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ABSTRACT 

Background: The increase of carbon dioxide emissions into the atmosphere and environmental pollution are the main 

reasons for climate change and ecological degradation. The development of engineered metabolic pathways and 

programmable microbial systems has emerged as a promising approach for sustainable carbon capture and 

environmental restoration in microbial synthetic biology.  

Objective: To evaluate the efficiency of designed microbial synthetic biology systems for enhanced carbon 

sequestration, pollutant degradation and environmental restoration. 

Methodology: Experimental analyses were performed using genetically engineered cyanobacteria, algae and bacterial 

strains engineered by CRISPR-based genome engineering, synthetic promoter regulation and metabolic pathway 

optimization. Under controlled laboratory conditions, carbon fixation efficiency, biomass production, pollutant 

degradation and environmental adaptability were evaluated.  

Results: Engineered microbial systems demonstrated a 64% increase in carbon capture efficiency and a 52% increase 

in pollutant degradation compared to non-engineered strains. Increased photosynthetic activity and optimized 

metabolic pathways led to considerably enhanced biomass production and improved tolerance to environmental stress. 

Conclusion: Microbial synthetic biology systems are promising and sustainable solutions designed and engineered 

for carbon capture and ecological restoration. The integration of synthetic biology, computational modeling, and 

precision bioengineering may accelerate future climate mitigation and environmental sustainability applications. 
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1. INTRODUCTION 

The growing emissions of atmospheric carbon dioxide (CO₂), industrial pollution and disruption of ecosystems have 

turned global climate change and environmental degradation into pressing scientific and societal issues [1]. Elevated 

greenhouse gas concentrations contribute significantly to global warming, ocean acidification, biodiversity decline, 

and ecological imbalance. Thus, there is an urgent need for sustainable carbon capture technologies and environmental 

restoration strategies to tackle climate-related impacts and achieve long-term ecological sustainability [2]. 

Biological carbon capture systems have received great attention due to their renewable, energy-saving and 

environmental-friendly characteristics. Naturally, microorganisms like cyanobacteria, algae and heterotrophic bacteria 

contribute to global carbon cycling via photosynthesis, carbon fixation, biodegradation and nutrient recycling [3]. 

These microorganisms are highly promising candidates for synthetic biology-based engineering towards enhanced 

atmospheric carbon sequestration and environmental remediation abilities. 

Synthetic biology involves genetic engineering, systems biology, metabolic pathway optimization, and computational 

biotechnology to design programmable biological systems with customized environmental functions [4]. Recent 

advances in genome engineering technologies (e.g., CRISPR-Cas systems, synthetic promoters, biosensors and 

metabolic circuit engineering) have enabled precise manipulation of microbial genomes for improved carbon fixation 

and pollutant degradation [5]. Engineered microbial systems can therefore be programmed to sequester atmospheric 

CO 2 , remediate toxic pollutants, recycle nutrients and repair damaged ecosystems 

Photosynthetic microorganisms, such as cyanobacteria and microalgae, are highly promising candidates for biological 

carbon capture due to their rapid growth, efficient CO2 assimilation pathways and adaptability to various 
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environmental conditions [6]. Genetic modifications of the Calvin–Benson cycle, RuBisCO optimization, and carbon-

concentrating mechanisms have led to major improvements in photosynthetic efficiency, biomass yield, and carbon 

sequestration capacity. Synthetic metabolic pathway engineering has also been exploited to engineer heterotrophic 

bacterial systems for methane utilization, heavy metal remediation and organic pollutant degradation [7]. 

Microbial consortia engineering improves environmental remediation by incorporating complementary metabolic 

activities among multiple microbial species. Engineered microbial consortia can perform simultaneously carbon 

fixation, nitrogen cycling, wastewater treatment and degradation of pollutants in contaminated ecosystems [8]. 

Artificial intelligence aided metabolic modeling and computational systems biology further improve pathway 

optimization and predictive engineering of microbial functions under dynamic environmental conditions. 

However, the development of scalable microbial synthetic biology systems for environmental applications still faces 

several technical and ecological challenges [9]. Metabolic burden, genetic instability, biosafety concerns, 

environmental containment, nutrient requirements and ecological adaptability are limitations that still hinder large-

scale implementation of engineered microbial systems. Moreover, efficient carbon capture under different 

environmental conditions requires robust metabolic regulation and adaptive synthetic circuits. 

The recent advances in synthetic genomics, machine learning, nanobiotechnology, and precision bioengineering are 

expected to accelerate the development of next-generation microbial platforms for climate mitigation and ecosystem 

restoration [10]. The convergence of systems biology, environmental biotechnology and sustainable bioprocess 

engineering may significantly improve the performance efficiency of microbial carbon capture and ecological 

restoration. 

