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Abstract This study mainly discusses how to use genetic engineering to improve the photosynthesis of C4 plants, thereby
increasing the yield of biofuels. C4 crops, such as sugarcane, corn and sorghum, are regarded as good raw materials for biofuels
because they can efficiently utilize carbon dioxide and accumulate more biomass. In recent years, genetic engineering methods have
developed rapidly. Methods such as CRISPR/Cas editing, synthetic biology, and multi-omics analysis have all been employed to
regulate enzymes, transcription factors, and metabolic pathways related to C4 photosynthesis. These methods make photosynthesis
more efficient, nitrogen utilization better, and plants more resilient to adverse conditions. However, there are still many problems to
be faced in truly applying these achievements to industries. For instance, the adaptive balance of plants in different environments,
biosecurity and regulatory requirements, cost input and the difficulty of promotion, etc. In the future, C4 photosynthesis projects may
be combined with the transformation of C3 crops. With the addition of systems biology modeling and collaboration among different
disciplines, there is an opportunity to cultivate efficient and low-carbon fuel crops. This is also an important direction for promoting
sustainable global energy development. The objective of this review is to summarize these advancements and provide references for
subsequent research.
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1 Introduction

The global energy crisis is deepening. Fossil fuels not only have a limited quantity but also bring about
environmental problems such as greenhouse gas emissions and climate change. These contradictions make it
urgent for people to find sustainable alternative energy sources. Biofuels are regarded as an important alternative
to fossil fuels due to their high efficiency, economy and relative environmental friendliness. Especially in the
context of the continuous increase in population and energy demand, the development of renewable energy is very
important for energy security and environmental protection (Cui, 2021; Wang et al., 2021; Zafar et al., 2022).

C4 plants, such as corn, sorghum, sugarcane and miscanthus, play an important role in biofuel production. They
have a high photosynthetic efficiency, can make better use of resources, convert solar energy into chemical energy
and produce a large amount of biomass. These plants can also grow normally under adverse conditions such as
high temperature and drought, and are suitable for cultivation on marginal land, reducing competition with food
crops. It is precisely because of its high yield and efficiency that C4 plants are regarded as ideal raw materials for
the development of sustainable biofuels (Van Der Weijde et al., 2013; Zafar et al., 2022; Aggarwal et al., 2024).

In recent years, with the unremitting efforts of researchers, molecular biology and genetic engineering have been
vigorously developed, providing new opportunities for the improvement of C4 photosynthesis. During the
research process, regulating genes related to cell cycle, hormone action, cell wall formation, etc., and using
molecular tools such as transcription factors and mirnas on this basis can improve the photosynthetic efficiency of
target plants (Von Caemmerer and Furbank, 2016). The use of new technologies such as gene editing and
synthetic biology can also more precisely modify the photosynthetic pathway and optimize carbon fixation and
energy utilization (Schuler et al., 2016; Ermakova et al., 2020; Nazari et al., 2024; Swift et al., 2024).
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The purpose of this research is to sort out the molecular regulatory mechanisms of photosynthesis in C4 plants,
introduce the latest progress of genetic engineering in increasing the yield of biofuels, analyze the existing
problems at present, and look forward to the future development direction. It is hoped that by integrating multiple
factors such as genetics, molecules and the environment, references can be provided for the design and cultivation
of efficient bioenergy crops that adapt to future climate change.

2 C4 Photosynthesis and Its Advantages for Biofuel Crops

2.1 Overview of the C4 photosynthetic mechanism

C4 Photosynthesis is a special form of carbon fixation, mainly existing in high-yield crops such as corn, sorghum
and sugarcane. Unlike C3 plants, C4 plants complete the CO> concentration process in two types of cells, namely
mesophyll cells and vascular bundle sheath cells. First, phosphoenolpyruvate carboxylase (PEPC) fixes CO; in
mesophyll cells into four-carbon compounds, such as oxaloacetic acid. Then these compounds are transported to
the vascular bundle sheath cells, where CO; is released and handed over to RuBisCO to enter the Calvin cycle. In
this way, photorespiration is greatly reduced and the efficiency of carbon fixation is also higher (Ermakova et al.,
2020; Cui, 2021; Sahoo et al., 2024; Prasanna et al., 2025) (Figure 1).
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Figure 1 Diagram of the leaf anatomy of typical C3 (A) and C4 (B) plants. In C4 plants, there are two mesophyll cells between

neighboring vascular bundles, whereas in C3 plants, there are more than two. Also, the bundle sheath cells in C4 plants are much

larger and contain more chloroplasts, as indicated by color intensity (Adopted from Cui, 2021)

