 

2021). Wajid et al. (2007) reported that when drought 

stress was imposed before or after anthesis, the primary 

cause of reduced radiation-use efficiency was a decrease 

in intercepted light, which ultimately reduced the 

photosynthetic products being sent to the economical 

organ of the plant. Under limited nitrogen application 

radiation-use efficiency in wheat has been reported to 

be reduced (Muurinen and Peltonen-Sainio, 2006). The 

efficiency of utilizing the absorbed photosynthetically 

active radiation for biomass production, can change with 

variations in leaf chlorophyll content, plant growth stage, 

and field management practices and environmental stress 

levels. Depending on the timing of stress, drought reduced 

either the amount of absorbed radiation or radiation-use 

efficiency in barley ( Jamieson et al., 1995). 

2.5.3. Improving light distribution: RUE is a suitable 

indicator for assessing radiation usage by plants (Shibles 

and Weber, 1966; Williams et al., 1965; Deng et al., 2024; 

MoroyoquiParra et al., 2024) and an essential quantifier 

of crop output in connection to photosynthesis, as it 

integrates both the quantity of radiation captured by the 

crop and dry matter production. According to Quiroz et 

al. (2017) diffuse light reduces variations in light intensity, 

thereby minimizing restrictions on leaf photosynthesis. 

The plant canopy has an impact on photosynthetically 

active radiation incident that crops are able to absorb 

(Driever et al., 2017). Photosynthetic photon flux density 

(PPFD ie. the amount of light that actually reaches to 

the plants within the PAR region) can alter plant RUE 

by influencing photosynthetic rate ( Jayalath and van 

Iersel, 2021), stomatal behaviour (Knapp and Smith, 

1990; O’Carrigan et al., 2014), photosynthate distribution 

(He et al., 2019; Onoda et al., 2014), and chlorophyll 

concentration (Liu et al., 2019). Incident solar radiation 

(SR) and intercepted photosynthetically active radiation 

(IPAR) absorption are directly related to leaf surface, with 

higher radiation during the maximum leaf area expension 

phase resulting in higher dry matter production and yield 

(Tohidi et al., 2012). Among crops, the ideal PPFD for high 

RUE varies. RUE is maximum in lettuce with a PPFD 

of 200 mol m-2s-1 and basil with a PPFD of 250 mol m-2s-1 

(Pennisi et al., 2020). RUE is also affected by light quality. 

Furthermore, light intensity and quality can influence 
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tomato blooming, which is the primary predictor of yield 

(Dieleman and Heuvelink, 1992; Nanya et al., 2012). These 

findings clearly show that increased PPFD causes higher 

dry mass and lower specific leaf area and increasing PPFD 

has enhanced the individual leaf photosynthetic rates (Pn) 

and also RUE (Ke et al., 2022).

2.5.4. Increasing planting density combined with reduced 

nitrogen rate: Previous research has demonstrated that 

plant density and N rates have a major impact on canopy 

structure, resulting in changes in IPAR and RUE, which 

ultimately influence yield (Dai et al., 2015; Shah et al., 

2004). High maize yields under varied N rates and 

planting density can be attributed to higher IPAR, RUE, 

or a combination of the two (Zahedi et al., 2015). Radiation 

interception and LAI are linked to higher crop growth 

driven by nitrogen fertilisation (Caviglia and Sadras, 2001). 

Previous research has revealed that high grain yield and 

NUE may be obtained by combining planting density 

and N application rate (Ciampitti and Vyn, 2011; He et 

al., 2019; SHI et al., 2016; Zhang et al., 2020). A two-year 

field experiment was performed to assess the cumulative 

impact of planting density and N rate (240 and 204 kg 

N ha-1) on maize yield, NUE, canopy radiation capture 

and radiation use efficiency. The study’s findings revealed 

that increasing plant density by 30% while reducing basal 

nitrogen (N) by 15% led to a 24.7% rise in N partial factor 

productivity (NPFP) and a 6.6% increase in maize grain 

yield compared to the conventional high-N, low-density 

planting approach. Improved IPAR and RUE played 

a crucial role in enhancing productivity under higher 

planting density with reduced nitrogen input in maize. 

(Du et al., 2021). Plant density of 44.4 hills m-2 and its 

application of 180 kg N ha-1 was optimal for better growth 

and RUE of transplanted rice (Swarna et al., 2017).

Fig. 2: Schematic representation of the solar energy distribution and various approaches to improve RUE
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2.5.5. Application of biofertilizers: Applying the 

appropriate amount of fertiliser to the plants can also 

result in increased RUE. Biofertilizer inoculation reduced 

the time required by 15 days to achieve the maximum leaf 

area index, resulting in the highest fraction of absorbed 

radiation and, consequently, the highest sesame dry matter 

production at 60 days post-emergence. ( Jahan et al., 2013). 

