13 October 2005
G436 Biogeochemistry

Assoc. Prof. A. Jay Kaufman

C3 vs. C4 photosynthesis


In any chemical reaction, bonds are either formed or broken. Since bonds are a form of energy, all reactions result in either the absorption or release of energy.

Exorgonic – energy releasing reactions (negative G) that occur when bonds are broken (some require minimal input of activation energy to get reaction started)

Endergoic – energy requiring reactions (positive G) used to form bonds (not spontaneous, and require much more activation energy)


Many reactions in cells are endergonic, so cells require a method of storing energy until it is needed in a chemical reaction.   Biologic systems temporarily store energy in a molecule called adenosine triphosphate (ATP).  If one of these phosphate bonds is broken, a great amount of energy is released, which can be used in an endergonic reaction.  
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The initial CO2 fixation reaction involves the enzyme ribulose 1,5-bisphosphate carbonxylase/oxygenase (RuBisCO or RuBP).  This complex enzyme, which may be the most abundant protein in the universe, can react with either CO2 or O2 – depending on the concentration of the two molecules at the site of fixation. 
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During photorespiration only one PGA (the stable 3 C sugar that lends its name to C3 photosynthesis) is produced along with a molecule of phosphoglycolate, a useless waste by-product that is eventually removed as CO2.  This process costs energy, does not result in the fixation of CO2 and a molecule of RuBP is destroyed..
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The problem of photorespiration is particularly severe for plants that grow in environments in which they must minimize amounts of water lost by evapotranspiration.  If they close their stomata, they also tend to retain O2 and to impede access to atmospheric CO2.  The ratio of CO2 to O2 decline and photorespiration is exacerbated.  Two strategies have evolved to overcome this problem.  
C4 photosynthesis

In C4 plants (3% of all types; usually grassland plants as opposed to C3 plants that are temperate, tropical and boreal, and represent about 87% of all plants), the light (O2-producing) and dark (carbohydrate-producing) reactions of photosynthesis are separated spatially, and a molecular transport system is used to concentrate CO2 at the site of fixation.  Carbon (as HCO3-) is initially fixed in the mesophyll cells, relatively close to the surface of the leaf.  Compare the anatomy of cells in a C3 and C4 plant, known as “Kranz” anatomy. 
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Subtle evolutionary changes in the leaf anatomy and biochemical pathways of plants can lead to radically different ways of acquiring CO2. This has profound impacts on the ecological distribution of these species.

The reaction of initial fixation is represented by:
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As shown, Rubisco is avoided in favor of phosphoenolpyruvate carboxylase, and enzyme that has no competing, oxygenase activity.  The first stable product is oxaloacetate (the stable 4 C sugar that lends its name to C4 photosynthesis).  In a second step, NADPH is used to reduce oxaloacetate to malate, which diffuses to the bundle sheath cells around the “vein” of the plant.  There malate is re-oxidized to oxaloacetate (thus reclaiming the reducing power expended in the mesophyll and decarboxylated to form CO2 and pyruvate. The pyruvate returns to the mesophyll where it is phosphorylated back to phosphoenolpyruvate.
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Because the bundle sheath cells are relatively impermeable to CO2, concentrations of CO2 within them rise to as high as 1 mM, nearly 100x higher than the concentration in equilibrium with atmospheric CO2.  Rubisco now catalyzes the production of PGA and the NADPH regenerated in the oxidation of malate is used to reduce PGA to GAP.


The PEP carboxylase in the mesophyll cells has a high affinity for CO2. By rapidly converting CO2 into a 4 C molecule, this reduces the internal concentration of CO2 and creates a steep gradient of high CO2 outside the leaf and low CO2 inside the mesophyll cell. Having a steep concentration gradient allows the stomates to remain closed more tightly and still maintain a CO2 flux into the leaf. 

One determinant of the rate of photosynthesis is stomatal conductance – controlled primarily by the availability of water to the plant and the internal concentration of CO2.  There is a trade-off in photosynthesis, however, because when stomates are open water diffuses out to the atmosphere.  Large water losses are noted in most systems. 

Consider the universal flux equation:

flux = conductivity * gradient
CO2 flux into leaf = k * gradient in CO2
CO2 flux into leaf = k * (Ca - Ci)
where k is the conductivity (= 1/resistance)
Ca = atmospheric CO2 concentration
Ci = internal CO2 concentration.

Now, consider how a C4 and C3 leaf can have the same flux of CO2 into the leaf.

· The C4 plant's strategy is to make a large gradient and then lower the conductivity (that is increase leaf resistance by closing stomates). For C4 plants growth in ambient 360ppm CO2, the Ci is around 100ppm, creating a gradient of 260ppm.

· The C3 leaf, lacking the CO2 accumulation "pump", has a weaker gradient and must have higher leaf conductivity to let more CO2 into the leaf. For C3 plants growth in ambient 360ppm CO2, the Ci is around 250 ppm, creating a gradient of 110 ppm. 

So in the end, both plants may photosynthesize at the same rate, but the C4 plant does it with much tighter stomates, preventing water loss. We say that this kind of photosynthesis has high water use efficiency:

WUE = carbon uptake/water loss 
and this is a beneficial strategy where water is limited (like grasslands and the desert). 
CAM photosynthesis

CAM (Crassulacean Acid Metabolism) is a carbon fixation pathway that is common to dessert succulents, like cacti, and epiphytes, like orchids (~10% of all plants).  CAM plants use the same chemistry as C4 plants, but package it differently.  They lack the “Kranz” anatomy, but open their stomata, take in CO2, and produce malate at night.  Temperature, and thus, water loss are minimized.  During the day, the stomates are closed and the malate is processed as in the bundle sheath cells of C4 plants.

During wet seasons many CAM plants switch to exclusively C3 photosynthesis.  They open their stomates during the day, and the CO2 that enters the leaf is immediately fixed by Rubisco in the calvin cycle.  Also, CAM plants exhibit a very high WUE. There is often a tradeoff, however, between efficiency and rate of process. 

During drought some desert succulents never open stomates, and the CAM pathway serves only to recycle CO2 released by respiration so that there is no net CO2 gain or growth.  After rain, these plants can begin to gain carbon within 24 hours using the C3 pathway. This is a slow process, and plants require around 10 days to produce leaves.
Why don’t all plants use the C4 pathway?
C4 plants need an additional 2 ATP – one to decarboxylate and one to regenerate PEP.  This is an extra energy expense that might be made up in high light environments (i.e. grasslands) where more ATP could be produced by the “light” reactions. 
When did this metabolic strategy evolve, and why?


Examination of fossils places first Kranz anatomy in Miocene.  And carbon isotope records provide information on the global importance of the C4 metabolic strategy.
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Examination of soil carbonate in nodules from the Siwalik Sequence in northern Pakistan suggest a shift from C3 dominated biomass to C4 around 7.5 Ma.

Next:  Isotopic fractionation in C3 and C4 photosynthesis
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