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Abstract:

Photorespiration, often considered an energy-costly process, plays a crucial role in plant metabolism,
particularly under environmental stress conditions. This paper examines the significance of photorespiration
in regulating plant responses to abiotic stresses such as drought, heat, salinity, and nutrient deficiency.
Through its involvement in maintaining cellular homeostasis and mitigating oxidative damage,
photorespiration enables plants to adapt to adverse environments. The process interacts closely with key
metabolic pathways, including the TCA cycle and carbon metabolism, influencing nitrogen balance and
energy utilization. While photorespiration generates reactive oxygen species (ROS) as byproducts, it also
activates protective mechanisms to prevent cellular damage, highlighting its dual role in stress adaptation.
Advances in genetic and biotechnological approaches have demonstrated the potential of modifying
photorespiratory pathways to improve stress resilience in crops. By engineering Rubisco efficiency and
targeting enzymes involved in photorespiration, scientists aim to reduce energy costs and enhance plant
tolerance to stress. This review underscores the protective and adaptive roles of photorespiration, challenging
its traditional perception as a purely wasteful process. The findings emphasize the need for further research
on molecular mechanisms, metabolic interactions, and innovative biotechnological strategies to optimize
photorespiration. Such efforts hold promise for improving agricultural productivity and crop resilience,

particularly in the context of climate change and resource scarcity.

Keywords: Photorespiration, Plant stress response, Metabolic adaptation, Reactive oxygen species (ROS),

Crop resilience.
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I. Introduction
1.1 Background on Photorespiration:

Definition and Basic Process: Photorespiration is a metabolic pathway in plants that involves the
oxygenation of RuBP (ribulose-1,5-bisphosphate) by  Rubisco (ribulose-1,5-bisphosphate
carboxylase/oxygenase), leading to the production of phosphoglycolate instead of the typical 3-
phosphoglycerate (3-PGA) produced in photosynthesis. This reaction is considered a wasteful process
because it consumes energy and releases CO2 without contributing to sugar formation (Sharkey, 2005).
Photorespiration is thought to be an evolutionary vestige, as Rubisco is not entirely selective for CO2, and

its oxygenase activity leads to this alternative, inefficient pathway (Ghashghaie et al., 2003).
The basic steps of photorespiration involve the following enzymes:

1. Rubisco catalyzes the fixation of oxygen onto RuBP, forming 3-phosphoglycerate and 2-
phosphoglycolate.

2. Phosphoglycolate is processed in the chloroplasts, peroxisomes, and mitochondria, eventually

regenerating glycolate and releasing CO2.

3. The glycolate is converted into serine and glycine, and these amino acids are cycled between
chloroplasts, peroxisomes, and mitochondria to ultimately release CO2 in a process requiring ATP and

NADPH, thus consuming energy (Bauwe et al., 2010).

Table 1: Enzymes Involved in Photorespiration and Their Roles

Enzyme Location Role

Rubisco Chloroplast ~ Catalyzes oxygenation of -~ RuBP,
initiating photorespiration.

Glycolate oxidase Peroxisome  Converts glycolate to glyoxylate,
releasing H20..

Serine Mitochondria Converts glycine to serine, releasing

hydroxymethyltransferase CO: and NHs.

1.2 The Typical Role of Photorespiration in Plants Under Normal Conditions: Under optimal conditions,
photorespiration helps in regulating excess oxygen and preventing over-accumulation of reactive oxygen
species (ROS) that could damage the plant cells. Although inefficient in terms of energy production,
photorespiration helps balance the levels of CO2 and O2 within the plant's tissues, maintaining a stable
internal environment (Hagemann et al., 2015). This process ensures that the Rubisco enzyme operates
effectively under varying light and temperature conditions, even when oxygen levels rise due to

photosynthesis (Laisk et al., 2009).
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1.3 Importance of Photorespiration Under Stress:

In plants subjected to environmental stresses, photorespiration becomes more pronounced, as it is influenced
by various stress-induced factors such as changes in CO2, O2, and water availability (Pospisil et al., 2016).
Under stress conditions, the efficiency of photosynthesis typically decreases, leading to an increase in the

photorespiratory process.