In a field study conducted in sesame crop, RUE was higher 

in Biosulfur® (SSB), containing sulfur-solubilizing bacteria 

(Thiobacillus ssp.) and Nitroxin containing Azotobacter 

sp. and Azospirillum sp. in comparison to control. In 

numerous crop species, RUE response to nitrogen have 

been thoroughly studied, Yin and Struik (2015) showed 

that the application of biochar (20 tha−1) has significantly 

increased the post-heading RUE, the ratios of NUpost/ 

SLW and NUpost/LAI, and post-heading nitrogen uptake 

(NUpost). These findings supports the hypothesis by 

showing that the post-heading nitrogen uptake and RUE 

of field-grown rice can be improved by the application of 

biochar. The overall solar energy distribution at different 

levels, the amount of solar energy used by crops and the 

various approaches used for improving RUE are presented 

in consolidated way in Fig. 2.

For improving radiation use efficiency (RUE), 

understanding the underneath attributes is very much 

necessary. Implications of RUE can be improved by better 

understanding of the trait and its methods for quantification 

of trait to explore the genetic variability. Understanding 

RUE can be utilized for crop yield optimization which 

can be done by selection of parents with higher RUE to 

develop high yielding varieties. Different crop specific 

studies have been explained for improving RUE. Further, 

site specific application of N fertilizers can further improve 

crop health and RUE. Tailoring agronomic practices to 

specific crop requirement and environmental conditions 

can significantly enhance light interception and biomass 

production, ultimately improving RUE and crop yield.

Conclusion and Future prospective

RUE is a complex trait influenced by both environmental 

and internal factors. RUE is a key area for future 

research as light interception is so inextricably linked to 

biomass and productivity. A multidisciplinary approach 

integrating physiological, anatomical, biochemical, 

molecular and agronomical tools is essential to maximize 

RUE and improve future productivity. In the majority 

of breeding programmes, fixed traits are controlled 

by additive effects, the efficiency at which sunlight is 

converted into biomass through photosynthesis is also an 

additive effect. Incorporating synthetics, wild species and 

landraces into breeding programmes can be a promising 

approach to improve RUE significantly in cultivated 

crops for sustained yield production. The future of RUE 

improvement lies in leveraging advanced genetic tools, 

enhancing photosynthesis efficiency, AI- driven precision 

farming and exploring climate-adaptive breeding 

techniques. Utilizing the big data analysis to model light 

use patterns will help to optimize RUE for improved 

production. These efforts could significantly boost crop 

yield, helping to meet the growing global food demand. 

Acknowledgement

The authors sincerely thank the Indian Council of 

Agricultural Research (ICAR) for financial support to 

compile the information of this review under the project 

“CRISPR/cas9 genome editing and physiological 

interventions for wheat improvement”. (Project No. 

CRSCIIWBRCL202000400197).

Author contributions

PR wrote the main manuscript text, MHM, RK and 

GR edited and Reviewed the manuscript, ZW, YK and 

OP contributed in literature survey, figure and table, 

RT overall guidance and support. All authors read and 

approved the manuscript.

Declaration of Competing Interest

The authors declare that there is no competing interest.

Ethical Approval

The article doesn’t contain any study involving ethical 

approval.

Generative AI or AI/Assisted Technologies 
use in Manuscript Preparation

No

References

1.	 Awal MA, H Koshi, T Ikeda. 2006. Radiation 

interception and use by maize/peanut intercrop 

canopy. Handbook of Environmental Chemistry, 

Volume 5: Water Pollution; 139 (5): 74–83. https://

doi. org/10.1016/j.agrformet.2006.06.001



Journal of Cereal Research 17 (1): 27-39

34

2.	 Aisawi K. Physiological processes associated with 

genetic progress in yield potential of wheat (Triticum 

aestivum L.). PhD Thesis, University of Nottingham, 

School of Biosciences, Sutton Bonnington Campus, 

Leicestershire, UK. 2011.

3.	 Bhattacharya A. 2019. Radiation-Use Efficiency 

Under Different Climatic Conditions, Editor(s): 

Amitav Bhattacharya,Changing Climate and 

Resource Use Efficiency in Plants, Academic 

Press. (51-109) ISBN 9780128162095, https://doi. 

org/10.1016/B978-0-12-816209-5.00002-7.