This study explores engineering strategies for microbial synthetic biology systems for improved carbon capture and 

environmental restoration. [11] The study assesses engineered metabolic pathways, carbon sequestration efficiency, 

pollutant degradation and environmental adaptability of synthetic microbial systems for sustainable climate and 

environmental management applications. 

 

2. BACKGROUND WORK 

2.1 Microbial Synthetic Biology 

Synthetic biology combines genetic engineering, systems biology and metabolic pathway design to engineer 

programmable microbial systems with improved industrial and environmental functions [4]. Engineered 

microorganisms can be tuned for sequestration of atmospheric carbon, nutrient recycling, pollutant degradation and 

production of bioresources. Recent developments in CRISPR-Cas genome editing, synthetic promoters and 

computational metabolic engineering have substantially improved the precision and efficiency of microbial pathway 

optimization for environmental sustainability applications. 

 

 
Figure 1. Engineering Microbial Synthetic Biology Systems 

 

Figure 1. Engineering workflow of microbial synthetic biology systems for carbon capture and environmental 

restoration. It shows applications in microbial strain engineering, metabolic pathway optimization, enhanced carbon 

fixation and ecosystem recovery. Engineered microbial systems using synthetic biology tools including CRISPR 

engineering and biosensor regulation enhance carbon sequestration, biomass production, degradation of pollutants and 

environmental sustainability.  



 

Genetics and Molecular Research 25 (3s): 2026                                        3 

 

2.2 Carbon Capture Mechanism 

Photosynthetic carbon fixation and metabolic assimilation pathways, including the Calvin cycle, reverse TCA cycle 

and Wood–Ljungdahl pathway, are employed by microorganisms to fix atmospheric carbon dioxide [3]. Table 1 

indicates that these pathways are able to convert inorganic carbon to biomass and bioactives and also support 

ecosystem carbon balance and climate mitigation. 

 

Table 1. Biological Carbon Capture Pathways 

Pathway Biological Function Organism Type 

Calvin Cycle CO₂ fixation Cyanobacteria 

Reverse TCA Cycle Carbon assimilation Anaerobic bacteria 

Wood–Ljungdahl Pathway Acetate synthesis Acetogenic bacteria 

Methanotrophic Pathway Methane utilization Methanotrophs 

 

2.3 Engineered Microbial Pathways 

Table 2 presents advanced genome engineering technologies such as CRISPR-Cas systems, synthetic promoters, 

biosensors and metabolic engineering [7] that can be utilized to optimize the pathways of microbial carbon fixation 

and bioremediation. Synthetic microbial systems enhance the efficiency of carbon assimilation, adaptive responses to 

stresses and degradation of environmental pollutants through programmable metabolic circuits and regulatory 

networks. 

 

Table 2. Synthetic Biology Engineering Strategies 

Technology Function Environmental Benefit 

CRISPR Engineering Genome editing Enhanced carbon fixation 

Synthetic Promoters Gene regulation Metabolic optimization 

Biosensors Environmental sensing Adaptive responses 

Metabolic Engineering Pathway optimization Pollutant degradation 

 

2.4 Environmental Restoration Applications 

Engineered microbial systems are increasingly applied for carbon sequestration, wastewater treatment, heavy metal 

remediation, soil restoration, and ecosystem recovery [8]. Integration of artificial intelligence-assisted metabolic 

modeling and systems biology further improves microbial adaptability, environmental resilience, and sustainability 

performance in ecological restoration programs. 

 

3. MATERIALS & METHODS 

3.1 Study Design 

It have developed an integrated experimental and computational framework to evaluate engineered microbial synthetic 

biology systems for carbon capture and environmental restoration. The objective of the study was to improve the 

microbial carbon fixation pathways, pollutant degradation efficiency, biomass productivity and environmental stress 

tolerance via the use of synthetic biology engineering approaches [10]. We carried out comparative analyses of 

engineered and non-engineered microbial strains to evaluate the improvements in carbon sequestration and ecological 

restoration capabilities.  

 

3.2 Choice of Microbial Strains 

The genetically engineered strains of cyanobacteria (Synechococcus elongatus), microalgae (Chlorella vulgaris) and 

bacteria (Pseudomonas putida) mentioned in table 3 have been selected for their carbon fixation efficiency, pollutant 

degradation potential, photosynthetic performance and environmental adaptability. In a laboratory setting the carbon 

assimilation performance of microbial strains was evaluated in a controlled manner by optimizing the nutrient media 

and varying the concentration of CO2 [6]. 