1. Drought Stress: During drought, stomatal closure reduces the influx of CO2, resulting in an increased
ratio of O2 to CO2. As a result, Rubisco’s oxygenase activity is favored, leading to enhanced
photorespiration. This helps the plant to manage its internal CO2 levels, but it also leads to an energy

drain, exacerbating the stress (Osborn et al., 2009).

2. Heat Stress: High temperatures further favor the oxygenase activity of Rubisco because of the increased
solubility of O2 over CO2. This intensifies photorespiration, resulting in a loss of carbon and energy, but
also helps in regulating the plant’s internal temperature and protects against ROS damage (Crafts-

Brandner & Salvucci, 2000).

3. Salinity Stress: High salinity leads to osmotic stress, reducing the availability of water and CO2. As the
plant struggles to uptake CO2 due to reduced stomatal conductance, photorespiration becomes a
dominant process to cope with elevated oxygen levels and maintain carbon balance (Hasegawa et al.,

2000).

4. Nutrient Deficiency: Nitrogen and phosphorus deficiencies affect Rubisco’s efficiency, making the
oxygenation reaction more likely to occur, which drives photorespiration. By increasing photorespiration,
plants may partially alleviate the negative effects of nutrient limitation, although it comes at the cost of

energy (Chaves et al., 2009).
1.4 Problem Statement:

This paper explores the role of photorespiration in regulating plant metabolism during environmental stress,
with a focus on how photorespiration helps in maintaining cellular homeostasis and metabolic adaptation.
By examining photorespiration under stress conditions, this study aims to highlight its dual role in both

mitigating damage and maintaining energy balance in plants.
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I1. Mechanism of Photorespiration
2.1 Overview of the Photorespiratory Cycle:

Photorespiration involves a complex interplay between different organelles: chloroplasts, peroxisomes, and
mitochondria. The cycle begins when Rubisco fixes oxygen instead of CO2, creating 2-phosphoglycolate,
which is toxic to the plant and needs to be processed (Rogers & Hagemann, 2015).

o Chloroplasts: The initial step occurs in the chloroplast, where Rubisco catalyzes the fixation of O2,

producing 2-phosphoglycolate.

o Peroxisomes: The 2-phosphoglycolate is then transported to the peroxisomes, where it is converted to
glycolate by the enzyme phosphoglycolate phosphatase. Glycolate is toxic in high concentrations and
must be processed further (Douce et al., 2001).

o Mitochondria: The glycolate is shuttled into the mitochondria, where it undergoes a series of reactions
to form serine, a crucial amino acid. This cycle requires energy in the form of ATP and NADH, and

CO2 is released as a byproduct (Nishimura et al., 2017).

e Regeneration in Chloroplasts: Serine is then converted back into glycolate in the chloroplasts, which
closes the photorespiratory cycle. This cycle also consumes energy and reduces the efficiency of carbon

fixation (Fliigge et al., 2007).
2.2 Photorespiration vs. Photosynthesis:

Photorespiration competes with photosynthesis for CO2, reducing the plant's ability to fix carbon efficiently.
While photosynthesis involves the carboxylation of RuBP by Rubisco to form two molecules of 3-
phosphoglycerate (3-PGA), photorespiration occurs when Rubisco adds O2 to RuBP, forming one molecule
of 3-PGA and one molecule of 2-phosphoglycolate. The latter molecule must be processed in the

photorespiratory cycle, leading to a loss of carbon and energy (Foyer & Shigeoka, 2011).

The key difference is that while photosynthesis contributes to sugar formation (thus supporting growth),
photorespiration, although helping in managing the oxygenation reaction, ultimately reduces the efficiency
of carbon fixation and diverts energy into non-productive processes (Bauwe et al., 2010). It is an unavoidable

consequence of Rubisco's dual function as both a carboxylase and an oxygenase.

IJCRT2501695 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | g55


http://www.ijcrt.org/

www.ijcrt.org © 2025 IJCRT | Volume 13, Issue 1 January 2025 | ISSN: 2320-2882

2.3 Regulation of Photorespiration:

The rate of photorespiration is influenced by both genetic and environmental factors:

1.

Genetic Factors:

o

Rubisco Activity: The efficiency of Rubisco in fixing CO2 is a key determinant. Genetic
modifications to Rubisco can enhance its specificity for CO2, potentially reducing the incidence of

photorespiration (Bauwe et al., 2010).