4.	 Caviglia OP, VO Sadras. 2001. Effect of nitrogen 

supply on crop conductance, water- and radiation-

use efficiency of wheat. Field Crops Research, 

69: 259–266. https://doi.org/10.1016/S0378-

4290(00)00149-0

5.	 Ciampitti IA, TJ Vyn. 2011. A comprehensive 

study of plant density consequences on nitrogen 

uptake dynamics of maize plants from vegetative to 

reproductive stages. Field Crops Research, 121: 2–18. 

https://doi.org/10.1016/j.fcr.2010.10.009

6.	 Condon AG. 2020. Drying times: Plant traits to 

improve crop water use efficiency and yield. Journal 

of Experimental Botany. 71: 2239–2252. https://doi.

org/10.1093/jxb/eraa002

7.	 Dai J, W Li, W Tang, D Zhang, Z Li, H Lu, AE 

Eneji, H Dong. 2015. Manipulation of dry matter 

accumulation and partitioning with plant density in 

relation to yield stability of cotton under intensive 

management. Field Crops Research. 180: 207–215. 

https://doi.org/10.1016/j.fcr.2015.06.008

8.	 Dawson TP, AH Perryman, TM Osborne. 2016. 

Modelling impacts of climate change on global food 

security. Climatic Change. 134(3): 429-440. https://

doi.org/10.1007/s10584-014-1277-y

9.	 Demmig-Adams B, K Winter, A Krüger, FC Czygan. 

1989. Light response of CO2 assimilation, dissipation 

of excess excitation energy, and zeaxanthin content 

of sun and shade leaves. Plant Physiology. 90: 881–

886. https://doi.org/10.1104/pp.90.3.881

10.	 Deng S, Gu Q, Wu Y, Yi W, Lu J, Peng L, Tang 

X. 2024. Yield Difference between Different 

Cultivation Techniques under Ultrasonic Treatment 

Driven by Radiation Use Efficiency. Plants, 13 (17), 

2510. https://doi.org/10.3390/plants13172510

11.	 Dieleman JA, E Heuvelink. 1992. Factors affecting 

the number of leaves preceding the first inflorescence 

in the tomato. Journal of Horticultural Science. 67: 1–10. 

https://doi.org/10.1080/00221589.1992.11516214

12.	 Driever SM, AJ Simkin, S Alotaibi, SJ Fisk, PJ 

Madgwick, CA Sparks, HD Jones, T Lawson, MAJ 

Parry, CA Raines. 2017. Increased SBPase activity 

improves photosynthesis and grain yield in wheat 

grown in greenhouse conditions. Philosophical 

Transactions of the Royal Society B: Biological 

Sciences. 372: 20160384. https://doi. org/10.1098/

rstb.2016.0384

13.	 Du X, Z Wang, W Lei, L Kong. 2021. Increased 

planting density combined with reduced nitrogen 

rate to achieve high yield in maize. Scientific Reports. 

11: 79633. https://doi.org/10.1038/s41598-020-

79633-z

14.	 Elias E, N Liguori, Y Saga, J Schäfers, R 

Croce. 2021. Harvesting far-red light with plant 

antenna complexes incorporating chlorophyll d. 

Biomacromolecules. 22: 3313–3322. https://doi.

org/10.1021/acs. biomac.1c00435

15.	 Ermakova M, PE Lopez-Calcagno, CA Raines, RT 

Furbank, S von Caemmerer. 2019. Overexpression 

of the Rieske FeS protein of the Cytochrome b6f 

complex increases C4 photosynthesis in Setaria 

viridis. Communications Biology. 2: 56. https://doi. 

org/10.1038/s42003-019-0561-9

16.	 Feldman AB, EH Murchie, H Leung, M Baraoidan, 

R Coe, SM Yu, SF Lo, WP Quick. 2014. Increasing 

leaf vein density by mutagenesis: Laying the 

foundations for C4 rice. PLoS One. 9: e94947. https://

doi. org/10.1371/journal.pone.0094947

17.	 Furbank RT, R Sharwood, GM Estavillo, V 

SilvaPerez, AG Condon. 2020. Photons to food: 

Genetic improvement of cereal crop photosynthesis. 

Journal of Experimental Botany. 71: 2226–2238. 

https://doi.org/10.1093/jxb/eraa077

18.	 Giraldo JP, MP Landry, SM Faltermeier, TP 

McNicholas, NM Iverson, AA Boghossian, NF 

Reuel, AJ Hilmer, F Sen, JA Brew, MS Strano. 

2014. Erratum: Plant nanobionics approach to 



Radiation use efficiency for yield optimization

35

augment photosynthesis and biochemical sensing. 

Nature Materials. 13: 530. https://doi.org/10.1038/ 

nmat3947

19.	 Giunta F, G Pruneddu, R Motzo. 2009. Radiation 

interception and biomass and nitrogen accumulation 

in different cereal and grain legume species. Field 

Crops Research. 110: 76–84. https://doi. org/10.1016/j.

fcr.2008.07.003

20.	 Groszmann M, HL Osborn, JR Evans. 2017. 

Carbon dioxide and water transport through plant 

aquaporins. Plant Cell and Environment, 40: 938–961. 

https://doi.org/10.1111/pce.12844

21.	 Gueymard C. 2004. The sun’s total and spectral 

irradiance for solar energy applications and solar 

radiation models. Solar Energy. 76: 423–453.