2.2 Key advantages for biofuel: higher biomass yield, water use efficiency, nitrogen use efficiency

C4 plants have many advantages in biofuel production. First of all, the output is high. Like corn, sugarcane and

sorghum, they have high photosynthetic efficiency and good energy conversion rate, so they can produce more

biomass per unit area than C3 plants (Byrt et al., 2011; Mullet, 2017). Theoretically, the photosynthetic energy

conversion efficiency of C4 plants can reach 6%, and their actual performance in the field is also better than that

of C3 plants (Keller et al., 2021; Wang et al., 2021). The utilization efficiency of water is also very high. Because
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of the CO2 concentration mechanism, C4 plants can still carry out photosynthesis when the stomata are partially
closed, with less water transpiration loss, so they have strong drought resistance (Ghannoum et al., 2010;
Ellsworth and Cousins, 2016; Silva-Alvim et al., 2025). The utilization efficiency of nitrogen is also high. C4
plants have a lower demand for RuBisCO than C3 plants, and the nitrogen distribution in their leaves is more
reasonable. Therefore, under the same nitrogen input, their CO, assimilation rate is higher, which can also reduce
fertilizer use (Sharwood et al., 2016; Sahoo et al., 2024; Prasanna et al., 2025). Furthermore, C4 crops can still
maintain a good yield in environments such as high temperature, strong light, and drought, and can be planted on
marginal land, thereby reducing competition with food crops (Monson et al., 2025).

2.3 Limitations and challenges in natural C4 performance.

Although C4 crops have great potential in the field of biofuels, they themselves also have some limitations. For
instance, their photosynthetic efficiency has not yet reached the theoretical maximum value. The actual efficiency
in the field is affected by enzyme activity, stomatal regulation and reaction rate under environmental changes
(Verhage, 2021). The adaptability to environmental changes is also limited. Under rapid changes in light or
extreme temperatures, the photosynthetic regulation of C4 crops will be delayed, resulting in a decrease in carbon
assimilation efficiency (Keller et al., 2021; Lee et al., 2021; Wang et al., 2021; Wang, 2024). The difficulty of
genetic improvement is also very high. C4 Photosynthesis depends on complex anatomical structures (Kranz
structure) and multi-gene regulation. During genetic engineering modification, problems such as cell-specific
expression and metabolic coordination need to be addressed (Coelho et al., 2017; Ermakova et al., 2020; Cui,
2021; Sahoo et al., 2024). Another point is that their adaptability to changes in CO, concentration is limited. When
the concentration of atmospheric COx rises, the resource allocation of some C4 crops does not fully keep up with
the changes in the modern environment (Pignon and Long, 2020).

3. Genetic Engineering Strategies to Enhance C4 Photosynthesis

3.1 Improving carbon fixation efficiency

To enhance the carbon fixation efficiency of C4 plants, it is mainly necessary to improve the expression and
activity of key enzymes. By enhancing the functions of specific enzymes such as phosphoenolpyruvate
carboxylase (PEPC), pyruvate phosphodikinase (PPDK), and NADP-malate enzyme (NADP-ME) through genetic
engineering, the concentration and assimilation efficiency of CO can be improved. Meanwhile, Reduce the loss
caused by photorespiration (Yadav and Mishra, 2020; Yadav et al., 2020; Nazari et al., 2024). Regulating the
expression of carbonic anhydrase (CA) and CO: channel proteins helps mesophyll cells better acquire and
transport CO2. RuBisCO and its activating enzymes can also be modified to increase their activity in vascular
bundle sheath cells and further improve carbon assimilation efficiency (Wang et al., 2021).

3.2 Optimizing light harvesting

The photosynthetic electron transfer of C4 plants takes place respectively in mesophyll cells and vascular bundle
sheath cells. By regulating the expression of certain photosystem proteins (such as the cytochrome b6f complex)
through genetic engineering, the light energy between the two types of cells can be rationally allocated, thereby
enhancing the overall efficiency. Adjusting the size and composition of the optical capture antenna complex,
expanding the spectral range of absorption, and reducing energy loss is also an effective measure to improve the
utilization rate of light energy (Von Caemmerer and Furbank, 2016; Wang et al., 2021; Nazari et al., 2024).

