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Evolutionary significance of C4 pathway in crops 

Grasses have two major photosynthetic pathways: the C3 pathway that is characteristic of 

most plants and a specialized C4 pathway that decreases photorespiration and thus increases 

photosynthetic performance in high-temperature and/or low-CO2 environments. C4 grasses 

dominate tropical and subtropical grasslands and savannas, and C3 grasses dominate the world's 

cooler temperate grassland regions. This striking pattern has been attributed to C4 physiology, 

with the implication that the evolution of the pathway enabled C4 grasses to persist in warmer 

climates than their C3 relatives (Edwards and Smith, 2010). The evolution of a new biochemical 

pathway is based on the formation of novel genes, or purposeful changes in existing genes. Gene 

copying has been accepted as one of the primary instrument of the evolution of new genes. Genes 

encoding enzymes of the C4 cycle often belong to gene families having C4 PEPC gene and other 

non-C4 isoforms are known. This finding has led to the proposal that gene duplication, followed by 

functional improvement, was the genetic underpinning for photosynthetic pathway 

transformation. Most of the high yielding crops in agriculture use the C4 photosynthetic pathway. 

In spite of their manifold origins, they are all categorized by elevated rates of photosynthesis and 

well-organized use of water, nitrogen and other essential inputs. As a morphological and 

biochemical novelty, the C4 photosynthetic pathway has an adaptation to hot, arid environments 

or CO2 deficit. The C4 pathway independently appeared at least 50 times during angiosperm 

evolution (Vicentini et al., 2008). Several origins of the C4 pathway within a number of angiosperm 

families imply that its evolution might not be as intricate as assumed, possibly signifying that there 

may have been genetic predisposition in some C3 plants to C4 evolution. 

C4 Pathway: The metabolic advantage  

The high photosynthetic capacity of C4 plants is due to their exclusive mode of CO2 

incorporation, featuring stringent compartmentation of photosynthetic enzymes into two 

distinctive cell types, mesophyll and bundle-sheath. Firstly, CO2 assimilation is carried out in 

mesophyll cells. The chief carboxylating enzyme, phosphoenolpyruvate carboxylase (PEPC), in 

concert with carbonic anhydrase (CA), is vital to create rapid equilibrium between CO2 and HCO3
-. 

This step is responsible for the hydration and fixation of CO2 to produce the C4 acid, oxaloacetate. 

In NADP-ME-type C4 species, oxaloacetate is then converted to another C4 acid -malate, catalyzed 
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by malate dehydrogenase (MDH). Malate then diffuses into chloroplasts in the proximal bundle-

sheath cells, where CO2 is released to yield pyruvate by the decarboxylating NADP-ME. The 

released CO2 concentrates around the secondary carboxylase - Rubisco, and is reassimilated by it 

through the Calvin cycle which is a C3 pathway. Pyruvate is transferred back into mesophyll cells 

and catalyzed by pyruvate orthophosphate dikinase (PPDK) to regenerate the primary CO2 

acceptor, phosphoenolpyruvate. 

 

 Phosphorylation of a conserved serine residue close to the amino-terminal end of the 

PEPC polypeptide is important to its activity by reducing sensitivity to the feedback inhibitor 

malate and a catalyst named PEPC kinase (PPCK). This process which is called in a nutshell the “C4 

photosynthesis” results in more efficient carbon assimilation at high temperatures because its 

combination of morphological and biochemical features reduce photorespiration, a loss of CO2 

that occurs during C3 photosynthesis at high temperatures. PPDK regulatory protein (PPDKRP), a 

bifunctional serine/threonine kinase-phosphatase, catalyzes both the ADP-dependent inactivation 

and the Pi dependent activation of PPDK (Hibberd, 2009; Tiwari et al., 2005; Yokota and Shigeoka, 

2008). Water equilibrated at normal atmospheric pressure dissolves 11-mM CO2, which forms 

110-mM HCO3
-  at pH 7.2 and 25 0C. While RuBisCO fixes CO2, phosphoenolpyruvate carboxylase 

(PEPC) uses HCO3
-as the substrate. This distinguishing feature bestows a remarkable benefit to C4 

plants. Since the Km for HCO3
- of maize PEPC is as low as 20 mM, this enzyme can show evidence 

of submaximal activity in the mesophyll cytosol. The active C4 operation as an auxiliary metabolic 

CO2-pumping system confers significantly better nitrogen investment and water-use efficiencies to 

C4 plants compared with C3 plants. If this CO2-pumping system could be introduced into C3 

plants, the transgenic plants would be expected to show highly improved photosynthetic 

performance and productivity. 