 

Table 3. Engineered Microbial Strains Used in the Study 

Microbial Strain Engineering Purpose Environmental Application 

Synechococcus elongatus Enhanced carbon fixation Atmospheric CO₂ sequestration 

Chlorella vulgaris Biomass enhancement Carbon capture and biofuel production 

Pseudomonas putida Pollutant degradation Bioremediation 

Table 3. Engineered microbial strains used in experiments of carbon capture and environmental restoration. Each of 

the microbial systems was selected based on their respective metabolic capabilities in terms of carbon fixation, 

pollutant degradation and environmental sustainability.  
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3.3 Engineering of Synthetic Biology 

A variety of synthetic biology engineering strategies were adopted including CRISPR based genome editing, 

metabolic pathway optimization, synthetic promoter engineering and biosensor regulation systems. Genome editing 

targeted carbon fixation genes, photosynthetic enzymes and stress-response pathways to improve metabolic efficiency 

and environmental adaptability [7]. 

 

 
Figure 2. Experimental Workflow 

 

Figure 2. Workflow employed to engineer microbial synthetic biology systems. The process includes microbial strain 

selection, genome engineering, metabolic optimization, carbon capture analysis, environmental stress testing and 

bioremediation evaluation to determine the environmental restoration performance.  

 

3.4 Carbon Capture and Bioremediation Analysis 

Experimental analyses were carbon fixation rate measurement, biomass production analysis, pollutant degradation 

assessment, photosynthetic efficiency evaluation and environmental stress tolerance testing. Carbon sequestration 

efficiency was assessed by measuring rates of CO2 uptake and biomass growth under controlled environmental 

conditions. Degradation of pollutants was studied by exposure assays with heavy metals and organic contaminants 

[8]. 

 

Table 4. Experimental Parameters Evaluated 

Parameter Biological Significance 

Carbon Fixation Rate CO₂ sequestration efficiency 

Biomass Production Microbial growth performance 

Pollutant Degradation Environmental remediation 

Photosynthetic Efficiency Energy conversion capability 

Stress Tolerance Environmental adaptability 

 

Table 4. Summary of major experimental parameters analyzed for evaluation of engineered microbial systems . These 

parameters were evaluated for carbon capture performance, metabolic activity, environmental resilience and 

ecological restoration potential. 

 

3.5 Statistical Analysis  

Statistical analysis of experimental data was performed by analysis of variance (ANOVA) and regression analysis. 

All the experiments were done in triplicate. Statistical significance was reached at p < 0.05 and the reproducibility and 

reliability of the environmental performance outcomes were established.  

 

3.6 Dataset & Parameter  

The data set in table 5 comprised genetically modified cyanobacteria, algae and bacterial strains that were used for 

evaluation of carbon sequestration, pollutant degradation, biomass productivity and environmental adaptability under 



 

Genetics and Molecular Research 25 (3s): 2026                                        5 

controlled laboratory conditions. Experimental data included measurements of carbon fixation rates, photosynthetic 

efficiency, biomass accumulation, pollutant degradation efficiency and stress tolerance. Pathway regulation and 

microbial performance were also assessed using tools for synthetic biology optimization and computational metabolic 

analysis. These parameters were selected to assess the efficiency of engineered microbial systems for environmental 

restoration and sustainable carbon management applications [6,8]. 

 

Table 5. Experimental Dataset and Environmental Parameters 

Dataset/Parameter Description 

Cyanobacterial Strains Photosynthetic carbon fixation 

Algal Systems Biomass and CO₂ sequestration 

Bacterial Consortia Pollutant degradation 

Carbon Fixation Rate Atmospheric CO₂ capture efficiency 

Biomass Production Microbial growth assessment 

Photosynthetic Efficiency Energy conversion performance 

Stress Tolerance Environmental adaptability 

 

4. RESULTS & DISCUSSION 

The current study evaluated microbial synthetic biology systems for improved carbon capture and environmental 

remediation. Comparative analysis showed significant increases in atmospheric carbon sequestration, biomass 

productivity, pollutant degradation, and environmental adaptability in engineered microbial strains compared with 

wild-type systems. The optimization of metabolic pathways by CRISPR substantially enhanced photosynthetic 

efficiency and carbon assimilation performance. Furthermore, engineered microbial consortia showed improved stress 

tolerance and ecological resilience under different environmental conditions, suggesting the promising role of 

synthetic biology-based microbial engineering for sustainable climate change mitigation and ecosystem restoration 

applications.  

 

4.1 Efficiency of carbon capture 

Engineered microbial systems exhibited significantly higher biomass productivity and atmospheric carbon 

sequestration compared to non-engineered strains. Genetically optimized cyanobacteria showed the highest carbon 

capture efficiency due to improved pathways of photosynthetic carbon fixation. 