22.	 Haga K, M Takano, R Neumann, M Iino. 2005. 

The rice coleoptile phototropism1 gene encoding 

an ortholog of Arabidopsis NPH3 is required for 

phototropism of coleoptiles and lateral translocation 

of auxin. Plant Cell. 17: 103–115. https://doi.

org/10.1105/ tpc.104.028357

23.	 Hammer GL, Z Dong, G McLean, A Doherty, C 

Messina, J Schussler, C Zinselmeier, S Paszkiewicz, 

M Cooper. 2009. Can changes in canopy and/or root 

system architecture explain historical maize yield 

trends in the U.S. corn belt? Crop Science. 49: 299–

312. https://doi.org/10.2135/ cropsci2008.03.0152

24.	 Hatfield JL. 2014. Radiation use efficiency: 

Evaluation of cropping and management systems. 

Agronomy Journal. 106: 1820–1827. https://doi. 

org/10.2134/agronj2013.0310

25.	 Hatfield JL, C Dold. 2019. Photosynthesis in the 

solar corridor system. Solar Corridor Crop Systems: 

Implementation and Impacts. 1–33. https:// doi.

org/10.1016/B978-0-12-814792-4.00001-2

26.	 He W, ZW Huang, JP Li, WX Su, L Gan, ZG 

Xu. 2019. Effect of different light intensities 

on the photosynthate distribution in cherry 

tomato seedlings. Journal of Horticultural Science and 

Biotechnology. 94: 611–619. https://doi.org/10.1080/

14620316.2019.1575775

27.	 Hirano K, H Yoshida, K Aya, M Kawamura, M 

Hayashi, T Hobo, K Sato-Izawa, H Kitano, M 

Ueguchi-Tanaka, M Matsuoka. 2017. Small Organ 

Size 1 and Small Organ Size 2/Dwarf and Low-

Tillering Form a Complex to Integrate Auxin and 

Brassinosteroid Signaling in Rice. Molecular Plant. 10: 

590–604. https://doi.org/10.1016/j.molp.2016.12.013

28.	 Hubbart S, IRA Smillie, M Heatley, R Swarup, CC 

Foo, L Zhao, EH Murchie. 2018. Enhanced thylakoid 

photoprotection can increase yield and canopy 

radiation use efficiency in rice. Communications 

Biology. 1: 1–12. https://doi.org/10.1038/ s42003-

018-0026-6

29.	 Jahan M, M Nassiri Mahallati, MB Amiri, HR 

Ehyayi. 2013. Radiation absorption and use 

efficiency of sesame as affected by biofertilizers 

inoculation in a low input cropping system. 

Industrial Crops and Products. 50: 745–751. https://

doi. org/10.1016/j.indcrop.2012.08.012

30.	 Jahns P, D Latowski, K Strzalka. 2009. Mechanism 

and regulation of the violaxanthin cycle: The role of 

antenna proteins and membrane lipids. Biochimica 

et Biophysica Acta – Bioenergetics. 1787: 3–14. https://

doi.org/10.1016/j.bbabio.2008.09.013

31.	 Jamieson PD, Martin RJ, Francis GS, Wilson DR. 

1995. Drought effects on biomass production and 

radiation-use efficiency in barley. Field Crops Research. 

43, 77–86.

32.	 Jang S, JY Cho, GR Do, Y Kang, HY Li, J Song, 

HY Kim, BG Kim, YI Hsing. 2021. Modulation of 

rice leaf angle and grain size by expressing osbcl1 

and osbcl2 under the control of osbul1 promoter. 

International Journal of Molecular Sciences. 22: 5792. 

https://doi.org/10.3390/ijms22157792

33.	 Jayalath TC, MW van Iersel. 2021. Canopy size 

and light use efficiency explain growth differences 

between lettuce and mizuna in vertical farms. Plants. 

10: 704. https://doi.org/10.3390/plants10040704

34.	 Ke X, H Yoshida, S Hikosaka, E Goto. 2022. 

Optimization of photosynthetic photon flux density 

and light quality for increasing radiation-use 

efficiency in dwarf tomato under LED light at the 

vegetative growth stage. Plants. 11: 121. https://doi. 

org/10.3390/plants11010121

35.	 Knapp AK, WK Smith. 1990. Stomatal and 

photosynthetic responses to variable sunlight. 



Journal of Cereal Research 17 (1): 27-39

36

Physiologia Plantarum, 78: 160–165. https://doi. 

org/10.1111/j.1399-3054.1990.tb08731.x

36.	 Kromdijk J, K Głowacka, L Leonelli, ST Gabilly, 

M Iwai, KK Niyogi, SP Long. 2016. Improving 

photosynthesis and crop productivity by accelerating 

recovery from photoprotection. Science. 354: 857–

861. https://doi.org/10.1126/science.aai8878

37.	 Kumar D, EA Kellogg. 2019. Getting closer: vein 

density in C4 leaves. New Phytologist. 221: 1260–1267. 

https://doi.org/10.1111/nph.15491

38.	 Lefebvre S, T Lawson, OV Zakhleniuk, JC Lloyd, 

CA Raines. 2005. Increased sedoheptulose-1, 7 

bisphosphatase activity in transgenic tobacco plants 

stimulates photosynthesis and growth from an early 

stage in development. Plant Physiology. 138: 451–460. 

https://doi.org/10.1104/pp.104.055046

39.	 Lithourgidis AS, CA Dordas, CA Damalas, DN 

Vlachostergios. 2011. Annual intercrops: An 

alternative pathway for sustainable agriculture. 