Engineering C4 pathway in Rice 

Rice is one of the most important crops as the staple food for more than half of the global 

population. Rice consumption exceeds 100 kg per capita annually in many Asian countries 

(compared with the US average of 10 kg, for example) and is the principal food for most of the 

world’s poorest people, particularly in Asia, which is home to 70% of those who earn less than $1 a 
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day.  Rice breeding has accomplished extraordinary achievements in the past half-century, due to 

two advances: rising harvest index and yield potential by reducing plant height making use of the 

semidwarf varieties since the 1960s, and second yield jump through developing and applying of 

rice hybrids since the 1970s. On the other hand, rice production in the new century is still dealing 

with mammoth challenges. For example, steady yield pressure due to global population increase is 

always seen, associated with the reduction of arable land worldwide, while rice yield has reached 

the ceiling since the 1990s, mainly caused by decrease of genetic diversity of rice cultivars, 

increasingly severe occurrence of insects and diseases in rice production, water shortage and 

increasingly frequent occurrence of drought (Sheehy et al., 2008). Much effort to develop high 

yield rice has been concentrated on seeking C4 rice in the past decade these include the 

incorporation of the C4 photosynthetic pathway into rice to increase rice yield per unit water 

transpired. 

  

Some species use a form of the C4 pathway that operates in single cells. While this may at 

a first glance seem a simpler system to attempt to install into rice, in all domesticated, highly 

productive C4 crops, ‘Kranz’ anatomy and the compartmentalisation of photosynthetic 

metabolism are inextricably linked. Therefore, in our opinion, the generation of C4 rice will require 

a mechanistic understanding of this apparently necessary interface between leaf morphology and 

metabolism in classical ‘Kranz’ C4 species. Such a goal demands an examination of photosynthetic 

characteristics in C3 plants with altered leaf morphology and of leaf morphology in C3 plants with 

altered photosynthetic metabolism (Hibberd et al., 2008).  Introducing a single enzyme or an 

shortened portion of the C4 cycle is improbable to have a large impact on photosynthesis. 

Nevertheless, some confirmation suggests that the manipulations have led to the desired 

redirection of fluxes. Table 1 gives a list of C4 genes introduced in Rice and their effects thereof. 

Introduction of the gene of maize PEP carboxylase in rice indicated remarkably higher level of 

expression. The activities of PEP carboxylase in leaves of some of these transgenic rice plants were 

two- to threefolds higher even than those in maize, and the enzyme accounted for up to 12% of 

the total leaf-soluble protein. It means that increasing the amounts of PEP carboxylase in isolation 

does not have dramatic effects on photosynthesis, although it may alter stomatal conductance. 
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The widespread approach to develop C4 rice is to overexpress C4 plant-derived genes implicated 

in C4 cycle in transgenic rice, though overexpressing C3 plantderived orthologs has also been 

attempted (Bandyopadhyay et al., 2007; Chen et al., 2009).   

 

Firstly a maize phosphoenolpyruvate carbocylase (PEPC) gene into rice, and the transgenic 

rice plants exhibited some photosynthetic characteristics of C4 plants. O2 inhibition in 

photosynthesis of transgenic plants reduced about 20% compared with the wild-type control. 

Later, more C4 cycle-related genes have been introduced into rice (table 1) including PEPC, 

pyruvate, orthophosphate dikinase (PPDK) gene, phosphoenolpyruvate carboxykinase (PEPCK) 

gene, NADPmalic enzyme gene (ME) gene, and NADPmalate dehydrogenase (MDH) gene. 

Although overexpressing these C4-related genes in rice showed diverse effects, it is still far from 

the purpose of increasing the yield greatly, and even overexpressing some C4-related gene led to 

severe negative effects. For instance, overexpression of maize C4-specific ME resulted in serious 

stunting, leaf chlorophyll bleaching, and enhanced photoinhibition of photosynthesis (Takeuchi et 

al 2001; Takeuchi et al 2000) Combinations of multiple  C4-related genes synchronously have also 

been attempted, which was expected to achieve better effects. To establish a C4-like pathway in 

mesophyll cells of transgenic rice four C4-related genes were over expressed with different origins 

in combination: the maize C4-specific PEPC and PPDK, the sorghum MDH, and the rice C3-specific 

