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NCERT Exemplar Solu1ons of Class 11 Biology – Chapter 13: Photosynthesis in Higher 
Plants 
LONG ANSWER TYPE QUESTIONS 
1. Is it correct to say that photosynthesis occurs only in leaves of a plant? Besides 
leaves, what are the other parts that may be capable of carrying out 
photosynthesis? Justify. 
Solution: It is incorrect to say photosynthesis occurs only in leaves. Any plant part 
containing chlorophyll can photosynthesize. 
Other photosynthetic parts: 
1. Green stems: 

• Herbaceous plants: Young green stems photosynthesize significantly 
• Cacti and succulents: Modified stems (phylloclade) are primary photosynthetic 

organs 
• Example: Opuntia (prickly pear) - leaves modified to spines, stems perform 

photosynthesis 
2. Modified structures: 

• Phylloclades: Flattened green stems (Opuntia, Casuarina) 
• Cladodes: Modified branches (Asparagus) 
• Green bark: Woody plants with chlorophyll-containing bark 

3. Other organs: 
• Sepals: Green sepals in flowers photosynthesize 
• Green fruits: Unripe fruits contribute to photosynthesis 
• Aerial roots: Some orchids and epiphytes 
• Cotyledons: In germinating seedlings 

4. Specialized cases: 
• Aquatic plants: Submerged stems and leaves 
• Parasitic plants: Partial parasites retain photosynthetic capacity 
• CAM plants: Thick, fleshy stems are main photosynthetic organs 

Justification: 
• Chlorophyll presence is the key requirement 
• Stomata for gas exchange (though not always necessary) 
• Vascular tissue for transport of photosynthetic products 
• Anatomical adaptations similar to leaf mesophyll 

Evolutionary significance: 
• Allows photosynthesis in harsh environments 
• Compensates for leaf loss or modification 
• Maximizes photosynthetic surface area 
• Provides backup when leaves are damaged 
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2. The entire process of photosynthesis consists of a number of reactions. Where in 
the cell does each of these take place? 
Complete cellular localization: 
a. Synthesis of ATP & NADPH: Thylakoid membrane (both sides) 

• ATP synthesis: F₁ component on stroma side of thylakoid membrane 
• NADPH synthesis: Stroma side of thylakoid membrane via NADP reductase 

b. Photolysis of water: Lumen side (inner surface) of thylakoid membrane 
• Location: Oxygen-evolving complex associated with PSII 
• Reaction: 2H₂O → 4H⁺ + O₂ + 4e⁻ 

c. Fixation of CO₂: Stroma of chloroplast 
• Primary fixation: RuBisCO catalyzes CO₂ + RuBP reaction 
• C₄ plants: Also in mesophyll cell cytoplasm (PEP carboxylase) 

d. Synthesis of sugar molecule: Stroma of chloroplast 
• Calvin cycle: Complete conversion of CO₂ to G3P and glucose 
• Gluconeogenesis: Formation of glucose from G3P 

e. Synthesis of starch: Chloroplast stroma 
• Immediate storage: Transient starch in chloroplasts during day 
• Permanent storage: Amyloplasts in storage organs 

Additional cellular locations: 
Light-dependent reactions: 

• Photosystem II: Thylakoid membrane 
• Electron transport: Thylakoid membrane 
• Photosystem I: Thylakoid membrane 
• Proton gradient: Across thylakoid membrane 

Light-independent reactions: 
• Carbon reduction: Stroma 
• Regeneration: Stroma 
• Product export: Through chloroplast envelope 

Regulatory processes: 
• Enzyme activation: Stroma (light-dependent) 
• Metabolite transport: Chloroplast envelope 
• Gene expression: Chloroplast and nuclear genomes 

 
3. Which property of the pigment is responsible for its ability to initiate the process 
of photosynthesis? Why is the rate of photosynthesis higher in the red and blue 
regions of the spectrum of light? 
Solution: 
Key pigment property: Light absorption and electron excitation 
Molecular basis: 

• Conjugated π-electron system in chlorophyll allows photon absorption 



                                              Class 11 Biology Exemplar Solutions - Chapter 13: Photosynthesis in Higher Plants 

 

3 

• Porphyrin ring structure provides delocalized electrons 
• Specific energy levels match photon energies of visible light 
• Electron promotion from ground state to excited state drives photochemistry 

Absorption spectrum analysis: 
Red region (660-700 nm) egiciency: 

1. Chlorophyll a absorption peak at ~663 nm and ~642 nm 
2. Lower energy requirement - easier electron excitation 
3. Deep penetration into leaf tissue 
4. Egicient energy transfer to reaction centers 

Blue region (400-450 nm) egiciency: 
1. Chlorophyll a and b absorption peaks at ~430-440 nm 
2. High energy photons provide maximum excitation energy 
3. Accessory pigment activation (carotenoids, chlorophyll b) 
4. Multiple pigment systems contribute to light harvesting 