Australian Journal of Crop Science. 5: 396–410.

40.	 Liu K, J Cao, K Yu, X Liu, Y Gao, Q Chen, W 

Zhang, H Peng, J Du, M Xin, Z Hu, W Guo, V Rossi, 

Z Ni, Q Sun, Y Yao. 2019.heat TaSPL8 modulates 

leaf angle through auxin and brassinosteroid 

signaling. Plant Physiology. 181: 179–194. https://doi.

org/10.1104/pp.19.00248

41.	 Long SP, A Marshall-Colon, XG Zhu. 2015. Meeting 

the global food demand of the future by engineering 

crop photosynthesis and yield potential. Cell. 161: 

56–66. https://doi.org/10.1016/j.cell.2015.03.019

42.	 Long SP, XG Zhu, SL Naidu, DR Ort. 2006. Can 

improvement in photosynthesis increase crop yields? 

Plant, Cell & Environment. 29: 315–330. https://doi.

org/10.1111/j.1365-3040.2005.01493.x

43.	 Lundgren MR, LT Dunning, JK Olofsson, 

JJ MorenoVillena, JW Bouvier, TL Sage, R 

Khoshravesh, S Sultmanis, M Stata, BS Ripley, 

MS Vorontsova, G Besnard, C Adams, N Cuff, A 

Mapaura, ME Bianconi, CM Long, PA Christin, CP 

Osborne. 2019. C4 anatomy can evolve via a single 

developmental change. Ecology Letters. 22: 302–312. 

https:// doi.org/10.1111/ele.13191

44.	 Marchiori PER, RV Ribeiro, L da Silva, RS 

Machado, EC Machado, MS Scarpari. 2010. Plant 

growth, canopy photosynthesis and light availability 

in three sugarcane varieties. Sugar Tech. 12: 160–166. 

https://doi.org/10.1007/s12355-010-0031-7

45.	 Marone D, M Rodriguez, S Saia, R Papa, D Rau, 

I Pecorella, G Laidò, N Pecchioni, J Lafferty, M 

Rapp, FH Longin, P De Vita. 2020. Genome-wide 

association mapping of prostrate/erect growth habit 

in winter durum wheat. Int. J. Mol. Sci. 21. https://

doi. org/10.3390/ijms21020394

46.	 McKown AD, NG Dengler. 2007. Key innovations in 

the evolution of Kranz anatomy and C4 vein pattern 

in Flaveria (Asteraceae). Am. J. Bot. 94: 382–389. 

https://doi.org/10.3732/ajb.94.3.382

47.	 Mitchell PL, JE Sheehy. 2008. Surveying the 

possible pathways to C4 rice. Charting New 

Pathways to C4 Rice. 399–412. https://doi. 

org/10.1142/9789812709523_0024

48.	 Molero G, R Joynson, FJ Pinera-Chavez, LJ 

Gardiner, C Rivera-Amado, A Hall, MP Reynolds. 

2019. Elucidating the genetic basis of biomass 

accumulation and radiation use efficiency in spring 

wheat and its role in yield potential. Plant Biotechnol. 

J. 17: 1276–1288. https://doi.org/10.1111/pbi.13052

49.	 Mohamed E, H Tomimatsu, K Hikosaka. 2025. The 

relationships between photochemical reflectance 

index (PRI) and photosynthetic status in radish 

species differing in salinity tolerance. J Plant Res. 

138, 231–241 . https://doi.org/10.1007/s10265-025-

01615-x

50.	 Monteith JL. 1972. Solar Radiation and Productivity 

in Tropical Ecosystems. J. Appl. Ecol. 9: 747. https://

doi.org/10.2307/2401901

51.	 Moroyoqui MA-Parra, Molero G, Reynolds MP, 

Gaju O, Murchie EH, Foulkes MJ. 2024. Interaction 

of planting system with radiation-use efficiency in 

wheat lines. Crop Sci. Jan-Feb; 64(1):314-332. doi: 

10.1002/csc2.21115. Epub 2023 Nov 14. PMID: 

38516200; PMCID: PMC10952436.

52.	 Muurinen S and P Peltonen-Sainio. 2006. Radiation 

use efficiency of modern and old spring cereal 

cultivars and its response to nitrogen in northern 

growing conditions. Field Crops Research, 96, 363–373



Radiation use efficiency for yield optimization

37

53.	 Fischer RA. 2007. Understanding the physiological 

basis of yield potential in wheat. J. Agric. Sci. 145(1): 

99-110.