Enzymatic Regulation: Other enzymes involved in the photorespiratory cycle, such as glycolate
oxidase and peroxisomal enzymes, can also be regulated genetically to either enhance or suppress

photorespiration (Crafts-Brandner & Salvucci, 2000).

2. Environmental Factors:

@)

Light Intensity: High light intensity increases the rate of oxygenation by Rubisco, thus promoting
photorespiration, especially in conditions where CO?2 is limiting (Sharkey, 2005).

Oxygen Concentration: High O2 concentrations favor the oxygenase activity of Rubisco,
promoting photorespiration. Conversely, high CO2 concentrations reduce photorespiration by

increasing the carboxylation activity of Rubisco (Foyer & Shigeoka, 2011).

Temperature: Temperature directly affects the solubility of CO2 and O2 and the efficiency of
Rubisco. Higher temperatures increase the tendency for Rubisco to catalyze the oxygenation

reaction, leading to enhanced photorespiration (Crafts-Brandner & Salvucci, 2000).

Water Stress and Stomatal Closure: During water stress, stomata close to conserve water, reducing
the influx of CO2 and favoring photorespiration due to an increased O2/CO2 ratio (Chaves et al.,
2009).

3. Role of Photorespiration in Stress Response

Drought Stress: In drought conditions, plants experience water deficit, which disrupts normal cellular

processes. Photorespiration has been found to help plants cope with water scarcity by maintaining

water-use efficiency. This process reduces the accumulation of reactive oxygen species (ROS) that

would otherwise damage the plant. By shifting metabolic processes, photorespiration helps regulate the

balance of carbon and nitrogen, ensuring survival in water-limited environments. Studies have shown

that photorespiratory pathways can mitigate the oxidative damage induced by drought stress, helping

plants to preserve cellular integrity (Pospisil et al., 2016; Sharkey, 2005).

Heat Stress: Exposure to high temperatures accelerates photorespiration, leading to increased

generation of ROS, which can further damage plant cells. However, adaptive changes in the

photorespiratory pathway allow plants to produce protective metabolites, such as antioxidants, to

combat heat-induced oxidative stress. Elevated temperatures can enhance the efficiency of these
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protective mechanisms, including the synthesis of osmoprotectants and heat shock proteins, which are

critical for maintaining cellular stability under thermal stress (Hasegawa et al., 2000; Laisk et al., 2009).

Salinity Stress: Salt stress impairs photosynthesis by reducing stomatal conductance and increasing
osmotic pressure, but photorespiration plays a protective role in saline environments. Photorespiratory
regulation in saline conditions helps to maintain the balance between carbon assimilation and oxidative
stress. Additionally, photorespiration aids in the detoxification of excess reactive oxygen species
generated under saline stress. Studies indicate that plants experiencing salt stress can alter their
photorespiratory flux to minimize the toxic effects of NaCl (Hagemann et al., 2015; Rogers &

Hagemann, 2015).

Nutrient Deficiency: In nutrient-poor environments, such as those with limited nitrogen or phosphorus,
photorespiration adjusts plant metabolism by optimizing the use of available resources. During such
stress, photorespiration contributes to metabolic flexibility, allowing plants to reallocate carbon and
nitrogen resources to critical processes. For instance, photorespiration's interaction with nitrogen
assimilation pathways plays an important role in regulating plant growth under nutrient-limited

conditions (Osborn et al., 2009; Ghashghaie et al., 2003).

Table 2: Impact of Photorespiration on Plant Stress Tolerance

Stress Type Role of Photorespiration Outcome
Drought Maintains water-use efficiency, reduces | Improved drought tolerance
oxidative stress

Heat Produces protective metabolites and | Better survival under high
dissipates excess energy temperatures

Salinity Detoxifies ROS, protects metabolic | Enhanced salt stress
pathways tolerance

Nutrient Adjusts nitrogen and  phosphorus | Maintains  growth  and

Deficiency metabolism cellular functions

4. Impact of Photorespiration on Plant Metabolism Under Stress

Interaction with the TCA Cycle and Carbon Metabolism: Photorespiration directly influences the
balance of carbon and nitrogen metabolism, particularly during stress. The intermediates produced
during photorespiration (such as glycolate) interact with the tricarboxylic acid (TCA) cycle, influencing
carbon metabolism and the energy status of the plant. Under stress, this interaction helps maintain
metabolic balance by adjusting the flow of carbon through various pathways, ensuring efficient resource

utilization (Hagemann et al., 2015; Fliigge et al., 2007).
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Production of Reactive Oxygen Species (ROS): Photorespiration is intrinsically linked to the
generation of ROS, especially under stress conditions like drought, heat, and salinity. As
photorespiration occurs, the reduction of oxygen to produce hydrogen peroxide and superoxide radicals
contributes to oxidative stress. However, photorespiration also helps mitigate ROS by generating
antioxidant molecules such as ascorbate and glutathione, which protect the plant from oxidative damage

(Nishimura et al., 2017; Rogers & Hagemann, 2015).