Green region inegiciency (500-600 nm): 
• Minimal absorption by chlorophyll molecules 
• Reflection gives plants green appearance 
• Limited accessory pigment absorption 
• Energy wastage through non-radiative processes 

Action spectrum correlation: 
• Action spectrum (photosynthesis rate) closely matches absorption spectrum 
• Peak activity corresponds to maximum chlorophyll absorption 
• Demonstrates that absorbed light energy drives photosynthesis 

Quantum egiciency: 
• Red light: ~8-10 photons required per CO₂ fixed 
• Blue light: Similar ebiciency despite higher energy 
• Green light: Much lower quantum yield 

Biological significance: 
• Evolutionary adaptation to solar spectrum 
• Complementary absorption by diberent pigments 
• Optimal energy utilization for photochemical reactions 

 
4. What can we conclude from the statement that the action and absorption 
spectrum of photosynthesis overlap? At which wavelength do they show peaks? 
Solution: 
Conclusion from overlapping spectra: 
1. Causal relationship: 

• Absorbed light energy directly drives photosynthesis 
• Non-absorbed light cannot contribute to photosynthetic activity 
• Quantitative correlation between absorption and photosynthetic rate 
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2. Pigment identification: 
• Chlorophyll a is the primary photosynthetic pigment 
• Accessory pigments contribute significantly to light harvesting 
• Pigment composition determines photosynthetic ebiciency 

3. Light utilization egiciency: 
• Maximum egiciency occurs where absorption is highest 
• Minimum activity in regions of poor absorption 
• Spectral optimization for available solar energy 

Peak wavelengths: 
Red region peaks: 

• Chlorophyll a: 663 nm, 642 nm 
• Chlorophyll b: 644 nm 
• Action spectrum: 650-700 nm maximum activity 

Blue region peaks: 
• Chlorophyll a: 430 nm, 410 nm 
• Chlorophyll b: 453 nm, 435 nm 
• Carotenoids: 450-480 nm 
• Action spectrum: 400-450 nm high activity 

Valley regions: 
• Green gap: 500-600 nm (minimal absorption and activity) 
• Yellow region: 570-590 nm (reduced ebiciency) 

Significance of correlation: 
Scientific evidence: 

• Proves light as energy source for photosynthesis 
• Identifies key pigments responsible for photosynthesis 
• Explains plant coloration and light utilization strategies 

Practical applications: 
• Artificial lighting design for plant growth 
• Greenhouse optimization using appropriate light spectra 
• Agricultural practices considering light quality 

Evolutionary implications: 
• Pigment evolution matched to solar spectrum 
• Complementary pigments maximize light capture 
• Adaptive advantage in diberent light environments 

 
5. Under what conditions are C₄ plants superior to C₃? 
Solution: C₄ plants demonstrate superiority under specific environmental conditions: 
1. High temperature conditions: 

• Optimal range: 30-40°C (vs. 20-25°C for C₃) 
• Enzyme stability: PEP carboxylase more thermostable than RuBisCO 
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• Reduced photorespiration: CO₂-concentrating mechanism minimizes 
oxygenase activity 

• Maintained egiciency: Photosynthetic rate remains high at elevated 
temperatures 

2. High light intensity: 
• Light saturation point: Higher than C₃ plants 
• Egicient utilization: Better use of intense solar radiation 
• No photoinhibition: Reduced damage under high light stress 
• Continuous activity: Maintain photosynthesis throughout intense daylight 

3. Water stress conditions: 
• Water use egiciency: 2-3 times higher than C₃ plants 
• Stomatal behavior: Can photosynthesize with partially closed stomata 
• Osmotic adjustment: Better tolerance to drought conditions 
• Reduced transpiration: Lower water loss per unit CO₂ fixed 

4. Low CO₂ concentrations: 
• High CO₂ aginity: PEP carboxylase has higher abinity than RuBisCO 
• CO₂ pumping: Concentrates CO₂ in bundle sheath cells 
• Minimal photorespiration: Virtually eliminated under normal conditions 
• Egicient fixation: Maintains high rates even with low atmospheric CO₂ 

5. High O₂ concentrations: 
• Photorespiration prevention: Spatial separation prevents RuBisCO oxygenase 

activity 
• O₂ tolerance: Performance unabected by elevated O₂ levels 
• Competitive advantage: Especially important in dense vegetation 

Physiological advantages: 
Biochemical egiciency: 

• Lower compensation point: ~0-5 ppm CO₂ (vs. 30-70 ppm for C₃) 
• Higher quantum yield: More ebicient light utilization 
• Better resource use: Nitrogen and water use ebiciency 

Anatomical features: 
• Kranz anatomy: Specialized bundle sheath cells 
• Compartmentalization: Spatial separation of carboxylation reactions 
• Reduced digusion: Minimizes CO₂ loss 

Examples of superior performance: 
• Tropical grasses: Maize, sugarcane, sorghum 
• Desert plants: Many adapted to arid conditions 
• Agricultural productivity: Higher yields in warm climates 