54.	 Fischer RA, D Rees, KD Sayre, ZM Lu, AG Condon, 

A Larque Saavedra. 1998. Wheat yield progress 

associated with higher stomatal conductance and 

photosynthetic rate, and cooler canopies. Crop 

Sci. 38(6): 1467-1475. https://doi.org/10.2135/cro 

psci1998.0011183X003800060011x

55.	 Motzo R, G Pruneddu, F Giunta. 2013. The role 

of stomatal conductance for water and radiation 

use efficiency of durum wheat and triticale in a 

Mediterranean environment. Eur. J. Agron. 44: 87–97. 

https:// doi.org/10.1016/j.eja.2012.09.002

56.	 Mukherjee J, G Singh, SK Bal. 2014. Radiation 

use efficiency and instantaneous photosynthesis at 

different growth stages of wheat (Triticum aestivum 

L.) in semi-arid ecosystem of Central Punjab, India. 

Agrometeorol. 16: 69–77.

57.	 Nanya K, Y Ishigami, S Hikosaka, E Goto. 

2012. Effects of blue and red light on stem 

elongation and flowering of tomato seedlings. Acta 

Hortic. 956: 261–266. https://doi.org/10.17660/

ActaHortic.2012.956.29

58.	 Nassiri Mahallati M, A Koocheki, F Mondani, H 

Feizi, S Amirmoradi. 2015. Determination of optimal 

strip width in strip intercropping of maize (Zea mays 

L.) and bean (Phaseolus vulgaris L.) in Northeast Iran. 

Clean. Prod. 106: 343–350. https://doi. org/10.1016/j.

jclepro.2014.10.099

59.	 Niyogi KK, AR Grossman, O Björkman. 1998. 

Arabidopsis mutants define a central role for the 

xanthophyll cycle in the regulation of photosynthetic 

energy conversion. Plant Cell. 10: 1121–1134. https:// 

doi.org/10.1105/tpc.10.7.1121

60.	 O’Carrigan A, Hinde, N Lu, XQ Xu, H Duan, G 

Huang, M Mak, Bellotti B, Chen ZH E. 2014. Effects 

of light irradiance on stomatal regulation and growth 

of tomato. Environ. Exp. Bot. 98: 65–73. https:// doi.

org/10.1016/j.envexpbot.2013.10.007

61.	 Onoda Y, JB Saluñga, K Akutsu, S Aiba, Ichiro, T 

Yahara, NPR Anten. 2014. Trade-off between light 

interception efficiency and light use efficiency: 

Implications for species coexistence in one-sided 

light competition. J. Ecol. 102: 167–175. https://doi.

org/10.1111/1365-2745.12184

62.	 Pennisi G, A Pistillo, F Orsini, A Cellini, F Spinelli, 

S Nicola, JA Fernandez, A,Crepaldi G Gianquinto, 

LFM Marcelis. 2020. Optimal light intensity 

for sustainable water and energy use in indoor 

cultivation of lettuce and basil under red and blue 

LEDs. Sci. Hortic. (Amsterdam). 272. https://doi.

org/10.1016/j. scienta.2020.109508

63.	 Quiroz R, H Loayza, C Barreda, C Gavilán, A 

Posadas, DA Ramírez. 2017. Linking process-

based potato models with light reflectance data: 

Does model complexity enhance yield prediction 

accuracy? Eur. J. Agron. 82: 104–112. https://doi. 

org/10.1016/j.eja.2016.10.008

64.	 Rizal G, V Thakur, J Dionora, S Karki, S Wanchana, 

K Acebron, N Larazo, R Garcia, A Mabilangan, F 

Montecillo, F Danila, R Mogul, P Pablico, H Leung, 

JA Langdale, J Sheehy, S Kelly, WP Quick. 2015. 

Two forward genetic screens for vein density mutants 

in sorghum converge on a cytochrome P450 gene in 

the brassinosteroid pathway. Plant J. 84: 257–266. 

https://doi.org/10.1111/tpj.13007

65.	 Roy A, M Hamid, M Mesfin, M Hamed, M 

Nicholas. 2024. Towards strategic interventions for 

global food security in 2050, Science of The Total 

Environment, 954,176811,ISSN 0048-9697,https:// 

doi.org/10.1016/j.scitotenv.2024.176811.

66.	 Sadras VO, C Lawson, A Montoro. 2012. 

Photosynthetic traits in Australian wheat varieties 

released between 1958 and 2007. F. Crop. Res. 134: 

19–29. https://doi.org/10.1016/j.fcr.2012.04.012

67.	 Sadras VO, FJ Villalobos, E Fereres. 2016. 

Principles of Agronomy for Sustainable Agriculture. 