3.3 Metabolic engineering for biomass accumulation

The final biomass of C4 crops is influenced by multiple metabolic processes such as carbon assimilation, transport
and distribution of assimilates, and cell wall synthesis. To enhance the growth rate and yield of C4 crops,
researchers typically employ genetic engineering to regulate genes related to the cell cycle, hormone effects (such
as auxin and cytokinin), and cell wall synthesis, and then provide assistance with molecular tools like transcription
factors and mirnas. In addition to the above methods, enhancing the synthesis and transport of sucrose and
allowing more assimilates to be distributed to storage organs can also effectively increase the yield of biofuel raw
materials (Cui, 2021; Zafar et al., 2022; Nazari et al., 2024).
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3.4 Stress tolerance engineering

To maintain high yields on marginal land, C4 crops need to have stronger stress resistance. By overexpressing
antioxidant enzymes, osmotic regulatory substances (such as proline, betaine), heat shock proteins (HSPs), and
regulating some transcription factors and mirnas related to stress response, these crops can be made more
drought-tolerant, heat-tolerant and salt-tolerant (Nowicka et al., 2018; Yadav and Mishra, 2020; Yadav et al., 2020;
Nazari et al., 2024). In addition, C4 photosynthetic genes themselves, such as PEPC and PPDK, can also show the
effect of enhancing stress resistance when heterologous expressed.

4 Case Study: Genetic Engineering in C4 Biofuel Crops

4.1 Example: sugarcane genetic engineering for enhanced sucrose and biomass accumulation

4.1.1 Overexpression of PEP carboxylase and rubisco activase

Sugarcane is an important fuel and sugar crop worldwide. In recent years, many researchers have used genetic
engineering to modify the key photosynthetic enzymes of sugarcane. Through a series of experiments, researchers
ultimately discovered that overexpression of genes such as phosphoenolpyruvate carboxylase (PEPC) and Rubisco
activase can enhance CO, fixation and carbon assimilation, effectively increasing the sucrose content and biomass
in sugarcane. Regulating genes related to sucrose metabolism, carbon allocation and stem maturation using RNA
interference and gene editing is also an effective measure to increase sugar production and biomass (Budeguer et
al., 2021; Nazari et al., 2024; Brant et al., 2025).

4.1.2 Results: improved photosynthetic rate, higher sucrose content, increased biomass yield

These genetic engineering measures have brought about obvious improvements. The photosynthetic rate of
genetically modified sugarcane is higher, and both the sucrose content and biomass yield have increased. For
example, sugarcane with overexpression of sucrose phosphosynthase (SPS) not only had significantly increased
sucrose content in leaves and stems, but also had better plant height and stem number than the control (Anur et al.,
2020; Brant et al., 2025). Furthermore, genetic engineering methods that regulate stem maturity and carbon
allocation have further promoted biomass accumulation (Budeguer et al., 2021).

4.2 Example: maize engineering for improved nitrogen use efficiency

4.2.1 Altered expression of GS/GOGAT cycle enzymes

Corn is the model plant of C4 crops, and its nitrogen use efficiency (NUE) directly affects the yield. Nitrogen
assimilation and reuse can be enhanced by regulating the expression of key enzymes such as glutamine synthase
(GS) and glutamine-2-ketoglutarate aminotransferase (GOGAT) (Lebedev et al., 2021; Liu et al., 2021; Fortunato
et al., 2023; Zheng et al., 2025). Meanwhile, studies have found that identifying and overexpressing genes related
to NUE (such as ZmNRL1) can also improve the growth performance of maize when nitrogen is insufficient.

4.2.2 Results: enhanced growth under nitrogen-limited conditions

Regulation and modification can enable corn to maintain a high growth rate and yield in a low-nitrogen
environment (Lebedev et al., 2021; Fortunato et al., 2023). Overexpression of ZmNRL1 can increase the nitrogen
content and chlorophyll level in plants, enhance the tolerance of plants to nitrogen stress, and ultimately achieve
higher biomass and yield (Zheng et al., 2025). Optimizing the GS/GOGAT cycle can achieve the goal of
improving nitrogen assimilation efficiency and overall productivity (Liu et al., 2021).