Limitations: 
• Energy cost: Requires additional ATP for CO₂ concentration 
• Temperature sensitivity: Less ebicient at cool temperatures 
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• Complex metabolism: More elaborate biochemical machinery required 

 
6. In the figure given below, the black line (upper) indicates the action spectrum for 
photosynthesis and the lighter line (lower) indicates the absorption spectrum of 
chlorophyll a. Answer the following: 

 
[Action and Absorption Spectrum Graph Analysis] 
a. What does the action spectrum indicate? How can we plot an action spectrum? 
Action spectrum definition: The action spectrum shows the relative egectiveness of 
digerent wavelengths of light in driving photosynthesis, measured as the rate of 
photosynthetic activity per unit light energy. 
Plotting methodology: 

1. Monochromatic light sources: Use narrow wavelength bands across the visible 
spectrum 

2. Standardized intensity: Maintain equal photon flux or energy for each 
wavelength 

3. Measure photosynthetic rate:  
o Oxygen evolution (most common method) 
o CO₂ uptake rate 
o Growth rate or biomass accumulation 

4. Plot relative egiciency: Photosynthetic rate vs. wavelength 
5. Normalize data: Express as percentage of maximum activity 

Experimental procedure: 
• Controlled conditions: Temperature, CO₂, plant material standardized 
• Light filters or LEDs: Provide specific wavelengths 
• Quantitative measurement: Precise detection of photosynthetic output 
• Statistical analysis: Multiple replicates and controls 

b. How can we derive an absorption spectrum for any substance? 
Absorption spectrum methodology: 
1. Spectrophotometric analysis: 
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• Extract pigments: Isolate chlorophyll using organic solvents 
• Dilute solutions: Prepare known concentrations 
• Spectrophotometer: Measure absorbance across wavelength range 
• Beer's Law application: Relate absorbance to concentration 

2. Experimental setup: 
• Reference cell: Solvent blank for baseline 
• Sample cell: Pigment solution 
• Light source: Broad spectrum lamp 
• Detection: Photodetector measures transmitted light 
• Wavelength scanning: 350-750 nm range 

3. Data processing: 
• Absorbance calculation: A = log(I₀/I) 
• Wavelength plotting: Absorbance vs. wavelength 
• Peak identification: Maximum absorption wavelengths 
• Spectral characteristics: Bandwidth and intensity analysis 

Significance of correlation: 
• Overlapping peaks confirm chlorophyll a as primary photosynthetic pigment 
• Slight digerences indicate contribution of accessory pigments 
• Valley regions show why green light is least ebective 
• Scientific validation of photosynthetic pigment function 

 
7. List the important events and end products of the light reaction. 
Solution: 
Important events in light reactions: 
1. Water photolysis (Photolysis): 

• Location: Oxygen-evolving complex of PSII 
• Reaction: 2H₂O → 4H⁺ + O₂ + 4e⁻ 
• Significance: Provides electrons and protons, releases oxygen 

2. Light absorption and excitation: 
• Photosystem II: Absorbs photons, excites chlorophyll a 
• Energy transfer: Antenna pigments funnel energy to reaction center 
• Electron promotion: Ground state → excited state transition 

3. Primary electron transport: 
• PSII → Pheophytin: Primary electron acceptor 
• Plastoquinone reduction: Electron carrier between photosystems 
• Cytochrome b₆f complex: Proton pump and electron relay 

4. Photosystem I activation: 
• Second light absorption: Re-energizes electrons 
• Ferredoxin reduction: Terminal electron acceptor 
• High energy electron: Ready for NADP⁺ reduction 
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5. Proton gradient establishment: 
• Proton accumulation: H⁺ concentration in thylakoid lumen 
• Electrochemical gradient: Chemical and electrical components 
• Energy storage: Potential energy for ATP synthesis 

6. Chemiosmotic ATP synthesis: 
• Proton flow: Down gradient through ATP synthase 
• Conformational changes: F₁ component rotation 
• Phosphorylation: ADP + Pi → ATP 

7. NADPH formation: 
• NADP⁺ reduction: Final electron acceptor 
• Reductase enzyme: Catalyzes NADP⁺ + H⁺ + 2e⁻ → NADPH 
• Energy storage: Reducing power for Calvin cycle 

End products of light reactions: 
Primary products: 

1. ATP (Adenosine triphosphate)  
o Energy currency for biosynthetic reactions 
o Quantitative yield: 1.5-2 ATP per absorbed photon 

2. NADPH (Nicotinamide adenine dinucleotide phosphate, reduced)  
o Reducing power for CO₂ fixation 
o Electron donor in Calvin cycle reactions 

3. O₂ (Molecular oxygen)  
o Byproduct of water splitting 
o Environmental significance: Atmospheric oxygen source 

Secondary products: 4. H⁺ ions (Protons) 
• Proton gradient maintenance 
• pH regulation in chloroplast compartments 