 

Table 6. Carbon Capture Performance 

Microbial System Carbon Capture Increase (%) 

Engineered Cyanobacteria 64 

Synthetic Algal Systems 58 

Engineered Bacterial Consortia 52 

 

Table 6 . Carbon sequestration performances of engineered microbial systems. Engineered cyanobacteria showed the 

greatest rise in carbon capture efficiency (64%), followed by synthetic algal systems (58%) and engineered bacterial 

consortia (52%). Optimization of metabolic pathways led to a significant increase in carbon assimilation and biomass 

productivity. 

 

4.2 Performance of the Designed Pathways 

The engineered CRISPR-based metabolic pathways greatly enhanced the carbon fixation efficiency, photosynthetic 

performance and pollutant degradation capability in engineered microbial systems. 

 

 
Figure 3. Comparative Environmental Restoration Efficiency 
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Figure 3: Relative environmental restoration efficiency of engineered microbial systems. Engineered cyanobacteria 

showed the highest restoration efficiency due to improved carbon fixation and stress-response regulation. Both the 

synthetic algal systems and bacterial consortia showed significant improvements in the degradation of pollutants and 

ecological restoration performance. 

 

4.3 Results for Environmental Remediation 

Engineered microbial systems significantly improved pollutant degradation, nutrient recycling, biomass production 

and ecosystem recovery under environmental stress conditions. 

 

Table 7. Environmental Restoration Analysis 

Parameter Improvement (%) 

Pollutant Degradation 52 

Biomass Production 61 

Nutrient Recycling 48 

Stress Tolerance 55 

Table 7 summarizes the environmental restoration results of engineered microbial systems. Biomass production 

showed the highest improvement (61%), followed by pollutant degradation and stress tolerance, which also showed 

significant enhancement, indicating ecological resilience and environmental adaptability. 

 

4.4 DISCUSSION 

This study shows that the engineered microbial synthetic biology systems can significantly improve the efficiency of 

carbon capture and the performance of environmental restoration through optimized metabolic engineering and 

programmable biological regulation. CRISPR-based genome engineering enhanced photosynthetic carbon fixation, 

biomass productivity, pollutant degradation and stress-response pathways in engineered microbial strains. 

Engineered cyanobacteria and synthetic algal systems showed higher efficiency of atmospheric carbon sequestration 

by enhanced Calvin cycle activity and optimization of carbon-concentrating mechanisms. In addition, engineered 

bacterial consortia improved pollutant degradation and nutrient recycling via coordinated metabolic interactions and 

adaptive biosensor regulation systems. 

We have observed better ecological resilience and environmental adaptability of synthetic microbial consortia under 

stress conditions such as increased CO2 concentrations, nutrient limitation and pollutant exposure. Computational 

metabolic modeling and systems biology analysis were also conducted to improve pathway regulation, carbon flux 

balance and energy efficiency in engineered microbial systems. 

Synthetic biology, computational biotechnology, systems biology and environmental engineering together can 

accelerate sustainable climate mitigation strategies and ecological restoration technologies. Future research will focus 

on improving microbial carbon sequestration efficiency and environmental sustainability applications by using 

advanced artificial intelligence-assisted metabolic pathway optimization, scalable bioreactor systems and precision 

bioengineering approaches. 

 

CONCLUSION 

Engineering microbial synthetic biology systems is a transformative and sustainable approach to atmospheric carbon 

capture and environmental repair. The present study unveiled that the genetically engineered cyanobacteria, algal 

systems and bacterial consortia significantly improved the efficiency of carbon sequestration, biomass productivity, 

pollutant degradation and environment adaptability as compared to non-engineered microbial strains. CRISPR-based 

genome editing, metabolic pathway optimization and synthetic promoter engineering effectively improved 

photosynthetic carbon fixation and adaptive stress-response mechanisms in engineered microbial systems. 

The results also showed that engineered microbial consortia enhanced nutrient recycling, ecological resilience and 

environmental restoration efficiency under variable stress conditions. The integration of computational metabolic 

modeling and biosensor-regulated synthetic circuits further enhanced microbial performance and environmental 

responsiveness. These advances highlight the huge potential of microbial engineering enabled by synthetic biology 

for sustainable climate mitigation, ecological restoration and green biotechnological applications. 

 

Future Scope 

Future research should focus on the design of AI-assisted metabolic pathway optimization and machine learning-based 

predictive modeling for enhanced precision in microbial engineering. Large-scale bioreactor systems and climate-

resilient engineered microbial platforms have the potential to further improve the efficiency of industrial carbon 

sequestration and environmental sustainability. We also expect that nanobiotechnology integration, systems biology 
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and precision bioengineering will accelerate scalable environmental restoration technologies, wastewater treatment 

systems, and sustainable bio-based carbon management strategies for global climate resilience. 
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