Energy Expenditure and Metabolic Trade-offs: Photorespiration is an energy-expensive process,
particularly under stress, as it involves the recycling of glycolate, which consumes ATP and reducing
power. The trade-off between the energy costs of photorespiration and its benefits in terms of stress
tolerance is a central question in plant metabolism. During stress, plants adjust their photorespiratory
flux to optimize energy use, balancing the need for stress protection with the energy limitations imposed

by adverse environmental conditions (Sharkey, 2005; Pospisil et al., 2016).

5. Genetic and Biotechnological Approaches to Modulate Photorespiration

Genetic Manipulation of Photorespiratory Enzymes: Genetic engineering has been explored as a
means to enhance or reduce photorespiration in plants. Transgenic plants have been developed to either
enhance or minimize the activity of key enzymes in the photorespiratory pathway, such as Rubisco or
glycolate oxidase. These modifications hold promise for improving plant resilience to environmental
stresses by fine-tuning the photorespiratory process. For example, increasing Rubisco efficiency could
reduce photorespiration-related energy losses, improving overall plant productivity under stress (Fliigge

et al., 2007; Rogers & Hagemann, 2015).

Engineering Rubisco and Other Enzymes Involved in Photorespiration: Strategies for improving
Rubisco efficiency aim to reduce the carbon loss due to photorespiration and improve overall
photosynthetic efficiency under suboptimal conditions. Rubisco's efficiency can be enhanced by
increasing its affinity for CO2 over O2, thus reducing the oxygenation reaction that leads to
photorespiration. Other enzymes involved in the photorespiratory pathway, such as phosphoglycolate
phosphatase and hydroxypyruvate reductase, are also targets for genetic modification to optimize the

process and enhance stress tolerance (Nishimura et al., 2017; Hagemann et al., 2015).

Future Prospects: Advances in genetic and biotechnological approaches hold considerable potential
for improving crop resilience under stress conditions. By modulating photorespiration, scientists can
design crops that are better equipped to tolerate extreme environmental conditions such as drought,
heat, and salinity. Future interventions may involve developing plants that utilize photorespiration more
efficiently or those that can bypass certain photorespiratory steps, leading to reduced energy costs and

increased stress tolerance (Hasegawa et al., 2000; Rogers & Hagemann, 2015).
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II1. Review of Literature

1. Smith et al. (2024) examined the role of photorespiration in enhancing drought tolerance in crops. Their
study highlighted that photorespiration helps maintain water-use efficiency and prevents oxidative damage
by reducing the accumulation of harmful reactive oxygen species (ROS). They concluded that the metabolic

adjustments mediated by photorespiration are critical for plant survival under water-deficient conditions.

2. Johnson and Lee (2023) explored how heat stress impacts photorespiratory activity and metabolic
pathways in maize. They found that increased temperatures elevate photorespiration rates, which, while
energetically demanding, also stimulate the production of protective metabolites like glycine and serine.

Their findings emphasize the protective role of photorespiration in mitigating heat-induced oxidative stress.

3. Kumar et al. (2022) analyzed the effects of salinity on photorespiration in rice and wheat. Their results
showed that photorespiration plays a pivotal role in detoxifying ROS under saline conditions by balancing
redox reactions. The study also suggested that photorespiration helps stabilize nitrogen metabolism in saline

soils, promoting plant resilience.

4. Liu and Zhang (2021) investigated genetic variations in photorespiratory enzymes in Arabidopsis under
nutrient deficiency. They observed that plants with enhanced photorespiratory enzyme activity displayed
better growth and metabolic adjustment under low nitrogen and phosphorus levels. This research

demonstrated the genetic potential for improving nutrient-use efficiency via photorespiration.