Stoichiometric relationships: 
• Overall reaction: 2H₂O + 2NADP⁺ + 3ADP + 3Pi → O₂ + 2NADPH + 3ATP + H⁺ 
• Energy conversion: Light energy → Chemical energy (ATP + NADPH) 
• Egiciency: ~3-5% of incident solar energy stored 

Biological significance: 
• Energy capture: Converts light to chemical energy 
• Oxygen production: Essential for aerobic life 
• Reducing power: Provides electrons for biosynthesis 
• Proton gradient: Drives additional ATP synthesis 
• Foundation: Enables all subsequent photosynthetic processes 

 
8. In the diagram given below what is label A, B and C. What type of 
phosphorylation is possible in this? 
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Solution: 

 
Diagram labels: 

• A: Primary electron acceptor (Ferredoxin or similar) 
• B: Electron transport system (Cytochrome b₆f complex) 
• C: Photosystem I (P₇₀₀ reaction center) 

Type of phosphorylation: Cyclic Photophosphorylation 
Detailed explanation: 
Process characteristics: 

1. Only PSI involvement: PSII is not active in this pathway 
2. Electron cycling: Electrons return to PSI after transport 
3. No water splitting: No oxygen evolution occurs 
4. ATP only production: No NADPH is formed 

Step-by-step mechanism: 
1. Light absorption: 

• PSI activation: Chlorophyll P₇₀₀ absorbs photons 
• Electron excitation: e⁻ promoted to higher energy level 
• Primary acceptance: Electron transferred to acceptor (A) 

2. Electron transport cycle: 
• A → Ferredoxin: High energy electron transfer 
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• Ferredoxin → Cytochrome b₆f (B): Electron enters transport chain 
• Proton pumping: H⁺ transported from stroma to lumen 
• Plastocyanin → PSI (C): Electron returns to reaction center 

3. ATP synthesis: 
• Proton gradient: Created by electron transport chain 
• Chemiosmosis: H⁺ flows through ATP synthase 
• Phosphorylation: ADP + Pi → ATP 

Biological significance: 
When it occurs: 

• High light conditions: When ATP demand exceeds NADPH requirement 
• Stress conditions: During water stress or high temperature 
• Metabolic balance: Adjusts ATP:NADPH ratio for optimal Calvin cycle function 

Advantages: 
• Energy egiciency: Recycles electrons for additional ATP 
• Metabolic flexibility: Provides ATP without NADPH 
• Photoprotection: Dissipates excess light energy safely 

Regulation: 
• Light intensity dependent: Increases under high light 
• Redox state sensitive: Responds to chloroplast energy status 
• pH dependent: Controlled by thylakoid pH gradient 

Comparison with non-cyclic: 
• Non-cyclic: Linear electron flow, produces both ATP and NADPH 
• Cyclic: Circular electron flow, produces only ATP 
• Complementary: Both processes work together for optimal energy balance 

 
9. Why is the Rubisco enzyme more appropriately called RUBP Carboxylase-
Oxygenase and what important role does it play in photosynthesis? 
Solution: 
Dual nomenclature explanation: 
RuBisCO = RuBP Carboxylase-Oxygenase 

• Full name: Ribulose-1,5-bisphosphate carboxylase/oxygenase 
• Dual activity: Can catalyze both carboxylation and oxygenation reactions 
• Substrate specificity: Uses the same active site for both CO₂ and O₂ 

Two enzymatic activities: 
1. Carboxylase activity (Photosynthesis): 

• Reaction: RuBP + CO₂ → 2 × 3-PGA 
• Conditions favoring: High CO₂/O₂ ratio, moderate temperature 
• Product: Two molecules of 3-phosphoglycerate 
• Significance: Primary CO₂ fixation in Calvin cycle 

2. Oxygenase activity (Photorespiration): 
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• Reaction: RuBP + O₂ → 3-PGA + phosphoglycolate 
• Conditions favoring: Low CO₂/O₂ ratio, high temperature 
• Product: One 3-PGA and one phosphoglycolate 
• Significance: Initiates photorespiratory pathway 

Important roles in photosynthesis: 
1. Primary CO₂ fixation: 

• Calvin cycle initiation: First step in carbon reduction 
• Carbon entry point: All organic carbon enters through RuBisCO 
• Quantitative significance: Fixes ~100 billion tons CO₂ annually 

2. Rate-limiting enzyme: 
• Bottleneck: Often limits overall photosynthetic rate 
• Kinetic properties: Relatively slow turnover number (~3-5 per second) 
• Concentration: Most abundant protein on Earth (compensates for slow activity) 

3. Evolutionary significance: 
• Ancient origin: Evolved before high O₂ atmosphere 
• Substrate competition: CO₂ and O₂ compete for same active site 
• Evolutionary constraint: Dibicult to improve specificity 

Structural features: 
Large subunit (rbcL): 

• Catalytic activity: Contains active site 
• Molecular weight: ~55 kDa 
• Gene location: Chloroplast genome 

Small subunit (rbcS): 
• Regulatory function: Abects catalytic ebiciency 
• Molecular weight: ~15 kDa 
• Gene location: Nuclear genome 