4.3 Lessons learned and implications for future biofuel crop engineering

Based on the above two cases, it can be concluded that the genetic engineering modification of key enzymes for
photosynthesis and nitrogen metabolism has a positive effect on increasing the biomass, sugar production and
resource utilization efficiency of C4 crops (Anur et al., 2020; Lebedev et al., 2021; Fortunato et al., 2023; Nazari
et al., 2024; Brant et al., 2025; Zheng et al., 2025). However, Budeguer et al. (2021) pointed out that there are still
some technical problems and bottlenecks: the genomes of polyploid crops such as sugarcane are relatively
complex, the transgenic efficiency is low, and the stability of traits is insufficient. In the future, multiple strategies
such as multi-gene editing, transcription factor regulation, and miRNA targeting need to be combined to jointly
enhance photosynthetic efficiency, metabolic distribution, and stress resistance (Ahmad and Ming, 2024) (Figure
2).
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Figure 2 Challenges in sugarcane breeding and their biomass improvement. This figure illustrates the diverse challenges in sugarcane
breeding and biomass improvement. Key areas include developing pest-resistant varieties to combat issues like Pyrilla perpusilla and
Ceratovacoa lanigera and enhancing disease resistance against rust and smut. Environmental factors such as temperature, humidity,
sunshine, and COz2 levels affect plant health, necessitating climate change resilience and soil adaptation. Yield and quality
improvement focus on balancing high biomass yield and enhancing sucrose content. Technological limitations highlight the
integration of biotech advances with conventional breeding, particularly through RNA sequencing. Genetic complexity, including
polyploidy and a narrow genetic base, poses significant challenges (Adopted from Ahmad and Ming, 2024)

5 Emerging Technologies in C4 Engineering

5.1 CRISPR/Cas genome editing for precise modification of photosynthesis-related genes
The CRISPR/Cas system has become an important tool for modifying the photosynthesis genes of C4 crops. It can
achieve gene knockout, knock-in and base replacement, thereby significantly enhancing the efficiency of
site-specific modification of key photosynthetic enzymes (such as PEPC, Rubisco, PPDK, etc.) and regulatory
factors. CRISPR/Cas9 and its improved forms (such as base editing and guide editing) not only accelerate the trait
improvement of C4 crops, but also can simultaneously regulate multiple photosynthetic or metabolic genes
through multi-site editing (MGE), thereby promoting the cultivation of multiple traits such as high yield and stress
resistance (Abdelrahman et al., 2021). In addition, CRISPR/Cas technology is also making continuous progress in
reducing off-target effects, improving editing efficiency and obtaining transgenic offspring (Bao et al., 2019; Chen
et al., 2019; Wada et al., 2020).
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5.2 Synthetic biology approaches to reconstruct or optimize C4 pathways.

Synthetic biology has brought new ideas for the modification and optimization of the C4 photosynthetic pathway.
By modularly assembling multiple enzymes and regulatory elements, the unique carbon concentration mechanism
of C4 can be introduced into C3 plants, or the carbon flow distribution can be further improved in C4 crops.
Synthetic biology can also design multi-enzyme complexes, introduce artificial regulatory elements, and construct
new metabolic pathways to support the improvement of photosynthetic efficiency and biomass accumulation
(Hagemann and Hess, 2018; Kumlehn et al., 2018; Abdelrahman et al., 2021).

5.3 Systems biology and computational modeling to predict metabolic flux changes.
Systems biology utilizes genomic, transcriptomic, proteomic and metabolomic data, combined with metabolic
network modeling and flux analysis, to predict the impact of genetic engineering intervention on C4
photosynthesis and metabolic processes. Under genome-wide scale modeling, metabolic bottlenecks can be
identified, carbon flow allocation can be optimized, and a theoretical basis can be provided for the design of
multi-gene editing and synthetic biology (Hagemann and Hess, 2018; Khan et al., 2019).

5.4 Integration of multi-omics (transcriptomics, proteomics, metabolomics) for pathway optimization.

At the current stage, multi-omics analysis (transcriptome, proteome, metabolome) is the main approach to
optimizing the C4 photosynthetic pathway. High-throughput data can systematically identify key genes, proteins
and metabolites that affect photosynthetic efficiency and biomass accumulation. Combining CRISPR/Cas and
synthetic biology tools, these omics data provide solid support for precise regulation and pathway optimization,
and can accelerate the molecular design and directed improvement of C4 crops (Hagemann and Hess, 2018; Khan
et al., 2019; Alamillo et al., 2023).