Princ. Agron. Sustain. Agric. 169–188. https://doi. 

org/10.1007/978-3-319-46116-8

68.	 Salesse CE-Smith, RE Sharwood, FA Busch, J 

Kromdijk, V Bardal, DB Stern. 2018. Overexpression 

of Rubisco subunits with RAF1 increases Rubisco 

content in maize. Nat. Plants. 4: 802–810. https://

doi.org/10.1038/s41477-018-0252-4

69.	 Shah SFA, BA McKenzie, RE Gaunt, JW Marshall, 

CM Frampton. 2004. Effect of early blight (Alternaria 

solani) and different nitrogen inputs on radiation 



Journal of Cereal Research 17 (1): 27-39

38

interception, radiation use efficiency, and total dry 

matter production in potatoes (Solanum tuberosum) 

grown in Canterbury, New Zealand. New Zeal. 

J. Crop Hortic. Sci. 32: 263–272. https://doi.or 

g/10.1080/01140671.2004.9514305

70.	 Shearman VJ, R Sylvester-Bradley, RK Scott, MJ 

Foulkes. 2005. Physiological processes associated 

with wheat yield progress in the UK. Crop Sci. 45: 

175–185. https://doi.org/10.2135/cropsci2005.0175a

71.	 Shen BR, LM Wang, XL Lin, Z Yao, HW Xu, CH 

Zhu, HY Teng, LL Cui, EE Liu, JJ Zhang, ZH He, 

XX Peng. 2019. Engineering a New Chloroplastic 

Photorespiratory Bypass to Increase Photosynthetic 

Efficiency and Productivity in Rice. Mol. Plant. 12: 

199–214. https://doi.org/10.1016/j. molp.2018.11.013

72.	 Shi D, Yang, Y Li, Hong, J Zhang, L Wang, P Liu, B 

Zhao, S Dong. Ting. 2016. Increased plant density 

and reduced N rate lead to more grain yield and 

higher resource utilization in summer maize. J. 

Integr. Agric. 15: 2515–2528. https://doi.org/10.1016/

S2095-3119(16)61355-2

73.	 Shibles RM, CR Weber. 1966. Interception of Solar 

Radiation and Dry Matter Production by Various 

Soybean Planting Patterns. Crop Sci. 6: 55–59. 

https://doi.org/10.2135/cropsci1966.0011183x000

600010017x

74.	 Simkin AJ, L McAusland, T Lawson, CA Raines. 

2017. Overexpression of the rieskeFeS protein 

increases electron transport rates and biomass yield. 

Plant Physiol. 175: 134–145. https://doi.org/10.1104/ 

pp.17.00622

75.	 Slattery RA, DR Ort. 2021. Perspectives on 

improving light distribution and light use efficiency 

in crop canopies. Plant Physiol. 185: 34–48. https:// 

doi.org/10.1093/PLPHYS/KIAA006

76.	 Slattery RA, DR Ort. 2015. Photosynthetic energy 

conversion efficiency: Setting a baseline for gauging 

future improvements in important food and biofuel 

crops. Plant Physiol. 168: 383–392. https:// doi.

org/10.1104/pp.15.00066

77.	 Smillie IRA, KA Pyke, EH Murchie. 2012. Variation 

in vein density and mesophyll cell architecture in 

a rice deletion mutant population. J. Exp. Bot. 63: 

4563–4570. https://doi.org/10.1093/jxb/ers142

78.	 South PF, AP Cavanagh, HW Liu, DR Ort. 2019. 

Synthetic glycolate metabolism pathways stimulate 

crop growth and productivity in the field. Science. 

363. https://doi.org/10.1126/science.aat9077

79.	 Stöckle CO, AR Kemanian. 2009. Crop Radiation 

Capture and Use Efficiency: A Framework for Crop 

Growth Analysis, Crop Physiology: Applications for 

Genetic Improvement and Agronomy. https://doi. 

org/10.1016/B978-0-12-374431-9.00007-4

80.	 Swarna R, P Leela Rani, G Sreenivas, D Raji 

Reddy, A Madhavi. 2017. Growth Performance and 

Radiation Use Efficiency of Transplanted Rice under 

Varied Plant Densities and Nitrogen Levels. Int. J. 

Curr. Microbiol. Appl. Sci. 6: 1429–1437. https://doi.

org/10.20546/ijcmas.2017.605.156

81.	 Tohidi M, A Nadery, S Siadat, S Lak. 2012. Variables 

productivity of light interception in grain maize 

hybrids at various amount of nitrogen. World Appl. 

Sci. J. 16: 86–93.

82.	 Tsubo M, S Walker, E Mukhala. 2001. Comparisons 

of radiation use efficiency of mono-/inter-

cropping systems with different row orientations. 