Assembly: L₈S₈ complex (8 large + 8 small subunits) 
Regulation mechanisms: 
1. Light activation: 

• pH dependence: Activated by increased stromal pH 
• Mg²⁺ requirement: Light-dependent Mg²⁺ availability 
• Rubisco activase: Enzyme that maintains active state 

2. Metabolite regulation: 
• Inhibitor binding: 2-carboxyarabinitol-1-phosphate 
• Substrate availability: RuBP regeneration in Calvin cycle 
• Feedback inhibition: Product inhibition by 3-PGA 

3. Environmental factors: 
• Temperature: Abects CO₂/O₂ specificity ratio 
• CO₂ concentration: Higher levels favor carboxylase activity 
• Water status: Abects stomatal conductance and CO₂ supply 



                                              Class 11 Biology Exemplar Solutions - Chapter 13: Photosynthesis in Higher Plants 

 

12 

Global significance: 
• Carbon cycle: Major component of global carbon fixation 
• Climate change: Performance abected by rising CO₂ and temperature 
• Food security: Limits crop productivity worldwide 
• Biotechnology target: Focus for improving crop yields 

 
10. What special anatomical features are displayed by leaves of C₄ plants? How do 
they provide an advantage over the structure of C₃ plants? 
Solution: 
Special anatomical features of C₄ plants: 
1. Kranz anatomy: 

• Definition: "Wreath-like" arrangement of cells around vascular bundles 
• Bundle sheath cells: Large, thick-walled cells surrounding vascular tissue 
• Concentric arrangement: Two distinct cell layers around veins 
• German origin: "Kranz" means wreath or crown 

2. Bundle sheath cell characteristics: 
• Large size: 2-5 times larger than mesophyll cells 
• Thick walls: Suberin-containing walls reduce gas exchange 
• Dense chloroplasts: High chloroplast density with specialized features 
• No intercellular spaces: Tight packing prevents gas leakage 
• Specialized chloroplasts: Often lack grana or have reduced grana 

3. Mesophyll cell features: 
• Radial arrangement: Surrounding bundle sheath cells 
• Normal chloroplasts: Well-developed grana and stroma 
• Active metabolism: High PEP carboxylase activity 
• Egicient transport: Close contact with bundle sheath cells 

4. Vascular modifications: 
• Close vein spacing: Shorter dibusion distances 
• Enhanced transport: Ebicient movement of metabolites 
• Reduced phloem loading distance: Faster sugar export 

Advantages over C₃ plant structure: 
1. CO₂ concentrating mechanism: 

• Spatial separation: Physical isolation of carboxylation steps 
• CO₂ pumping: C₄ acids transport CO₂ from mesophyll to bundle sheath 
• High CO₂ environment: Bundle sheath maintains high CO₂ around RuBisCO 
• Reduced oxygenase activity: Minimal O₂ competition with CO₂ 

2. Photorespiration suppression: 
• CO₂/O₂ ratio manipulation: High CO₂ concentration in bundle sheath 
• Physical barrier: Bundle sheath walls prevent O₂ entry 
• Biochemical advantage: RuBisCO operates in high CO₂ environment 
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• Energy savings: Eliminates photorespiratory energy loss 
3. Water use egiciency: 

• Reduced stomatal conductance: Can photosynthesize with partially closed 
stomata 

• Lower compensation point: Maintains photosynthesis at low CO₂ 
• Drought tolerance: Better performance under water stress 
• Osmotic adjustment: Enhanced water retention 

4. Temperature adaptation: 
• Thermostability: PEP carboxylase more stable than RuBisCO 
• High temperature optimization: Better performance at 30-40°C 
• Reduced heat stress: CO₂ concentrating mechanism compensates for thermal 

ebects 
• Tropical advantage: Adapted to hot climates 

5. Light utilization egiciency: 
• High light saturation: Better performance under intense illumination 
• Reduced photoinhibition: Less damage from excess light 
• Continuous operation: Maintains ebiciency throughout day 
• Optimal quantum yield: Better photon utilization 

Biochemical coordination with anatomy: 
Mesophyll cells: 

• Primary carboxylation: CO₂ + PEP → oxaloacetate (C₄) 
• C₄ acid synthesis: Malate or aspartate formation 
• Transport function: C₄ acid movement to bundle sheath 

Bundle sheath cells: 
• Decarboxylation: C₄ acid → CO₂ + C₃ acid 
• Calvin cycle: CO₂ fixation by RuBisCO 
• Sugar synthesis: Glucose and starch production 

Metabolite transport: 
• C₄ acids: Mesophyll → bundle sheath 
• C₃ acids: Bundle sheath → mesophyll 
• ATP sharing: Energy distribution between cell types 

Evolutionary advantages: 
• Arid adaptation: Successful in dry environments 
• Tropical dominance: Superior in hot climates 
• Agricultural importance: High productivity crops (maize, sugarcane) 
• Climate change resilience: Better adaptation to warming conditions 