6 Challenges and Future Perspectives

6.1 Trade-offs between photosynthesis enhancement and plant growth/fitness.

Enhancing the expression of genes related to C4 photosynthesis can increase carbon assimilation and yield.
However, if the photosynthetic pathway is overly strengthened, it may lead to an imbalance in energy and resource
distribution, affecting the overall growth of plants. For instance, if key enzymes such as Rubisco are not
coordinated with the overall metabolic network, it may lead to a decline in growth tolerance or adaptability
(Pradhan et al., 2022; Nazari et al., 2024; Prasanna et al., 2025). Furthermore, both Schuler et al. (2016) and Cui
(2021) pointed out that the unique Kranz structure and cell differentiation mechanism of C4 plants are very
complex, and physiological bottlenecks or adaptive losses are prone to occur during engineering modification.

6.2 Biosafety, ecological, and regulatory concerns in genetically engineered biofuel crops.

Genetically modified C4 biofuel crops will encounter biosecurity and ecological risks when promoted, such as
gene drift, impact on non-target organisms, and disruption of ecosystem balance, etc. The regulatory policies for
genetically modified crops vary from country to country, the approval process is complex, and the public
acceptance is limited. All these factors have affected the commercialization of genetically engineered C4 crops.
Meanwhile, long-term ecological impacts and environmental adaptability still require large-scale field trials and
continuous monitoring (Shokravi et al., 2021; Pradhan et al., 2022).

6.3 Scalability and cost-effectiveness of genetically engineered C4 crops for industrial biofuel production.
Although genetically engineered C4 crops have already demonstrated higher biomass and resource utilization
efficiency in both laboratory and greenhouse conditions, there are still many challenges to achieving large-scale
industrialization of C4 crops, including the stability of multi-gene co-expression, consistency of traits in field
environments, compatibility with planting systems, as well as the production and distribution costs of genetically
modified seeds. The market price fluctuations of biofuels and the intensity of policy support will affect the
economic feasibility of large-scale industrialization of C4 crops (Ambaye et al., 2021; Pradhan et al., 2022).
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6.4 Potential synergy with C3-to-C4 engineering in non-C4 biofuel candidates.

Introducing the C4 photosynthetic mechanism into C3 biofuel crops (such as rice and wheat) is an important
direction for enhancing global biofuel production capacity in the future. Such projects can not only enhance the
efficiency of carbon fixation and nitrogen utilization, but also improve the adaptability of crops in
high-temperature and arid environments. However, the C3-C4 project still faces many technical challenges at
present, such as differences in anatomical structures, the complexity of gene regulatory networks, and the
difficulty of multi-gene collaborative expression. However, with the development of systems biology, synthetic
biology and multi-omics techniques, these problems are expected to be broken through (Schuler et al., 2016; Cui,
2021; Pradhan et al., 2022; Prasanna et al., 2025).

7 Conclusion

Over the years, with the unremitting efforts of researchers in related fields, the C4 photosynthesis project has
made considerable progress. Through techniques such as molecular breeding, gene editing and synthetic biology,
researchers have identified and regulated key genes within plants that affect biomass accumulation, cell cycle,
hormone action and cell wall synthesis, significantly increasing the yield and resource utilization efficiency of C4
energy crops such as sugarcane, corn and sorghum. New-generation gene editing tools such as CRISPR/Cas make
it possible to precisely modify key enzymes and regulatory factors of photosynthesis. Many studies have shown
that introducing C4-related genes into other crops can not only enhance the carbon assimilation of the crops but
also improve their stress resistance and adaptability. Now, researchers have attempted to introduce the C4
photosynthetic mechanism into C3 crops and found that this measure can also enhance the photosynthetic
efficiency and biomass of the target plants.

The C4 photosynthesis project has laid a molecular foundation for the sustainable development of biofuels. C4
crops have an inherent high efficiency in carbon fixation and resource utilization, which enables them to better
cope with adverse situations such as climate change, reducing greenhouse gas emissions and ensuring energy
security. In the future, as technologies such as multi-gene editing, synthetic biology and multi-omics integration
gradually mature, the photosynthetic efficiency and biomass yield of C4 crops will be further enhanced, thereby
promoting the biofuel industry to be more efficient, low-carbon and economical. The new breakthrough from C3
to C4 project can enable more crops to be used for biofuel production and enhance the global bioenergy
production capacity.

The continuous progress of C4 photosynthesis engineering is inseparable from the integration of genetics,
biotechnology, systems biology and agriculture. Future research needs to pay more attention to aspects such as
gene regulatory networks, metabolic flow modeling, as well as field phenotypes and environmental interactions.
Only when a complete innovation chain is formed from the laboratory to the field, from molecules to populations,
can the efficient molecular design, precise breeding and large-scale application of C4 crops be truly achieved. This
interdisciplinary collaboration will also provide solid support for the global production of sustainable biofuels.
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