ME. though, the transgenic rice plants only exhibited slightly improved photosynthesis 

accompanied with slight but reproducible stunting phenotype compared with the wild-type 

control. Transgenic rice exhibited reduced O2 inhibition of photosynthesis, but this was most likely 

due to effects of phosphate recycling that affect photorespiration. Overexpresstion of an 

unregulated phosphoenolpyruvate carboxykinase (PCK) from C4 plant, Urochloa panicoides, in the 

chloroplasts of rice leaf has also been done. In 14CO2-labeling experiment, up to 20% of the 

radioactivity was incorporated into C4 acids (malate, oxaloacetate, and aspartate) in leaves of 

transgenic plants. PEPC transgenic rice plants were capable of keeping a higher photosynthetic 

rate, a higher photosynthetic quantum yield by PSII, and a higher capacity to dissipate excess 

energy photochemically and non-photochemically than untransformed plants under 

photoinhibitory and photooxidative conditions. Moreover, the grain yield of transgenic rice plants 
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with PEPC and PPDK were higher than those of untransformed plants. These results suggest that 

the introduction of C4 photosynthesis enzymes into rice has a good potential to enhance its 

tolerance to stress, photosynthetic capacity, and yield (Zhang et al., 2009). There is also evidence 

that altering primary metabolism of C3 leaves has profound effects on leaf development. For 

example, constitutive manipulation of components of the Calvin-Benson cycle causes alterations 

to leaf morphology (Hibberd and Quick, 2002).  

 

With regard to the Carbon metabolism In PEPC/PCK-expressing transgenic rice, it is 

possible that enhanced PEPC activity may help provision of carbon to the anaplerotic pathway 

since the accretion of starch granules was reduced in the transgenic rice as well as in PEPC-

expressing transgenic rice. It is possible that the build up of NADPH causes reduce in the 

chlorophyll concentration and distended thylakoid membranes in PEPC/ PCK-expressing transgenic 

rice plants. It is not apparent why the expression of high levels of activity of both PCK and PEPC 

caused swollen thylakoid membranes and low chlorophyll concentrations, but these alterations 

probably cause low photosynthetic CO2 assimilation rates in PEPC/PCK-expressing transgenic rice 

(Suzuki et al., 2006). Photosynthetic rate and its relationship with the transgenic rice expressing C4 

enzymes is of prime important for yield realization. Significant increase in the photosynthesis rate 

in the transgenics at high temperature  have been observed but without any improvement of yield 

(Bandyopadhyay et al., 2007). Thus, it raises further questions whether the otherC4 genes 

encoding the enzymes PPDK, NADPME and PEPCK should be introduced in one genome in addition 

to the PEPC either by transgene-breeding or by multigene transformation to get overall increase in 

yield in the natural field conditions. 

 

Future Outlook 

C4 rice is undoubtedly one of the most demanding subjects for transgenic rice research. C4 

rice research is very laborious due to huge distances of antimony and genetics between C3 and C4 

plants. However, it is still valuable as an attempt to change the present status that rice yield has 

been hovering for a long period initial studies should be designed to investigate the mechanistic 

interface between leaf morphology and metabolism in C3 and C4 leaves    (Zhang et al., 2007). For 
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instance, to develop transgenic drought-tolerant rice or C4 rice, even though certain effects have 

been observed by introducing some foreign genes, there is still a lengthy way to go. We must be 

aware that the commercialization of transgenic rice is still difficult in the present times. Although 

C4 rice may confer some advantage, predominantly in drought-prone upland settings, an 

imperative alternative to C4 rice is a C3 rice variety that is better-designed for a high CO2 

environment. It would possibly be easier to obtain a high-CO2-adapted C3 rice variety than C4 rice, 

as this would involve simple changes in regulatory points, rather than engineering key changes in 

leaf anatomy and physiology. Considerable dissimilarity already exists in the response of rice to 

elevated CO2 and many of these traits could be co-opted to engineer superior cultivars for future 

high CO2 atmospheres. The genetics of CO2 responsiveness is rapidly being explained, as long as a 

blueprint for the types of changes that can be exploited to design rice plant that is optimized for 

high CO2. Currently, CO2 levels are rising at slightly less than 2 ppm per year. If we take for granted 

they will raise over the next 50 years by an average of 3 ppm per year, then the atmospheric CO2 

level will be 520 ppm in 2050. This may not be high enough to allow for C3 plants to yield more 

than C4 plants, even with C3 plants that are adapted to higher CO2. Hence engineering a C4 rice 

may be critical to meeting production goals within the next half-century. While our information of 

the constituent reactions of photosynthesis is well understood, their incorporation into the whole 

plant process is not. There is an imperative need for an increased understanding of the 

fundamental processes at the molecular level, and the assimilation of this knowledge to 

appreciate how a plant works. This understanding needs to include the multifaceted interactions 

amongst canopy architecture, the growth and development of a leaf, and the biochemistry of the 

photosynthetic apparatus in addition to just incorporating C4 enzymes in the rice plant. 
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