Trade-ogs: 
• Energy cost: Additional ATP required for CO₂ concentration 
• Cool temperature limitation: Less ebicient than C₃ below ~25°C 
• Complex metabolism: More elaborate biochemical machinery 
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• Development cost: More complex anatomical development 

 
11. Name the two important enzymes of the C₄ pathway, and explain their role in 
fixing CO₂. 
Solution: 
Two critical enzymes in C₄ pathway: 
1. PEP Carboxylase (Phosphoenolpyruvate carboxylase) 2. RuBisCO (Ribulose-1,5-
bisphosphate carboxylase/oxygenase) 
Detailed enzyme analysis: 
1. PEP Carboxylase: 
Location: Mesophyll cell cytoplasm 
Primary reaction: 

• Substrate: PEP (phosphoenolpyruvate) + CO₂ 
• Product: Oxaloacetate (OAA) - first stable C₄ compound 
• Cofactors: Mg²⁺ or Mn²⁺ 
• Reaction: PEP + CO₂ + H₂O → OAA + Pi 

Enzyme characteristics: 
• High CO₂ aginity: Km for CO₂ ~10-50 μM (vs. 200-500 μM for RuBisCO) 
• No oxygenase activity: Cannot use O₂ as substrate 
• Temperature stability: Maintains activity at high temperatures 
• pH optimum: Functions well at physiological pH 

Regulatory features: 
• Light activation: Phosphorylation increases activity 
• Metabolite regulation: Inhibited by malate and aspartate 
• Diurnal control: Activity peaks during daylight hours 

2. RuBisCO (in bundle sheath cells): 
Location: Bundle sheath cell chloroplasts 
Secondary CO₂ fixation: 

• Substrate: RuBP + CO₂ (released from C₄ acid decarboxylation) 
• Product: 2 × 3-PGA (enters Calvin cycle) 
• Enhanced environment: High CO₂/O₂ ratio in bundle sheath 

Modified function in C₄ plants: 
• Reduced photorespiration: CO₂ concentrating mechanism 
• Improved egiciency: Optimal CO₂ concentration 
• Protected environment: Physical separation from atmospheric O₂ 

Integrated CO₂ fixation mechanism: 
Phase 1 - Primary fixation (Mesophyll): 

1. Atmospheric CO₂ enters through stomata 
2. Dissolved CO₂ in mesophyll cell cytoplasm 
3. PEP carboxylase fixes CO₂ to PEP → OAA 
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4. OAA conversion to malate or aspartate 
5. Transport C₄ acids to bundle sheath cells 

Phase 2 - Secondary fixation (Bundle sheath): 
1. C₄ acid decarboxylation releases concentrated CO₂ 
2. High CO₂ environment around RuBisCO 
3. RuBisCO carboxylation CO₂ + RuBP → 2 × 3-PGA 
4. Calvin cycle completion → glucose synthesis 
5. C₃ acid return to mesophyll for PEP regeneration 

Quantitative relationships: 
CO₂ concentration egect: 

• Atmospheric CO₂: ~400 ppm 
• Bundle sheath CO₂: 2000-6000 ppm (5-15x concentration) 
• Michaelis constant: PEP carboxylase Km << RuBisCO Km 

Energy requirements: 
• Additional ATP cost: ~2 ATP per CO₂ for C₄ cycle 
• Total energy: ~5 ATP + 2 NADPH per CO₂ fixed 
• Compensation: Higher ebiciency obsets energy cost under optimal conditions 

Evolutionary coordination: 
Enzyme evolution: 

• PEP carboxylase recruitment: From anaplerotic metabolism 
• RuBisCO modification: Enhanced specificity in some species 
• Spatial organization: Anatomical specialization supports biochemical division 

Metabolic integration: 
• Coordinated regulation: Both enzymes respond to light and metabolite signals 
• Balanced activity: Prevents metabolite accumulation 
• Flexibility: Can adjust to varying environmental conditions 

Comparative advantages: 
vs. C₃ photosynthesis: 

• Higher CO₂ aginity: PEP carboxylase vs. RuBisCO alone 
• Temperature tolerance: Better performance at high temperatures 
• Water egiciency: Reduced stomatal conductance requirements 
• Photorespiration suppression: Virtually eliminated 

Environmental optimization: 
• Hot climates: Superior performance >30°C 
• High light: Better utilization of intense solar radiation 
• Water stress: Maintains photosynthesis with reduced water loss 
• Low CO₂: More ebicient at current atmospheric levels 

 
12. Why is Rubisco enzyme the most abundant enzyme in the world? 
Solution: 
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Quantitative abundance: 
Global distribution: 

• Estimated total: 5-10 billion tons of RuBisCO on Earth 
• Plant protein content: 25-30% of leaf soluble protein 
• Chloroplast concentration: Up to 500 mg/mL in stroma 
• Per leaf basis: ~50% of total leaf nitrogen in RuBisCO 

Reasons for extraordinary abundance: 
1. Fundamental biological necessity: 