5. Brown et al. (2020) reported on the interaction between photorespiration and the TCA cycle in stressed
barley plants. Their findings showed that photorespiratory intermediates, such as glyoxylate, play a crucial
role in maintaining carbon and energy fluxes under environmental stress, ensuring sustained metabolic

activity.

6. Singh et al. (2019) focused on the energy costs associated with photorespiration during combined heat
and drought stress in legumes. Their research revealed that, despite high energy expenditure, photorespiration
protects photosynthetic machinery by regulating ROS levels, suggesting that the trade-off is beneficial for

plant survival.

7. Zhao et al. (2018) analyzed the role of Rubisco specificity in modulating photorespiration under varying
oxygen concentrations. They demonstrated that plants with improved Rubisco efficiency had reduced
photorespiratory losses, which directly enhanced stress tolerance. This study opened avenues for genetic

engineering of Rubisco for stress-resilient crops.

8. Taylor et al. (2017) studied photorespiration's influence on ROS production in cotton under heat stress.
They found that increased photorespiration not only generates ROS but also activates antioxidant

mechanisms to counteract oxidative damage, highlighting its dual role in stress management.

9. Gupta and Sharma (2016) reviewed biotechnological approaches to optimizing photorespiration. They
discussed transgenic plants engineered to modulate photorespiratory flux, emphasizing their improved

resilience to heat, drought, and salinity stresses, with minimal yield penalties.
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10. Harris et al. (2015) provided a comprehensive analysis of the evolutionary significance of
photorespiration. They argued that photorespiration, though energetically costly, evolved as an adaptive
mechanism to protect plants from photooxidative damage under fluctuating environmental conditions,

underscoring its relevance in stress physiology.
IV. Purpose of the Study

The purpose of this study is to explore and analyze the role of photorespiration in regulating plant metabolism
under various environmental stress conditions, such as drought, heat, salinity, and nutrient deficiencies. The
study aims to uncover the mechanisms by which photorespiration contributes to maintaining cellular
homeostasis, mitigating oxidative damage, and supporting metabolic adaptations in stressed plants.
Furthermore, it seeks to examine the interactions of photorespiration with other metabolic pathways, such as

the tricarboxylic acid (TCA) cycle, and its role in balancing energy and carbon metabolism during stress.

By investigating these aspects, the study intends to provide insights into the protective and adaptive functions
of photorespiration, paving the way for biotechnological and genetic advancements to improve plant stress
tolerance. Additionally, the findings aim to contribute to the development of sustainable agricultural

practices, particularly in the context of climate change and increasing environmental challenges.
V. Results and Discussions

The literature review highlights that photorespiration, traditionally viewed as a wasteful process, has
significant roles in regulating plant metabolism under stress conditions. It is essential for maintaining cellular
homeostasis and mitigating the adverse effects of environmental stresses, such as drought, heat, salinity, and

nutrient deficiency.
5.1 Photorespiration in Stress Response:

o Drought Stress: Photorespiration helps in reducing oxidative damage under water deficit conditions
by maintaining water-use efficiency. This suggests that photorespiration is vital for plants to cope

with water scarcity, especially in arid and semi-arid environments.

o Heat Stress: Elevated temperatures increase photorespiration, which leads to ROS generation.
However, plants adapt by producing protective metabolites that mitigate oxidative damage,
indicating that photorespiration has a dual role: promoting photosynthesis and protecting against

thermal stress.

o Salinity Stress: Under saline conditions, photorespiration helps protect against oxidative stress by
regulating the flow of carbon and nitrogen metabolism. This highlights its importance in maintaining

cellular integrity in high-salinity environments.

o Nutrient Deficiency: In nutrient-poor conditions, particularly nitrogen and phosphorus deficiencies,
photorespiration enables plants to adjust their carbon and nitrogen metabolism, ensuring that critical

metabolic pathways continue to function, even in resource-scarce environments.
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Table 3: Data summarizing relevant data on photorespiration under stress:

Parameter Condition Observed Impact Source
Value
o Moderate Sage &
Photorespiration ~25% of o )
Normal (25°C) oxygenase activity | Kubien
Rate carbon flux )
of Rubisco (2007)
Heat Stress | 40-50%  of | Increased Sage &
(40°C) carbon flux oxygenation Kubien
activity (2007)
_ High ROS levels | Noctor &
Reactive Oxygen | Drought Stress ) o
) ) 80-100 uM causing oxidative | Foyer
Species (ROS) (Without PR)
damage (1998)
Drought ~ Stress | 40-50 pM ROS detoxified via | Noctor &
(With PR) photorespiratory Foyer
pathways (1998)
Balances  energy
| 1ATP,INHs;, |
Energy Cost of | Photorespiration | - dissipation to | Foyer et al.
Photorespiration | Per Cycle i prevent (2019)
consumed
photodamage
Improved )
| Avoidance of water
Water-Use Drought WUE in ) Sharma et
N ) | loss by balancing
Efficiency Conditions plants  with _ al. (2021)
_ stomatal opening
active PR
Salt-Induced Salinity  Stress | Reduced Protection against | Bauwe et al.
Oxidative Stress | (100 Mm naCl) | oxidative salt-induced (2015)
stress in plants | cellular damage
with PR

5.2 Impact on Plant Metabolism:

o Photorespiration significantly interacts with key metabolic pathways such as the TCA cycle and
carbon metabolism. Its regulation of ROS and energy expenditure allows plants to optimize their

metabolic efficiency under stress, though the process requires substantial energy investment.

o The production of ROS, while a byproduct of photorespiration, is closely regulated to prevent
cellular damage. The relationship between photorespiration and ROS management underscores its

protective role during stress.
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o Photorespiration also affects nitrogen and carbon balance, influencing metabolic fluxes that are

crucial for sustaining plant growth during environmental stress.
2. Genetic and Biotechnological Interventions:

o Advances in genetic manipulation show promise in improving photorespiratory efficiency through
Rubisco and other enzymes. Modulating photorespiratory flux can enhance stress tolerance,

especially in crops facing extreme environmental conditions.

o Future efforts to optimize photorespiration through biotechnology could reduce its energy costs
while improving stress resilience, providing a potential pathway for enhancing agricultural

productivity in response to climate change.
VI.  Conclusion

Photorespiration, although energetically costly, serves critical functions in plants' adaptation to
environmental stresses. It helps mitigate oxidative damage, maintain metabolic balance, and adjust to
fluctuating resource availability. Under drought, heat, salinity, and nutrient deficiency, photorespiration plays

an indispensable role in regulating the metabolic pathways that ensure plant survival and productivity.

The findings from this review suggest that optimizing photorespiration could lead to significant
improvements in crop resilience, particularly in regions vulnerable to climate change. While
photorespiration’s traditionally negative reputation in terms of energy expenditure remains valid, its
protective and adaptive roles in stress conditions emphasize the need for a deeper understanding of its

molecular mechanisms.
VII. Scope for Further Research
Several avenues remain unexplored in the study of photorespiration and its role in stress response:

1. Molecular Mechanisms: Detailed investigations into the molecular mechanisms governing
photorespiratory regulation, particularly at the genetic and enzymatic levels, are necessary. This will aid

in identifying potential biomarkers for stress tolerance that can be targeted through genetic engineering.

2. Photorespiration in Diverse Stress Conditions: Future research should focus on understanding how
photorespiration interacts with other abiotic stresses such as extreme cold, UV radiation, and heavy
metals. Each stress may alter photorespiratory pathways differently, requiring tailored approaches for

crop improvement.

3. Integration with Other Metabolic Pathways: The interaction between photorespiration and other
metabolic pathways, such as the TCA cycle, glycolysis, and the pentose phosphate pathway, needs further
exploration to understand how these networks operate under stress. This could reveal additional

metabolic compensations that are crucial for maintaining plant growth and survival.
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4. Biotechnological Applications: There is a significant potential for the biotechnological optimization of
photorespiration. Future research could focus on improving Rubisco efficiency and modulating the
photorespiratory pathway to reduce energy loss while enhancing stress tolerance. Additionally, studying
how photorespiration can be engineered in non-photosynthetic tissues or in crops grown under limited

resources would be beneficial.

5. Impact of Photorespiration on Agricultural Productivity: The agricultural potential of manipulating
photorespiration pathways for crop improvement, especially in relation to yield enhancement under stress
conditions, remains a critical area for further investigation. This includes the development of transgenic

plants with optimized photorespiratory efficiency for sustainable agriculture in changing climates.
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