F. Crop. Res. 71: 17–29. https://doi.org/10.1016/

S03784290(01)00142-3

83.	 Von Caemmerer S, WP Quick, RT Furbank. 2012. 

The development of C4 rice: Current progress and 

future challenges. Science. 336: 1671–1672. https:// 

doi.org/10.1126/science.1220177

84.	 Wang Z, X Zhao, P Wu, J He, X Chen, Y Gao, X 

Cao. 2015. Radiation interception and utilization 

by wheat/maize strip intercropping systems. Agric. 

For. Meteorol. 204: 58–66. https://doi. org/10.1016/j.

agrformet.2015.02.004

85.	 Wajid A, K Hussain, M Maqsood, A Ahmad and 

A Hussain. 2007. Influence of drought on water use 

efficiency in wheat in semi-arid regions of Punjab. 

Soil & Environ. 26(1): 64-68, 2007

86.	 Williams WA, RS Loomis, CR Lepley. 1965. 

Vegetative Growth of Corn as Affected by Population 

Density. I. Productivity in Relation to Interception 

of Solar Radiation. Crop Sci. 5: 211–215. https://doi. 

org/10.2135/cropsci1965.0011183x000500030004x

87.	 Yamori W, Kondo E, Sugiura D, Terashima I, Suzuki 

Y, Makino A. 2016. Enhanced leaf photosynthesis 



Radiation use efficiency for yield optimization

39

as a target to increase grain yield: insights from 

transgenic rice lines with variable Rieske FeS protein 

content in the cytochrome b6/f complex. Plant, Cell 

& Environment. 39: 80–87. doi: 10.1111/ pce.12594.

88.	 Yin X, PC Struik. 2015. Constraints to the potential 

efficiency of converting solar radiation into 

phytoenergy in annual crops: From leaf biochemistry 

to canopy physiology and crop ecology. J. Exp. Bot. 

66: 6535–6549. https://doi.org/10.1093/jxb/ erv371

89.	 Yuan G, M Hassan, D Liu, SD Lim, WC Yim, JC 

Cushman, K Markel, PM Shih, H Lu, DJ Weston, 

JG Chen, TJ Tschaplinski, GA Tuskan, X Yang. 

2020. Biosystems Design to Accelerate C3-to-CAM 

Progression. BioDesign Res. 2020:3686791. https://

doi.org/10.34133/2020/3686791

90.	 Wang Yu. 2024. Improving photosynthetic efficiency 

in fluctuating light to enhance yield of C3 and C4 

crops, Crop and Environment. 3(4) 2024,Pages 

184-193,ISSN 2773 126X,https://doi.org/10.1016/j. 

crope.2024.06.003.

91.	 Yuan X, S Li, J Chen, H Yu, T Yang, C Wang, S 

Huang, H Chen, X Ao. 2024. Impacts of Global 

Climate Change on Agricultural Production: A 

Comprehensive Review. Agronomy. 14(7), 1360. 

https://doi. org/10.3390/agronomy14071360

92.	 Zahedi M, F Mondani, HR Eshghizadeh. 2015. 

Analyzing the energy balances of double-cropped 

cereals in an arid region. Energy Reports. 1:43–49. 

https:// doi.org/10.1016/j.egyr.2014.11.001

93.	 Zhang M, Y Gao, Y Zhang, T Fischer, Z Zhao, X 

Zhou, Z Wang, E Wang. 2020. The contribution 

of spike photosynthesis to wheat yield needs to be 

considered in process-based crop models. F. Crop. 

Res. 257. https://doi.org/10.1016/j.fcr.2020.107931

94.	 Zhi X, Y Tao, D Jordan, A Borrell, C Hunt, A 

Cruickshank, A Potgieter, A Wu, G Hammer, B 

George-Jaeggli, E Mace. 2022. Genetic control 

of leaf angle in sorghum and its effect on light 

interception. J. Exp. Bot. 73:801–816. https://doi.

org/10.1093/jxb/ erab467

95.	 Zhou H, Zhou G, Zhou L, Lv X, Ji Y, Zhou M. 2021. 

The interrelationship between water use efficiency 

and radiation use efficiency under progressive soil 

drying in maize. Front Plant Sci. Dec 10; 12:794409. 

doi: 10.3389/fpls.2021.794409. PMID: 34956294; 

PMCID: PMC8704143.

96.	 Zhu G, Z Ren, Y Liu, F Lu, L Gu, Y Shi, J Liu, 

G Zhou, NEA Nimir, PK Mohapatra. 2020. 

Optimization of leaf properties and plant phenotype 

through yield-based genetic improvement of rice 

over a period of seventy years in the Yangtze River 

Basin of China. Food Energy Secur. 9. https://doi. 

org/10.1002/fes3.223

97.	 Zhu XG, SP Long, DR Ort. 2008. What is the 

maximum efficiency with which photosynthesis 

can convert solar energy into biomass? Curr. Opin. 

Biotechnol. 19:153–159. https://doi.org/10.1016/j.

copbio.2008.02.004