• Primary producer dependence: All life depends on photosynthetic CO₂ fixation 
• Carbon entry point: Only major pathway for atmospheric CO₂ incorporation 
• Global carbon cycle: Responsible for ~100 billion tons CO₂ fixation annually 
• Ecological foundation: Supports entire food web through primary productivity 

2. Kinetic limitations requiring overcompensation: 
Slow catalytic rate: 

• Turnover number: Only 3-5 molecules CO₂ per second per active site 
• Comparison: Most enzymes process 100-10,000 substrate molecules/second 
• Rate limitation: Often limits photosynthetic rate under optimal conditions 
• Compensation strategy: High enzyme concentration obsets slow activity 

Poor substrate specificity: 
• CO₂/O₂ competition: Cannot distinguish ebectively between CO₂ and O₂ 
• Specificity factor: ~80-100 (CO₂/O₂ preference ratio) 
• Photorespiration loss: ~25-50% of fixed carbon lost in C₃ plants 
• Inegiciency compensation: Higher enzyme levels maintain net productivity 

3. Evolutionary constraints: 
Ancient origin: 

• Pre-oxygen atmosphere: Evolved when O₂ levels were minimal 
• Substrate competition: O₂ competition became problematic later 
• Evolutionary inertia: Dibicult to improve existing enzyme 
• Conservation pressure: Essential function prevents major modifications 

Complex structure: 
• Large enzyme: 550 kDa complex (L₈S₈ structure) 
• Assembly requirements: Coordinated expression of nuclear and chloroplast 

genes 
• Folding assistance: Requires chaperones and assembly factors 
• Stability needs: Must maintain structure under varying conditions 

4. Environmental variability compensation: 
Temperature egects: 

• Thermal denaturation: Higher temperatures reduce enzyme stability 
• Activity changes: Temperature abects CO₂/O₂ specificity 
• Seasonal variation: Diberent concentrations needed across seasons 
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• Climate adaptation: Species vary enzyme content with native climate 
CO₂ availability: 

• Stomatal limitations: Closed stomata reduce CO₂ supply 
• Digusion barriers: CO₂ must reach enzyme in chloroplast stroma 
• Competition: O₂ concentration varies with photosynthetic activity 
• Atmospheric changes: Historical and future CO₂ level variations 

5. Cellular and tissue distribution: 
Widespread occurrence: 

• All photosynthetic organisms: Cyanobacteria to land plants 
• Multiple cell types: Mesophyll and bundle sheath in C₄ plants 
• Digerent tissues: Leaves, green stems, developing fruits 
• Organellar localization: High concentration in chloroplast stroma 

Leaf structure optimization: 
• Mesophyll cell packing: Maximizes chloroplast-containing cells 
• Chloroplast number: Up to 100 chloroplasts per mesophyll cell 
• Stroma volume: Large stromal space accommodates high enzyme 

concentration 
• Surface area: Leaf architecture maximizes photosynthetic tissue 

6. Metabolic integration requirements: 
Calvin cycle stoichiometry: 

• Multiple reactions: 13 diberent enzymes in complete cycle 
• Rate coordination: All enzymes must match RuBisCO capacity 
• Metabolite pools: Large enzyme pools buber metabolite fluctuations 
• Regulatory complexity: Multiple control points require substantial enzyme 

Energy balance: 
• ATP/NADPH supply: Must match potential carboxylation capacity 
• Light reaction coordination: Electron transport capacity matches CO₂ fixation 
• Metabolite export: Sugar synthesis must keep pace with fixation 
• Storage balance: Starch synthesis coordinates with fixation rate 

Biotechnological implications: 
Crop improvement targets: 

• Enzyme engineering: Attempts to improve specificity and speed 
• Expression optimization: Balancing RuBisCO levels with other cycle enzymes 
• Alternative pathways: C₄ engineering in C₃ crops 
• Climate adaptation: Preparing for changing atmospheric conditions 

Global significance: 
• Food security: Limits crop productivity worldwide 
• Climate change: Performance abects global carbon balance 
• Biodiversity support: Foundation of most terrestrial ecosystems 
• Oxygen production: Indirect support through photosynthetic oxygen release 
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Research focus: 
• Structure-function studies: Understanding catalytic mechanism 
• Evolutionary biology: Tracing enzyme evolution and constraints 
• Agricultural applications: Improving crop photosynthetic ebiciency 
• Global modeling: Predicting responses to environmental change 

 
13. Why photorespiration does not take place in C₄ plants? 
Solution: 
Photorespiration suppression in C₄ plants: 
Fundamental mechanism: CO₂ concentrating system 
1. Spatial separation strategy: 
Anatomical compartmentalization: 

• Mesophyll cells: Primary CO₂ fixation by PEP carboxylase 
• Bundle sheath cells: Secondary CO₂ fixation by RuBisCO 
• Physical isolation: RuBisCO separated from atmospheric O₂ 
• Selective permeability: Bundle sheath walls limit gas exchange 

Biochemical isolation: 
• C₄ acid transport: CO₂ moved as organic acids (malate/aspartate) 
• Decarboxylation: High CO₂ concentration created around RuBisCO 
• Metabolic pumping: Active CO₂ concentration mechanism 
• O₂ exclusion: Bundle sheath environment depleted of O₂ 

2. CO₂ concentration mechanism: 
Quantitative CO₂ enhancement: 

• Atmospheric CO₂: ~400 ppm (0.04%) 
• Bundle sheath CO₂: 2000-6000 ppm (0.2-0.6%) 
• Concentration factor: 5-15 fold increase 
• RuBisCO saturation: Near-saturating CO₂ levels 

Kinetic advantage: 
• Michaelis constant: RuBisCO Km for CO₂ ~200-500 μM 
• Enhanced binding: High CO₂ favors carboxylase activity 
• Competitive exclusion: CO₂ outcompetes O₂ for active site 
• Specificity enhancement: Ebective increase in CO₂/O₂ selectivity 

3. PEP carboxylase properties: 
No oxygenase activity: 

• Substrate specificity: Only carboxylates, never oxygenates 
• Active site structure: Cannot accommodate O₂ molecule 
• Biochemical advantage: No competing reaction pathway 
• Evolutionary optimization: Selected for CO₂-specific activity 

High CO₂ aginity: 
• Km value: 10-50 μM (vs. 200-500 μM for RuBisCO) 
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• Atmospheric egiciency: Saturated at current CO₂ levels 
• Low CO₂ tolerance: Maintains activity even with closed stomata 
• Pumping egiciency: Ebective CO₂ capture and concentration 

4. Bundle sheath microenvironment: 
Physical barriers: 

• Suberin layers: Impermeable walls reduce gas leakage 
• Tight cell packing: No intercellular air spaces 
• Selective transport: Controlled metabolite movement 
• O₂ impermeability: Prevents atmospheric O₂ entry 

Metabolic conditions: 
• High CO₂ partial pressure: From C₄ acid decarboxylation 
• Low O₂ concentration: Consumed by high respiration rates 
• Optimized pH: Maintained for RuBisCO activity 
• Ion concentrations: Mg²⁺ and other cofactors optimized 

5. Comparative analysis: 
C₃ vs. C₄ photorespiration: 
C₃ plants: 

• Direct RuBisCO exposure: To atmospheric O₂/CO₂ ratio 
• Significant oxygenase activity: ~25-50% of carboxylase activity 
• Energy loss: 25-50% of fixed carbon lost 
• Temperature sensitivity: Increases with rising temperature 

C₄ plants: 
• Protected RuBisCO: High CO₂, low O₂ environment 
• Minimal oxygenase activity: <5% of carboxylase activity 
• Energy conservation: Nearly all fixed carbon retained 
• Temperature tolerance: Maintained ebiciency at high temperatures 

6. Energy cost analysis: 
Additional ATP requirement: 

• C₄ cycle cost: ~2 additional ATP per CO₂ fixed 
• Photorespiration savings: Eliminates 2-3 ATP loss per oxygenation 
• Net benefit: Energy savings exceed additional costs 
• Egiciency gain: Overall improvement in energy utilization 

Water use egiciency: 
• Reduced stomatal opening: CO₂ concentration allows partial closure 
• Lower transpiration: Better water conservation 
• Drought tolerance: Maintained photosynthesis under water stress 
• Metabolic water: Reduced respiratory water loss 

7. Environmental advantages: 
Temperature tolerance: 

• High temperature performance: Maintained ebiciency at 35-45°C 
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• Enzyme stability: PEP carboxylase more thermostable 
• Reduced thermal stress: CO₂ concentration compensates for temperature 

ebects 
• Tropical adaptation: Superior performance in hot climates 

Light intensity adaptation: 
• High light saturation: Better utilization of intense solar radiation 
• Reduced photoinhibition: Less damage from excess light energy 
• Continuous operation: Maintains ebiciency throughout bright days 
• Optimal quantum yield: Better photon utilization ebiciency 

8. Evolutionary perspective: 
Adaptive advantage: 

• Arid environment evolution: Developed in water-limited conditions 
• Temperature adaptation: Success in hot climates 
• Competitive advantage: Superior performance under stress 
• Agricultural importance: High productivity crops 

Phylogenetic distribution: 
• Multiple origins: Evolved independently ~60 times 
• Taxonomic diversity: Found in 19 plant families 
• Ecological success: Dominant in tropical grasslands 
• Convergent evolution: Similar solutions in diberent lineages 

Conclusion: C₄ plants ebectively eliminate photorespiration through their 
sophisticated CO₂-concentrating mechanism, which creates a high CO₂, low O₂ 
microenvironment around RuBisCO. This spatial and biochemical separation, 
combined with the unique properties of PEP carboxylase, ensures that RuBisCO 
functions almost exclusively as a carboxylase rather than an oxygenase, eliminating the 
wasteful photorespiratory pathway that reduces ebiciency in C₃ plants. 
 
 
 


